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Abstract

Although various medical diagnostics exist to test biologics for biomarkers, diseases, or
proteins of interest; there is currently no point-of-care platform test that is quick, inexpensive, and
easy to use. The aim of this work was to further develop a stand-alone, point-of-care medical
diagnostic based on thin film visible interference. The use of different anodization parameters (i.e.
electrolyte, voltage, length of time) created devices with drastically different structures and
properties. Analyzing the reflections and interference off these surfaces demonstrated that the
surface porosity influences the reflectance and in turn the optimal viewing conditions. Highly
porous films formed in oxalic and sulfuric acids generated optimal interference colours when
viewed through a p-polarizing filter, whereas less porous films created in phosphoric acid
generated optimal interference colours when s-polarized. The device structure proved to be highly
tunable during the anodization process. Varying the sputtered aluminum thickness changed the
length of anodization, and ultimately the refractive index of the resulting alumina layer. Current
density provided a viable method to monitor and regulate the oxidation process. X-ray
photoelectron spectroscopy and secondary ion mass spectroscopy analysis of devices oxidized in
phosphoric acid at 5 and 8 V potentials showed that the phosphate integration from phosphoric
acid was equal at these potentials, as well as the nitrogen to aluminum ratio on the surface of both
with protein exposure. Secondary ion mass spectroscopy was used to detect CN™ ions from the
proteins, and monitored the signal strength and depth, showing greater protein penetration in the 5
V samples compared to the 8 V samples. Furthermore, surface analysis techniques showed the
importance of consistent storage and handling of devices, as it can lead to a noticeable difference
in the surface chemistry. Tunability was further explored using phosphoric acid and a constant
potential of 8 V. The importance of tantalum oxide generation and thickness was demonstrated, as
without this layer, low interference colours result. Furthermore, without the tantala layer
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ellipsometry models contain large standard error and prevent accurate alumina parameters from
being obtained. With the adsorption of an antigen and subsequently antibody pair the optimal
changes in optical path lengths were observed using colour coordinates from the surface
interference generated. Changes in the deposition energy during tantalum layer formation created
different tantalum phases, a-Ta and B-Ta. These layers possessed different optical constants and
interference colours, while also impacting the resulting alumina thicknesses in the anodized
device. In some instances, devices created on a-Ta showed delamination during the oxidation
process. Various vitamin K-dependent proteins were exposed to the alumina device surface in
solutions of constant molarity, yet the size of the molecule was the main factor contributing to the
limit of detection. The addition of calcium and magnesium ions to prothrombin solutions showed
drastic increases in the optical path length, and colour shift, that were though to result from
changes to the protein structure and potentially the binding efficiency. Radiolabelled prothrombin
studies showed that ~0.2 mg/ml prothrombin solutions were required to form a monolayer on the
surface in 15 minutes. Furthermore, binary solutions of prothrombin and competing proteins were
analyzed as well as subsequent wash solutions, some of which demonstrated prothrombin
removal. Comparing the visible colour shifts resulting on the device surface to radiolabelled data,
it was found that 34 to 38% prothrombin surface coverage was required to generate a detectable
colour shift, and the base colour of the device was deemed highly relevant to the sensitivity of
protein detection. Detection of an antigen-antibody prototype of prothrombin and anti-
prothrombin showed colour quantification is possible with this device. The limit of detection and
analytical sensitivity were determined from this work for the antigen-antibody complex. Overall,
the thin film interference device showed quantification with colour, and detection after 15 minutes
of exposure, which demonstrates its potential as a point-of-care diagnostic in a variety of

applications.
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.................................................................................................................................... 67
Figure 4.6. Anodic tantala on tantalum formed in each electrolyte composition at 8 V.

Surfaces were viewed with horizontal and vertical polarization at (a) ~75° and (b) ~5°
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Figure 4.7. Spectrophotometric data from the surface of tantalum oxide films formed at 8 V in
0.4 and 1.0 M phosphoric (Phos), sulfuric (Sul), and oxalic (Ox) acid electrolytes.

Reflections were captured at 45° from normal to the surface. (N=2)..........cccceeeviirieenns 69

Figure 4.8. Samples anodized in different electrolyte solutions at 8 V viewed through a

polarizing filter for horizontal and vertical polarization at ~75° from normal. .............. 70

Figure 4.9. Reflectivity data with horizontal, vertical, and no polarization for device surfaces
prepared with anodization at 8 V in 0.4 and 1.0 M solutions of phosphoric (Phos),
sulfuric (Sul), and oxalic (Ox) electrolytes. Reflections were captured at 45° from
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Figure 4.10. Theoretical Rs and R, values are shown for alumina/tantala/tantalum and

tantala/tantalum (labelled Ta only) devices. The refractive indices of the alumina and
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tantala films created in phosphoric, sulfuric, and oxalic electrolytes were used in the

equations. Fresnel equations were used and a viewing angle of 45°. ...........ccccoeiieenns 72
Figure 4.11. Current density as a function of time for samples anodized at 2, 5, 8, and 10 V. 73

Figure 4.12. SEM images of alumina surfaces anodized in 0.4 M phosphoric acid at 2, 5, 8,

and 10 V. Scale bars show 100 nm at different magnifications..............ccccvveeerririreenns 73

Figure 4.13. SEM images 45° from the sample surfaces anodized in 0.4 M phosphoric acid at
2,5, 8, and 10 V. Scale bars show 100 nm at different magnifications. ........................ 74

Figure 4.14. Variability in feature sizes with different applied potentials during anodization in

0.4 M phoSphoric acid. (N72).....ueiieeiiiiieeeiiiiie ettt e e et e e e e ibreeeeeebaaeaeenes 75

Figure 4.15. The tantala thickness, percent alumina and refractive indices over the visible
spectrum resulting from samples anodized in 0.4 M phosphoric at applied potentials of

2,5, 8, a0 10 V. oottt 76

Figure 4.16. Device surfaces after anodization in 0.4 M phosphoric acid electrolyte at 2, 5, 8§,

Figure 4.17. Average current density plots for aluminum thicknesses of 109.2, 114.0, and

117.5 nm collected from the anodization of intra (n=3) and inter (n=3) wafer sets. (n=9)

.................................................................................................................................... 77
Figure 4.18. Individual current density plots for aluminum thicknesses of 109.2, 114.0, and

117.5 nm collected from the anodization of inter (left) and intra (right) wafer slides.
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Figure 4.19. Refractive indices resulting with different alumina thicknesses. The mean
category letter above points indicates significant differences and correlates with Table

13 (I53) oo e e et e e e s 79

Figure 4.20. Colour shifts of slides with increasing alumina thicknesses from left to right. Spot
rows from top to bottom show (i) prothrombin (II), (ii) II and anti-II, and (iii) anti-II.

Slide labels 1. to 6. correspond with table information. ..........ccccceeeviiiiniieiniieeniieennnn 79
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Figure 4.21. Refractive indices resulting at different alumina thicknesses. Means with a
different letter above points indicate a significant difference. The mean category letter

indicates significant differences and correlates with Table 4.16. (n=3)...........ccccvveennne. 81

Figure 4.22. Anodized slides comprised of different alumina thicknesses overlying the
tantalum oxide and tantalum layers. Alumina increases from left to right: 76, 84, 93,

100, 109, and 117 nm. Slide labels 1y, to 65 correspond with table information. ............ 82

Figure 5.1. Pore diameter distributions following oxidation at (A) 5 V and (B) 8 V

respectively. Anodization procedures both were carried out in 0.4 M phosphoric acid.

Figure 5.2. The 5 V (black +) and 8 V (red circle) anodized sample data plotted on tertiary

surface chemistry diagrams from (A) wafer 1 and (B) wafer 2. (n=3 for each diagram)

Figure 5.3. Typical ToF-SIMS depth profile of a typical unanodized control sample exposed
to prothrombin for 15 minutes. Insert shows the first 120 seconds of the same scan
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Figure 5.4. ToF-SIMS depth profile of a sample anodized at 5 V with no subsequent protein

exposure. Insert shows the isolated and magnified CN™ ion curve.........cccoceeeviveennnnen. 110

Figure 5.5. ToF-SIMS depth profile with regimes and important points labelled. Insert shows
the first 120 seconds of the same scan magnified. The sample was anodized at 5 V and

exposed to prothrombin for 15 MINULES. ..........coevviiiiiiiiiiiieiiiee e 111

Figure 5.6. ToF-SIMS depth profile of a sample anodized at 5 V and exposed to prothrombin
for 15 minutes. The CN, H, OH, and CNO curves have been isolated to demonstrate

their comparable trend. ..........oooiiiiiiiiiiiie e 112

Figure 5.7. ToF-SIMS depth profiles of a typical sample anodized at (A) 5 V with exposure to
prothrombin for 15 minutes and a typical sample anodized at (B) 8 V and exposed to
prothrombin for 15 minutes. Inserts show the first 120 seconds of their respective scans
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Figure 6.1. Shows a typical anodization current density versus time plot with critical stages
labelled (top) along with cross-sections of the devices at these stages (bottom).
Formation consists of (1) as sputtered, (2) after anodization at 8 V in 0.4 M phosphoric
acid until the end of pore formation - stage a, and (3) oxidation until the majority of

tantala formed or a period of 900 seconds - stage b/stage C. ......ceeevvviveeeviiiieeennnennnn. 124

Figure 6.2. SEM images of porous alumina surfaces from four initial aluminum thicknesses.

Anodization was conducted at 8 V in 0.4 M phosphoric acid until stage a, b, and c.... 128

Figure 6.3. Mean pore diameters at the alumina surface from four sputtered aluminum

IO KT ESSES. ettt ettt 128

Figure 6.4. Frequency of pore diameter resulting from devices with four initial aluminum
thicknesses following anodization at 8 V in 0.4 M phosphoric acid. Plots are shown

from top to bottom for anodization to stage a, b, and c respectively. .............cccveeenn. 129

Figure 6.5. Optical constants in the xy plane for devices with different initial aluminum
thicknesses anodized until stage b or ¢ are shown at wavelengths of 370 and 700 nm.

EXtiNCtion COETTICIENTS WETE ZETO. . eevneeeeeeeeee e e e e e e e e eeees 130

Figure 6.6. Optical constants in the Xy plane for devices with initial aluminum thicknesses
from ~20 to 150 nm, anodized until stage b are shown at wavelengths of 370 and 700
nm. Letters shown above markers categorizes statistically significant mean values.

EXtINCtion COETTICIENTS WETE ZETO. . eevnneeeeeeeee e e e e e e e e e eees 131

Figure 6.7. Alumina and tantala thicknesses following anodization at 8 V in 0.4 M stirred
phosphoric acid until stage a, b, and c. Sputtered aluminum thicknesses were 78, 95,

T15, ANd 149 MM oottt e ettt e e e e e e eee s 132

Figure 6.8. A comparison of alumina thicknesses with oxidation to stage a and b of formation,
measured with ellipsometry and SEM techniques. Separate tests were carried out for
each of the four initial aluminum thicknesses. Letters shown above bars categorizes

statistically Significant MEANS. .........ccceeeeeriiiiiieiiiiiieeeriiee et e e e eiaee e e aeeeeeenes 133
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Figure 6.9. Alumina surface pore diameter etch rates (A) and tantala growth rates (B) at each
stage of anodization. Rates are shown for all initial aluminum thicknesses and anodized
at 8 V in 0.4 M phosphoric acid until stage a, b, and c. Rates were shown from the start

of oxidation to stage a, from stage a to stage b, and from stage b to stage c................. 135

Figure 6.10. Interference colours of films after protein exposure. Initial aluminum thicknesses
are shown to the left of images and stages of oxidation as well as the protein solution
exposed are shown at the bottom of the image. Solutions consist of prothrombin (P) and

anti-prothrombin (AP). The images were taken at 75 degrees from normal. ............... 136

Figure 7.1. The Ellingham diagram outlines the stability of various metal oxides with respect
to temperature. Image from Sato et al. 7 with modifications to highlight the tantalum

(purple) and aluminum (green) reaction lNes. ...........ccccuveeeeriiiieeeriiieeeeriieeeeiieee e 145

Figure 7.2. The device structure following the standard anodization in 0.4 M phosphoric acid
at 8 V, regardless of whether a native tantalum oxide layer was present at the interface

of the tantalum and aluminum layers prior to anodization. ............cccceeeeveuvieeeeniveeeenns 146

Figure 7.3. Depicts the thermal and intrinsic stresses contributing to the total stress in a

sputtered coating. Image from Thornton and Hoffman.”..............c..cceeeeiiiiiieiiinnns 147

Figure 7.4. Thornton’s structure zone diagram!? outlines the influence of substrate temperature
and argon pressure on the structure of sputtered coatings deposited in a cylindrical
magnetron system. With the substrate temperature, T (K), and the melting point of the
deposited material, Tm (K). .....ccccoeiiiiiiiiiiiii e 148

Figure 7.5. Device structure after sputtering tantalum and aluminum thin films on a silicon
wafer in two separate sputter systems with exposure to atmosphere between or primary

anodization of the tantalum before aluminum deposition. ............cccceeeeeriiiieeeniiiieeens 150

Figure 7.6. SEM images at 0° (upper right) and 45° from the tantalum surfaces were captured
of films deposited in the nanoFAB system (A) as sputtered and (B) anodized films, and
tantalum surfaces deposited in the NAIT system (C) as sputtered and (D) anodized
films. Anodized films were obtained by oxidation in 0.4 M phosphoric acid at 6 V under
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potentiostatic conditions. All topographic and cross-sectional images have the same

scales as those shown on (C) lower left images. ..........ccceeeeeriiiiieeniiiieeeiiiee e 152

Figure 7.7. Roughness of the sputtered tantalum layers in as sputtered multilayer devices
containing tantalum from nanoFAB (left) and NAIT (right) sputter systems with
subsequent aluminum films deposited in the nanoFAB system. The scale bar is pertinent

0 DOTh IMAZES. ..eeieiiiiiieeeiiiiee ettt e et e e e ettt e e e et e e e e enbbaeeeenbaaee s 153

Figure 7.8. Tantalum peaks present in the XRD scans of films sputtered in the nanoFAB (left)
and NAIT (right) deposition systems. Crystallite orientations in nanoFAB and NAIT as
sputtered films correspond with mixed alpha- beta (a-f) tantalum and «-Ta,

TESPECHIVELY. .eitiiieeiiiiiie ettt e e ettt e e e ettt e e e ettt e e e ettt eeeeenbbeeeeenbbeeeeenraeeens 154

Figure 7.9. Tantalum thin films on silicon wafers sputtered in nanoFAB and NAIT sputter
systems viewed at a high angle of incidence (top) and perpendicular to the surface
(bottom). Slides from left to right contain: tantalum deposited in the nanoFAB system
anodized at 6 V and 8 V, and tantalum deposited in the NAIT system anodized at 6 V
and 8 V. Anodization was carried out in 0.4 M phosphoric acid.............cccceeeeriiieennns 155

Figure 7.10. Reflectivity off tantalum surfaces over the visible spectrum at 5° from the surface
normal. Samples were tantalum as sputtered from nanoFAB and NAIT systems and
anodized tantalum samples at 6 V under potentiostatic condition in 0.4 M phosphoric

acid. The error is shown in black for each sample. (N=2)..........ccceevviiieiiiiiieeeniiieeens 155

Figure 7.11. Slides consisting of identical aluminum thicknesses on tantalum layers from
nanoFAB and NAIT systems, anodized to stage b in 0.4 M phosphoric acid at 8 V.
Images show the surfaces captured at 75° from normal. From left to right: nanoFAB and
NAIT tantalum with 99 nm aluminum followed by nanoFAB and NAIT tantalum with

104 M OF QIUMINUITL ..o e e e e e e eeaeeeeenans 158

Figure 7.12. Shows the visible surface colours resulting with exposing 28 picomoles of
prothrombin (20 pl at 0.1 mg/ml) and subsequently 2, 3.3 and 6.7 picomoles of anti-
prothrombin (20 pl at 0.015, 0.025, and 0.050 mg/ml) to the control slide surfaces
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formed on nanoFAB and NAIT tantalum. Images were taken using the custom optics
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Figure 7.13. Colour plots showing the colours resulting with 0.1 mg/ml prothrombin (outlined
shape) and subsequently 0.015, 0.025, and 0.050 mg/ml anti-prothrombin (from top
right to bottom left). Plots compare colours on control slides with NAIT tantalum and

NanOFAB tantalum 1aYers. ........cccuviiiiiiiiiiiiiiiiie e e 161

Figure 7.14. Current density plots show anodization curves from initial aluminum thicknesses
0f 99+11.2 nm (A) and 104+9.2 nm (B) that represent the trends shown in each set of
triplicates. Curves were generated for the standard anodization process. Test samples
had the primary anodization of tantalum at 6 V prior to aluminum deposition, followed
by the standard anodization process. Control samples had one standard anodization
process. Current density curves for test (primary and standard anodization) and control
(standard anodization) samples were generated from oxidation of devices with identical

aluminum thicknesses at voltages of 4, 6, and 8 V in 0.4 M phosphoric acid electrolyte.

Figure 7.15. Topographic and cross-sectional images of a slide formed with the standard
anodization process (left) and a slide formed with primary and standard anodization
processes (right). The standard anodization was carried out at 8 V and the initial

aluminum thicknesses for both slides were 99 nm. All scale bars show 100 nm. ........ 163

Figure 7.16. SIMS scans of control (left) and test (right) samples formed with the standard

anodization processes completed at 8 V. .......ooooiiiiiiiiiiiiiiiiiieeee e 164

Figure 7.17. Images show slides in order of (left to right): 4 V test, 4 V control, 6 V test, 6 V
control, 8 V test, and 8 V control. The test samples were prepared by primary
anodization of the tantalum layer at 6 V and subsequently, aluminum deposition and the
standard anodization process at 4, 6, or 8 V. The anodization of control samples,

containing aluminum and tantalum, were carried out at 4, 6, or 8 V. ......ccccceevviiineennne 165

Figure 7.18. Shows the visible surface colours resulting with exposing 28 picomoles of

prothrombin (20 pl at 0.1 mg/ml) and subsequently 2, 3.3 and 6.7 picomoles of anti-
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prothrombin (20 pl at 0.015, 0.025, and 0.050 mg/ml) to the control and test slide
surfaces formed on nanoFAB tantalum. Images were taken using the custom optics
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Figure 7.19. Colour plots showing the colours resulting with 0.1 mg/ml prothrombin (outlined
shape) and subsequently 0.015, 0.025, and 0.050 mg/ml anti-prothrombin (from right to

left). Plots compare colours on control and test slides with nanoFAB tantalum layers.

Figure 7.20. Current density curves for samples that lead to areas of delamination following
the standard anodization process. The legend provides sample information on which

anodization processes were carried out with the applied voltages...........cccceeeviieeennn. 169

Figure 7.21. Images of slides showing delamination captured at incident angles of (A) 0° and
(B) 75°. Samples were prepared with primary (Pri.) anodization at 6V followed by
standard (Std.) anodization at 6 or 8 V, or standard (Std.) anodization at 8 V.
Anodization processes used are labelled above the corresponding slides. These films

correspond with current density plots shown in the figure above...........ccccceeviieennnen. 169

Figure 7.22. Wafers viewed in a bright box to examine tantalum coatings deposited in the

NAIT SPULLET SYSEEIM. ...eeeeiiiiiieeeiiiiee ettt et e e et e e s e e e 170

Figure 7.23. A sample with delamination after primary anodization at 6 V, aluminum
deposition, and standard anodization at 6 V. The image shows porous alumina on the

left of both images and removal of this layer on the right..............cccccooiiiiiiiniinnn. 171

Figure 7.24. EDS map scan and sites used for point analysis on the alumina (left side) and a
region where delamination occurred (left side). Individual elements were mapped for
tantalum (Ta), aluminum (Al), and oxygen (O), which are shown alongside the SEM

TTIAD SCAN.eeteeeeereuuintiteeeeeeeesaauetueteeeeeeesaaannstaeeeeeeessaasnsasseeeeeessssannssseeeeeessssnnnsssseeeeeseens 172

Figure 7.25. A sample with delamination shows a larger field of view and allows for the
observation of failure lines. The device had tantalum and aluminum thin films with

exposure to atmosphere between sputtering and the standard oxidation process was
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complete at 8§ V in 0.4 M phosphoric acid electrolyte. Bright regions are alumina and

darker regions are tantalum.............cccviiiiiiiiiiieeiiiie e 173

Figure 7.26. Delamination that resulted during the standard oxidation process, completed at 8
V in 0.4 M phosphoric acid electrolyte. “Worm-tracks” are visible where delamination
and rolling of the porous alumina layer results. Bright regions are alumina and darker

1EZIONS Are tANTAIUIML......eiiiiiiiiiiiiiie et e ettt e e et e e e e eebb e e e e enbaeeees 174

Figure 7.27. Delamination of the alumina layer shown at 45° from normal to the surface. The
sample contains tantalum and aluminum thin films, exposed to atmosphere between film
depositions, and the standard oxidation process was complete at 8 V in 0.4 M
phosphoric acid electrolyte. Bottom images at a higher field of view show from left to
right: complete alumina delamination, the transition point where there is both no

alumina and alumina, and the alumina layer.............occcviiiiiiiiiiiinii e 174

Figure 7.28. SEM images of the top area of an anodized sample showing delamination.
Images in the left column start at (A) the electrolyte line and (B and C) move down
towards an area with less delamination. The right column shows select areas at an
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Figure 7.29. SEM with EDS map scans of the top portion of an anodized sample showing
delamination. Images from top to bottom show the non-uniform region at the electrolyte

line and move towards the area where porous alumina remains..............ccceeeeervveeennns 176

Figure 8.1. Depicts the structural domains of vitamin K-dependent proteins prothrombin (PT),
factor IX (FIX), factor X (FX), factor VII (FVII), protein C (PC), protein S (PS), matrix
Gla protein (MGP), and bone Gla protein (BGP). The legend identifies protein
components. Proteolytic cleavage sites are shown with thin arrows when cleaving
occurs to create the mature protein structure, and cleavage sites are indicated by thick

arrows when linked to enzymatic activation. Images from Furie and Furie (1988).2...192

Figure 8.2. An image from the literature® depicts prothrombin activation with cleavage at
Arg320 (R320 in FASTA sequence) and Arg271 (R271) which leads to fragment 12
(F12) and thrombin (I1a). F12 contains the Gla and both kringle domains (Gla-K1-K2).
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Further cleavage at Argl55 (R155) separates F12 into fragment 1 (F1) and fragment 2
(F2). It is possible to remove the Gla domain with cleaving at Tyr43 (Y43). Other

components of prothrombin can be found in the literature.%7...............cccooeveieierinnnnn. 193

Figure 8.3. Images from Ohkubo and Tajkhorshid (2008) provide a detailed outline of the Gla
domain of vitamin K-dependent proteins. ¢ (A) Shows the typical structure of vitamin
K-dependent proteins. (B) The Gla domain structure of FVIIa with the backbone of the
structure shown as tubing and the Ca?* ions as numbered spheres. (C) The first 46 amino
groups of the Gla domain sequence have y-carboxyglutamic acid groups depicted as
gamma () and the bound Ca*" are positioned under the residue(s) that bind them to the

GLA OMIAIN. ...t e e e e e et e e e eeee e e e eeaaeeeeenans 196

Figure 8.4. The 3D structure of prothrombin generated using I-TASSER. The 10 Gla residues
(red) are located at sites 49, 50, 57, 59, 62, 63, 68, 69, 72, 75 on the protein (excluding
signal peptide and propeptide sites: 6, 7, 14, 16, 19, 20, 25, 26, 29, and 32)............... 204

Figure 8.5. A 3D structure of prothrombin (left) and surface charge map (right) in same
orientation. The 10 Gla residues form an 8.3 nm? carboxyglutamic domain at the base of

the structure where binding to the alumina substrate 0CCUrs. ..........coocuveeviieeniieeennnen. 204

Figure 8.6. The 3D structure of human coagulation factor IX generated using [-TASSER. The
12 Gla residues (red) are located at sites 53, 54, 61, 63, 66, 67, 72, 73, 76, 79, 82, and 86
on the protein (excluding signal peptide and propeptide sites: 7, 8, 15, 17, 20, 21, 26, 27,
30, 33, 36, and 40). Additional metal binding sites (purple) are 47, 48, 93, 94, 96, 110,
111, 281, 283, 286, 288, and 291 (excluding signal peptide and propeptide sites: 1, 2,
47,48, 50, 64, 65, 235, 237, 240, 242, and 245)......coriiiiieeee e 205

Figure 8.7. The 3D structure of human coagulation factor IX (left) and surface charge map
(right) in same orientation. The 12 Gla residues form an 17 nm? carboxyglutamic

domain at the base of the structure where binding to the alumina substrate occurs. ....205

Figure 8.8. The 3D structure of protein S generated using [-TASSER. The 11 Gla residues are
located at sites 47, 48, 55, 57, 60, 61, 66, 67, 70, 73, and 77 (excluding signal peptide
and propeptide sites: 6, 7, 14, 16, 19, 20, 25, 26, 29, 32, and 36).3%...........coceveeurenrnnnnn 206
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Figure 8.9. A 3D structure of protein S (left) and surface charge map (right) in the same
orientation. The 11 Gla residues form a 12.3 nm?® carboxyglutamic domain at the base of

the structure where binding to the alumina substrate occurs. ..........ccccveeevriiieeennnennn. 206

Figure 8.10. The alumina surface after prothrombin exposure. Spots on (A) show
concentrations from left to right of 0.001, 0.01, 0.1, and 1 mg/ml and (B) shows
concentrations from left to right of 0.03, 0.06, 0.08, and 0.1 mg/ml. ...............c.ec..... 207

Figure 8.11. The dimensions of polypropylene micro-centrifuge tubes used for mixing and

SEOTINLE PIOLCINIS. 1..evtieeeeiiiieeeeeiiieeeeeitteeeeetteeeeesataeeeeassaseeeesnnsaeeseanssaeesennssaeeesanssaeasanns 207

Figure 8.12. Prothrombin, factor IX, and protein S solutions exposed and adsorbed to the
device surface are shown from top to bottom. Spots on each slide show molar

concentrations from left to right of 0.1, 0.2, 0.3, 0.5, 0.7, 1.1, and 1.4 pM.................. 209

Figure 8.13. Colour shifts resulting when 2 picomoles of prothrombin, factor IX, and protein S

solutions are in contact with the surface for periods of 45, 50, and 55 minutes............ 212

Figure 8.14. Alumina surface with exposure to (left to right) Ca and EDTA, prothrombin with
Ca, prothrombin with Ca and EDTA, prothrombin control, and prothrombin with
EDTA. All solutions of prothrombin were at concentrations of 0.1 mg/ml with

constituents of I mM Caand 1 MM EDTA. .....ooiimmiiiiieee e 212

Figure 8.15. Colour shifts (left to right) from solutions of: prothrombin and 1 mM Mg,
prothrombin and 5 mM Mg, prothrombin control, prothrombin and 1 mM Ca,
prothrombin and 2.5 mM Ca, prothrombin and 10 mM Ca. All solutions contain a final

prothrombin concentration of 0.1 mg/ml...........cccoeviiiiiiiniiiiiiee e 213

Figure 8.16. Colour shifts (left to right) from solutions of: prothrombin and 5/2.5 mM Mg/Ca,
prothrombin and 5/10 mM Mg/Ca, prothrombin control, prothrombin and 1/1 mM
Mg/Ca, prothrombin and 1/2.5 mM Mg/Ca, prothrombin and 1/10 mM Mg/Ca. All

solutions contain a final prothrombin concentration of 0.1 mg/ml...............coceeeniee. 213

Figure 8.17. Colour coordinates shown on each plot show the average surface coordinates

(solid black) and the prothrombin control solution (black outline). Plots from left to
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right show prothrombin with Ca ions (blue), prothrombin with Mg ions (green), and
Ca/Mg ions (purple). The marker outlines provide information on the ion concentration
in the protein solutions with white indicating the lowest, grey the middle value (if one
exists), and black the largest. Solutions containing both Ca and Mg ions show

coordinate averages of the lowest and highest Mg ions with all Ca concentrations.....214

Figure 8.18. Anti-prothrombin visual detection sensitivity with exposed cumulative
concentrations from left to right of no anti-prothrombin solution, 2, 3, 7, and 13
picomoles (20 pl of 0.015, 0.025, 0.05, and 0.1 mg/ml). Solutions were exposed to
surfaces initially coated with 28 picomoles prothrombin solutions containing various

amounts of Ca or Mg ions for 30 MINULES. .........cc.eeeeeriiiieieniiiieeeriiiee e eiieee e 215

Figure 8.19. Anti-prothrombin visual detection sensitivity with exposed cumulative
concentrations from left to right of no anti-prothrombin solution, 2, 3, 7, and 13
picomoles (20 pl of 0.015, 0.025, 0.05, and 0.1 mg/ml). Solutions were exposed to
device surfaces coated with 28 picomoles of prothrombin solutions with 1 mM Ca and

ImM Mg 10nS fOr 30 MINULES....c.uiiiiiiiiiiiieiiiee ettt 216

Figure 8.20. The alumina surface exposed to (left to right) Mg/Ca ions in solution,
prothrombin with Mg/Ca ions, prothrombin control, and prothrombin followed by
Mg/Ca ion solution. All prothrombin solutions were at 0.1 mg/ml, Mg ion solutions

were at 1 mM, and Ca 1on solutions were at 2.5 MM, ......ccoovviiiiiiiiiiiiiiieeeeeeeeeie 217

Figure 8.21. An overlay of the low mass regions (counts vs mass-to-charge) obtained from
LCMS where the polymer is detectable. The prothrombin initial solution (orange) and
the solution after exposure to the alumina surface for 15 minutes before examination

(black) are shown to outline differences between the two..........cccccveveeiiiiiiiiiniiienen, 217

Figure 8.22. Deconvoluted plots show the 3 sets of peaks in a prothrombin control solution
(top) and the solution after exposure to the alumina surface (bottom) with an initial
concentration of 0.1 mg/ml. Set 1 was in the 72100 amu range, set 2 was in the 72400

amu range, and set 3 was in the 73100 amu range. ............ceevvveeeeriiiieeeeniiieeeeniieeeeenns 218
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Figure 8.23. Deconvoluted plots show peaks from set 2 for the initial prothrombin solution
(red) and the prothrombin solution exposed to the porous alumina surface for 15
minutes (black). The initial prothrombin concentrations were (A) 0.1, (B) 0.05, and (C)

0.035 mg/ml for plots shown. The main peaks are labelled 1 t0 6..........ccceeveeeninennnn. 219

Figure 9.1. SEM in-lens image (left) and EBSD image (right) of the bare anodic alumina
SUITACE. 1.ttt ettt ettt s 242

Figure 9.2. SEM in-lens image (left) and EBSD image (right) of the anodic alumina surface
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Chapter 1 — Purpose and Scope
1.1 Motivation

Laboratory testing in healthcare systems is a massive enterprise and the backbone of
patient care. Biomarker assessments for disease processes, whether to diagnose a new disease
or follow a chronic condition, include everything from heart disease to malignancy. These
assessments are typically performed in specialized settings where a laboratory process is
required to analyze and quantify the protein biomarker linked to a particular disease state.
Initial steps consist of collecting the tissue (e.g. solid organ or blood), saliva, urine, fecal, or
exudate sample and transportation to a designated lab facility for processing. Upon sample
arrival, standard diagnostic tests are used to detect and possibly quantify specific proteins.
These tests include; enzyme immunoassay (EIA), high-performance liquid chromatography
(HPLC), and polymerase chain reaction (PCR). It is not until after testing that results are
obtained, and a diagnosis reached. Ultimately this delays prognosis and treatment while
simultaneously creating significant expenses for test conduction along with sample
transportation and handling.

To date, a small fraction of the tests used provide rapid results. When testing for
infectious disease, front line healthcare worker must send samples to centralized facilities with
expensive equipment and trained personnel to determine if patients are a risk to themselves or
others. A point-of-care (PoC) test is a realistic alternative to lab testing and would provide
immediate information to determine precautionary measures, diagnosis, and/or patient
treatment. Such a test must be economical and prompt with the required specificity and
sensitivity to generate data for protein detection. A device of this sort has the ability to
revolutionize the medical field, as these are breakthrough characteristics not yet possible in
any single diagnostic device.

One approach for a PoC test is the utilization of thin film interference for the visible
detection of biologics. It would ensure nearly instantaneous results and, in some applications,
would work to shift detection into the hands of the user (e.g. patient or surgeon). While there
are many obvious applications for infectious diseases, there are some fundamental
applications within other fields as well. One application could be to direct therapy during

surgery when the decision to complete a more aggressive surgical procedure could be guided
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by the presence of biomarkers. In some cases, the most invasive surgery is completed,
followed by a pathological analysis that decides further therapy. One example of this is the
detection of platelet-derived growth factor receptor alpha (PDGFR-¢), a biomarker linked to
metastatic papillary thyroid cancer. 1? In this situation, a positive or negative result is required
to diagnose the presence or development of metastatic cancer. During surgery a homogenized
tissue sample would be placed on the device containing an immobilized antibody layer
specific to PDGFR-q, to detect if the biomarker is present in 15 minutes while the patient is
still on the operating table. The sue of a highly sensitive test means a negative result would
have a high likelihood of ruling out disease. >> A negative test result indicates a less invasive
procedure can be completed. ! As it currently stands patients and surgeons have to apply their
best estimates of when to do a more aggressive surgery, which increases the risk substantially.
As a result, nearly 2/3 of all node dissections for thyroid cancer surgery were likely
unnecessary and many patients were at risk of a permanently hoarse voice or calcium
supplementation without any benefit. ¢

This example in the surgical setting is just one facet of a test that can be applied to many
acute or chronic diseases where monitoring is ongoing such as; heart disease, !> cancer, ** and
infectious diseases.>® A positive or negative result may be the desired outcome, however there
is a foreseeable benefit in the quantification of these results. The thin film diagnostic will be
examined in conjunction with the thin film optics to work towards a complete system that

allows for accurate observation of the visible interference contrast on the device surface.

1.2 Aims & Objectives

The purpose of this thesis is to further develop a stand-alone, functional point-of-care
medical diagnostic based on thin film interference. The device must be economical, rapid, and
with required specificity and sensitivity to generate visible interference colours for protein
detection. The focus will be placed on quantitative measures of proteins on thin film
diagnostic devices with a view to establish the broad applications that are possible for protein
biomarkers from many different disease sites. The primary goals of this work include:

1. Manufacturing a reproducible thin film slide with optimized characteristics
allowing protein complexes to adsorb to the surface and produce interference
colours in the first and second order range;
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2. Determine the surface-prothrombin (II) interactions to determine binding
orientation, surface density, and depth of protein penetration into the porous
alumina surface during adsorption onto the surface;

3. Establish if immobilized protein on the device surface can be quantified based

on the visible interference colour.

This thesis builds upon the work patented by Burrell et al.,® on a thin film platform that
consists of a porous aluminum oxide (alumina), tantalum oxide (tantala), and tantalum on a
substrate. The tunable multilayer structure shows visible interference colours that change with
protein immobilization on the surface for detection. Additional colour contrast results upon
exposure to successive antibody layers with an optimal substrate microstructure. The aim is to
improve understanding in the area of thin film visible interference detection and further
develop the point-of-care diagnostic. This device has the potential to shift the entire paradigm
of testing. Implementing a simple, inexpensive, and robust point-of-care platform into the
health care system or rural settings would be revolutionary, providing users the power to

diagnose illness and guide early interventions.

1.3 Scope of Thesis

This study commences with an introduction and detailed literature review (Chapter 2)
examining current diagnostics, concepts of thin film technology, thin film deposition,
electrochemical oxidation, protein binding, optics and its use for visual protein detection. The
subsequent chapter (Chapter 3) provides general materials and methods for aspects of this
work, and the following chapter (Chapter 4) discusses the effects of altering anodization
parameters and sputtered aluminum thickness on the resulting device. Chapter 5 analyzes
differences in the surface structure of samples anodized at 5 and 8 V before and after protein
immobilization, as well as protein penetration into the pores. Next, the device is characterized
and the tunability optimized (Chapter 6). Chapter 7 describes the impact of layers at the
tantalum and aluminum interface, followed by the sensitivity of vitamin K-dependent proteins
immobilized on the device surface and the effect of metal ions in prothrombin solutions prior
to device exposure (Chapter 8). Chapter 9 addresses how changing the amount of prothrombin

exposed to the device surface effects the resulting surface density and colour shifts measured



with radiolabelling. The removal of prothrombin with subsequent wash solutions placed on
the surface was quantified using the radiolabel. Lastly, Chapter 10 shows the colour shifts on a
prothrombin-coated surface with subsequent anti-prothrombin solutions exposed and complex

formation. A study flow guide for the thesis is shown in Figure 1.1.



Operation of Thin Film Device

Purpose and scope — see Chapter 1.
Explains the device ‘why” and objectives of

this work.

Introduction and literature review — see
Chapter 2. Review of diagnostic tests as
well as background on interference
technology and device manufacturing steps.

General materials and methods — see
Chapter 3. Focuses on device preparation

and analysis techniques.

What thin film structure is necessary for sensitive protein detection?

What are the effects of
varying anodization
parameters and the
sputtered aluminum
thickness on the device
structure and protein
detection on the device
surface?

Does 11 bind in the
alumina pores?

See Chapter 5. Films
created in phosphoric acid
showed increased protein
penetration in 5 V
samples. Protein
penetration was also

What length of
anodization and initial Al
thickness produces a
device with strong visible
colour contrast? What are
the methods for tuning the
device structure in
phosphoric acid at 8 V?

Is the tantalum layer
microstructure important?
See Chapter 7. Shows
effect of tantalum
deposition energy on
structure and how
changes in the oxidation
sequence can influence

Chapter 4. deemed possible in Chapter 6. adhesion and the resulting
Chapter 9 based on device.
labeled IT work.
Protein immobilization
How does initial protein layer on the alumina surface affect sensitivity and reproducibility?
Does 11 bind in the Do other vitamin K- Does conformation of II When is a monolayer of

alumina pores?

See Chapter 5. Films
created in phosphoric
acid showed increased
protein penetration in 5 V
samples. Protein
penetration was also
deemed possible in
Chapter 9 based on
labeled IT work.

dependent protein
increase sensitivity over
11?

No — see Chapter 8. The
visible colour shifts are
easiest to distinguish
based on protein thickness
and possibly refractive
index. II and PS appeared
to have the same
sensitivity and FIX
showed a slight decrease.

influence sensitivity?
Yes. See Chapter 8.
Adding metal ions to II
solutions increased the
surface colour in
chromaticity plots.

Stability of surface immobilized

molecules

prothrombin achieved on
the surface?

See Chapter 9.
Radiolabelled data
showed 20 pl of

~0.2 mg/ml prothrombin
solution on the surface for
15 minutes generates a
monolayer.

Will biologics exposed to the device surface remove the initial IT
layer bound?
Yes — see Chapter 9, wash-out of radioactivity. II is cleaved or
displaced by smaller proteins in serum (HS and FBS).

Optics

What are the detection limits for the prototype antigen and antibody layers?

What is the limit of

What is the limit of

Are visible colours associated

detection for IT on the
device surface?

See Chapter 9. The limit
of detection was

0.05 mg/ml on a 95 nm
alumina films and

0.035 mg/ml on a 100 nm
alumina film.

detection for anti-IT on the
II-coated device surface?
See Chapter 10. The limit
of detection was

0.025 mg/ml.

Figure 1.1. Flow diagram for the work completed in the thesis.
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with protein binding quantifiable?
Yes. See Chapter 9 and 10.
Variability in thin film devices
must be controlled or colour
coordinate variance is too large.
Quantify between triplicates
increases the variance over
comparing coordinated on an
individual slide.




Chapter 2 — Introduction and Literature Review
2.1  Introduction — Review of Diagnostic Tests

The majority of commercial protein detection tests occur in a centralized lab setting
with costly detection systems and an overlying infrastructure required to transport specimens.
Consequently, current methodologies are expensive, unable to achieve prompt detection, and
limit the location of completion. EIAs, HPLC, and PCR are technologies for standard
diagnostic tests run in health care facilities. ! Widely used EIAs are ELISAs. ELISAs were
developed in 19712 and have since been one of the main techniques used for detecting and
quantifying antibodies and antigens, as tests are relatively easy to use and commercially
available. ? The four main ELISA setups are indirect, direct, sandwich, and competitive. >
These methods have different analytes, but each format has similarities. In all cases detection
occurs through binding an enzyme-linked antibody and incubating with a substrate to
commence a measurable reaction. Various detection mechanisms exist (i.e.
chemiluminescence, enhanced chemiluminescent, fluorescence, etc.) and influence the
constituents used. For example, colorimetric detection occurs after binding a biotinylated
antibody conjugated to streptavidin-horseradish peroxidase and adding the hydrogen peroxide
substrate containing tetramethyl benzene. +° These assays are lengthy with blocking, washing,
and incubation steps and have shown low amounts of active antibodies after immobilization (2
to 8%).”® Furthermore, ELISA, HPLC, and PCR testing methods all require expensive
equipment and trained personnel for completion and data interpretation

Although the majority of current testing is conducted in a hospital or laboratory setting,
there has been extensive research towards the development of a point-of-care device that is
inexpensive, sensitive, specific, portable, quick, and easy to use. *!° A device of this sort
would shift testing into the hands of the patient and meet the needs of people in undeveloped
countries or regions, who have limited access to healthcare facilities and labs. ' The
commercialization of point-of-care tests has shown promise in the field; however, further
development is needed. Of the companies investigated by Holland and Kiechle in 2005!! there
are 4 that remain; Cepheid, '? IQ""™ — acquired by Roche in 2014, !* Nanosphere — acquired by
Luminex Corp in 2016, '* and Lumora — acquired by ERBA in 2015. !> Cepheid and Roche

tests operate using PCR technology in real-time, Luminex Corp uses gold nanoparticles
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16,17 and

XxMAP® bead technology to deliver multiplex assays for proteins and nucleic acids,
Lumora uses bioluminescence for nucleic acid amplification and detection. !! In a study by
Chin et al. additional companies detecting small molecules, proteins, cells, and nucleic acids
were evaluated.!8

Commercial devices that show the closest resemblance to the ideal point-of-care test are
lateral flow assays (LFAs). The first identified LFA was introduced in 1987!° and this
technique currently remains one of the most common point-of-care tests, along with glucose
meters. 2° LFAs are commercially available tests (i.e. pregnancy test, streptococcus, flu, and
HIV) '8 that are ideal for diagnosis when analyte levels are high, no samples preparation is
necessary, and a qualitative result is acceptable. 2! LFAs have a simple and quick test
procedure as well as a long shelf life, requiring no refrigeration. 2> The down side of these
tests is that multiplexing is difficult on LFAs and sensitivity is typically low (in the uM to mM
range). 182922 Although sensitivity can be increased with amplification, this increases
complexity. %22 Tetracore® is a company with commercial LFA test strips used for detecting
10 different proteins and readers that attach to cell phones and tablets. 2* Detection was
demonstrated with laboratory grown orthopoxvirus. 2* In addition, phone based detection was
used with LFAs from ThyroChek (Cliawaived Inc., San Diego, CA) to measure thyroid
stimulating hormone levels. 2>2® An overview of LFA applications in research settings can be
found in the literature.?’

Alternate test platforms, such as microfluidics, continue to be studied but are restricted
by the extensive research and development required in these areas to reach commercialization.
Furthermore, readers are typically required for these tests, which increases the already high-
test cost. For healthcare professionals this is not a limiting factor, but for individual users this
prevents easy adoption. Categories of microfluidics include micro-electro-mechanical systems
(MEMS), nano-electro-mechanical systems (NEMS), lab-on-a-chip (LoC), and PCR based
technology. MEMS and NEMS are integrated devices containing electrical and mechanical
components in the micro (i) and nano (n) meter scale. With electronics controlling and
mechanics acting as sensors and actuators, the system as a whole can react based on its
external environment. Cantilevers and beams are used as mechanical sensing components and
strive to detect minute changes in mass causing quantifiable nanoscale deflections. 2%2°

Further, microsystems capable of operating in aqueous environments are known as LoC.
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These devices contain micro channels connected to form a complete system of desired
features. Detection methods consist of optical, electrochemical, and mass spectrometry, but
additional development is necessary. *° There have been few commercial products using LoC
to date, as cheaper manufacturing methods are necessary to replace micromachining and
lithography. '* A Dianax prototype claims the test will use a finger prick of blood and LoC
technology combined with MEMS. 3! Tt is intended that the processed data will be relayed
using a smartphone, PC, or another user interface.

Commercial microfluidic tests based on PCR technology were produced by Cepheid
(Sunnyvale, CA) and IQ"™ (Allston, MA) for the detection of nucleic acids. ' Gene Xpert®
was the initial reader created by Cepheid and many iterations have been released since, with
the latest being the GeneXpert® Omni assay (see Systems section on website). !? These
diagnostics, now sold by Roche, can perform 80 immunoassays®? for healthcare related
inflections, infectious diseases, and sexually transmitted diseases (see Clinical IVD Tests
section on website). 2 Disposable microfluidic cartridges are required for different tests
costing ~$40 each and the bench top reader costs between ~$24000 and $80000, based on
online listings. The initial investment for the reader prevents the average person from using
this test. The disadvantages of GeneXpert® are high cost and limited multiplexing capability.>?

Furthermore, the handheld Abbott i-Stat device (founded in 1983 and acquired by
Abbott in 2004) ¥ uses microfluidic cartridges for the electrochemical detection of specific
molecular markers to determine results on 25 parameters (i.e. blood gases, electrolytes,
haemostasis, cardiac markers, among others) in minutes. 2!* For each test a different cartridge
is required and a few drops of blood. The i-Stat has proven to be faster than bench top tests
and the central laboratory, * explaining their adoption in some hospitals. 2! However,
amplification is generally required, and non-specific interactions can generate background.
Furthermore, the detection technique is sensitive to variations in temperature, pH, ionic
concentrations, and electrode surface conditions. 2! The reader requires an initial investment
between $2000 and $6000, and the disposable cartridges for different molecular tests, range
from $200 to $500 each, based on online listings.

Alternatively, microfluidic paper-based analytical devices allow for a colorimetric result

in less than 15 minutes with a small volume of blood, while demonstrating, ease of use, and



inexpensive materials yet, there are no commercial devices using this technology, and
reproducibility as well as mass production are problematic.?

Generally, in microfluidic devices, it is crucial to ensure protein receptor sites remain
active and are not denatured during fabrication or packaging to allow for proper detection. 3¢
Additionally, further research on interactions at the micro level and how it differs from the
macro scale are crucial to understanding the operations and properties of miniaturized devices.
37 The length of time necessary for most microfluidic tests results in weak consumer demand,
as users experience little decrease in turnaround time with the processing required. 36383

Surface plasmon resonance (SPR) was introduced in 1968 as a potential optical
detection technique for studying the interactions between molecules. *° Within the same year
the concept of surface plasmon (SP) excitation was demonstrated, *'*?> and by 1983 SPR was
successfully applied for gas detection and biosensing. ** Today research continues on this label
free technology that provides information on molecular interactions such as: binding, kinetics,
affinity, specificity, and concentration. * The overall performance of an SPR sensor is
dependent on the optical performance and the surface functionalization for molecule
recognition. Multiple surface functionalization techniques are presented in the literature to
immobilize the receptor proteins on the sensor to detect the analyte. *> The refractive index
resolution of the system is on the order of 107 refractive index units (RIU) (in Biosuplar 6
system). ¢ RIU is a ratio of the change in sensor output to the change in refractive index of the
dielectric medium. The refractive index near the metal and dielectric interface changes with
analyte binding from solution and alters one of the measured properties proportionally to the
analyte mass bound. #° Specialization of SPR sensors for immunoassays has led to
biocompatible sensors. 447 Recent progress demonstrates an SPR imaging platform integrated
with a smartphone reader. *® The sensor successfully detected mouse IgG antibodies, using a
receptor of rabbit anti-mouse IgG, with nanomolar sensitivity. *® The assay was successful
with the completion of multiple calibration, alignment, initiation, and connection steps,
demonstrating that the device operations are far from user-friendly. Additional studies exist
where a smartphone aids in SPR sensing,****-32all showing complex operations. To operate
SPR trained personnel and optics systems are necessary, at the very least, and oftentimes
further requirements include expensive equipment along with reagents and software to obtain

results. Additional challenges for the majority of SPR sensors in the commercial sector
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include miniaturization, and portability, among other limitations of improving sensitivity and
specificity. 444

Although less common, thin film sensors have shown optical detection. Thin film
interference technology was used and allowed for visible colour shifts through changes in the
OPL of light, a product of the refractive index and physical path length. The use of thin films
interference for visual detection was demonstrated as early as the 1930’s. Langmuir and
Schaefer® first reported the adsorption of proteins from a solution through the production of
light interference. The device consisted of a reflective substrate, and a single film of barium
stearate along with an antibody layer that created light interference. Succeeding this, Rothen
and Landsteiner** developed a device using a similar technique comprised of different
materials. However, both experienced limitations with regards to colour contrast and low
viewing angles, also known as glancing. Furthermore, the use of various thin film tests to
detect antigen-antibody complexes using visible interference colour was an occurrence proven
by many. >>° The problem of glancing angle was overcome in these works but the
interference signal remained weak, as a result of mismatched refractive indices between the

1. %0 explored

surface layer and the polymer layer of the device. The patent filed by Burrell et a
a new method for reducing background noise, while also working towards solving the issues
of time and sensitivity. Introducing a porous surface layer allows the structure to be tailored to
match the optical properties of the protein layer, working to eradicate background interference
at the protein-surface interface. This thin film device has been able to detect proteins in
periods as short as 5 minutes. ®!

Thermo BioStar produced a commercial application that uses thin film detection
technology combined with ELISA amplification to transduce visible colour changes, called
SILAS™, 6265 The SILAS™ platform uses an antigen detection assay to bind antigens in
solution, increasing the optical thickness, to produce colour contrast. Subsequent addition of a
conjugated antibody increased the visible signal making the assay more sensitive. One test
detects snake venom and users can quantify 27 different levels of venom concentrations. The
initial film is gold and with detection and amplification, via horseradish peroxidase and
tetramethylbenzidine, a purplish-blue precipitate forms. Although amplification makes the
device more sensitive, the time interval between the precipitation step and capturing an image

for quantification is crucial, as the precipitate will continue to form and colour intensity will
10



increase with time. ¢+ This governs strict user rules for the device to ensure accurate results
and is an issue preventing self-testing, as a trained user is necessary.
A point-of-care test with visual detection of antigen-antibody complexes would provide

insight on diagnosis and treatment for a range of infectious diseases and immune responses.
2.1.1  Summary

Improvements have been achieved, however, there is currently no affordable, simple test
that can be used as a platform for detecting multiple analytes. Table 2.1 summarizes details of

the protein diagnostic tests outlined above.

Table 2.1. Analysis of current protein diagnostic tests based on low (+), medium (++) and high (+++) rankings.

Test Cost | Sensitive | Portable | Rapid | Simple to use | Multiplex | Quantitative | Refs.
EIA 14
. | + + + + +++ -
(i.e. ELISA)
HPLC +H++ |+ + + + ++ ++ 3,56
PCR +H | + ++ + + -+ 7
LFA + + +++ +4+ +++ + + &10
ﬁgﬁguggig'e' ++ ++ ++ ++ + + ++ S
LoC ’ d * |+ ++ ++ +++ +++ ++ ++ 2621
0%, an ++ ++ ++ +++ +++ ++ -+ 207
PCR technology)
SPR Ens Tt + ++ + ++ ++ 521
Thm film 1 ++ ot A+ ++ +++ ++ 225
interference

The ideal point-of-care diagnostic should be inexpensive, have a high sensitivity and
specificity, be portable, provide rapid results, demonstrate ease of use, and be capable of
multiplexing. 33 In addition to these, the World Health Organization criteria for the diagnosis
of sexually transmitted diseases in limited resource settings included that minimal or no
equipment be required, and that the test is deliverable to the end-user. 7 This thesis is based
on the premise that there may be substantial benefits to a thin film diagnostic in terms of cost,
simplicity of use, and diversity of application. This work will delve further into the
optimization and comprehension of the thin film interference technology patented by Burrell
et al. %0 A test of this sort has the potential to operate as a point-of-care platform, but improved
knowledge and understanding of the device is required. The impact of manufacturing methods
and conditions of use may improve device operation or provide information on which

properties are necessary for stable protein adsorption, detection, and colour generation.
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Visible detection without amplification eliminates the need for standing laboratories or
established infrastructure to obtain test results. A point-of-care test using thin film technology
has the potential to transform standard laboratory testing, with its initial use where lack of

time and centralized laboratory facilities prohibit other testing regimes.

2.2 Background of Device Colour Generation

2.2.1  Thin Film Interference

The introduction of colour in nature can be due to thin layers creating interference
patterns (e.g. insect wings, peacock feathers, minerals, etc.). At each thin film interface when
the optical constants change, a combination of reflected and refracted light results. Material
properties can be altered to generate the desired combination of reflected light in a
multilayered system that leads to strong interference colours. Mimicking the same structures
in nature, commercial applications have been developed for anti-reflection and high-reflection
coatings, and filters (Fabry-Pérot interferometer) that either prevent or create interference. ’

A phenomenon that aids in understanding the generation of interference colours is
gasoline on wet pavement shown in Figure 2.1. Changes in gasoline thickness alter the path
length of light traveling through the fuel layer and in turn the path difference of the reflections

off the water and gasoline surfaces that combine to generate interference.

gasoline

wet pavement

Figure 2.1. Changes in the optical path length of light passing through gasoline on wet pavement results in optical
path differences and visible interference colours (4). ® A cross-section of the gasoline layer is shown, with

12



thickness labelled as t, to comprehend how changes to the physical path length influence the optical path difference
(B).

In addition to the thickness, the formation of distinguishable colours by the unaided eye
is largely related to the thin films refractive index, which describes how light interacts with a
material. This number consists of a real and imaginary portion, known as 1 and k, respectively
(see Equation 2-1). These can be determined using psi (¥) and delta (A) values obtained from
ellipsometry or by measuring parameters of a material that are impacted by the refractive
index, such as the angle of light that has contacted the medium.”’

n=n+ik Equation 2-1

n c

Equation 2-2

Uphase

The refractive index is defined as 77, the real refractive index is 17, and the imaginary part
is signalled by ik with k known as the extinction coefficient that shows energy lost within the
layer. The velocity of light in a vacuum is ¢, phase velocity in the material is Vpqse. The
refractive index of a material varies slightly with respect to the incident light wavelength and
results in dispersion, the splitting of incident light that results from wavelengths refracting at
different angles. As light travels through the thin film device from one medium to another the
wave frequency stays the same; however, the speed changes relative to the refractive index as
demonstrated in the following equations. 78

v =Af Equation 2-3
v=c/n Equation 2-4

In the equations above v is velocity in a substance, 4 is wavelength, f is frequency, c is

the velocity of light in a vacuum and 7 is the real refractive index value. 7®7

2.2.1.1 Waves at an Interface

Light moving from one medium to another is reflected (R), refracted or transmitted (T),
scattered (S) or absorbed (A). 3 The angle of incident light is equal to the angle of reflected
light, based on the Law of Reflection shown below.

6; =0, Equation 2-5
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The angle of incidence is 6; and the angle of reflectance is 6,.. The angle of transmitted
light depends on the change in refractive indices between the two mediums at the interface.
The higher the refractive index of the medium light passes into, the smaller the transmission
angle measured from the normal and vice versa. The transmission angle can be determined
using Snell’s Law shown below.”

nsinf; = n,sinb, Equation 2-6

Sine of the angle of incidence is sin6; and sine of the angle of transmission is sinf,,
and the refractive index of the thin film layers is represented by n with the appropriate
subscript. Subscripts correspond with Figure 2.2 and aid in identifying the layers light is

leaving and entering.
2.2.1.2 Optical Path Length (OPL)

Light that is refracted at the surface interface and travels through the medium, and is
subsequently reflected and exits the medium, determines the physical path length through the
film. The OPL is a product of the material’s refractive index and physical path length, which
describes the distance light in a thin film would have travelled with the same amount of time
in the air. Differences between the OPL of reflections, also known as OPD, at each interface
(R, R1, and R2 in Figure 2.2) are crucial to the formation of distinct colours by the unaided
eye. Figure 2.2 outlines the thin film layers within this device that contribute to the total

interference.
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Figure 2.2. Depicts the paths of incident light through the multilayer device that contribute to the formation of
interference colours on the bare device surface.

The interference of reflected wavelengths in a system is controlled by the distance light
travels through each medium, also known as the optical path length. Geometry is used to
determine the distance light travels through a medium and the change in wavelength as light
travels from air into a new medium must also be accounted for by the refractive index. If there
is a change in film thickness (e.g. adsorption of a protein monolayer), a colour alteration can
be observed due to the change in OPL of R1 and R2, leading to an OPD. The OPL and the
OPD through the surface thin film in Figure 2.2 can be calculated using Equations below.

OPLsurface thin film = 2d771/00591i Equation 2-7
OPL g = 2dn - tanby; - cos (90° — 6;) Equation 2-8
OPD = OPLsurface thin film — OPLair Equation 2-9

The distance travelled through the surface thin film is d, the angle of incident light
contacting the air and thin film interface is 8; and the refractive index of each layer is
represented by 7. Subscripts were used to identify subsequent angles and properties for each
layer. From Equation 2-7 and Equation 2-8, it is apparent that the OPL changes with respect to
the viewing angle of the device, as this alters the distance light travels through the films.
Using Equation 2-7, refractive index, incidence angle, and desired OPL the required film

thickness for a system to generate interference at some wavelength can be determined. The
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creation of difference visible colours on oxide films changing the layer thickness, and OPL,
has been investigated. 3!#2 This concept is fundamental to the operations of this thin film
device as a protein layer of ~10 nm is not large enough to generate a path difference and
visible interference shift when reflections combine. However, by tuning the surface refractive
index (e.g. alumina) to match that of the protein layer, the required minimum OPL is
achieved. Without matching the refractive indices of these two layers the refracted light would
not travel the required path length within the protein layer before contacting the alumina layer
and being reflected, and no interference in the visible range would occur.

Figure 2.3 demonstrates this concept.

solid alumina n=1.65 porous alumina n=1.27-1.39

Figure 2.3. Depicts the changes in refracted and reflected light as the protein and oxide interface. When light is
refracted at the interface the system in unable to generate visible interference, as wavelengths do not travel the
required minimum path length through the protein layer.

Matching the refractive indices of the protein layer and the alumina layer will eliminate
undesirable scattering of light at this interface and allow for sensitive detection of changes in
the OPL of light reflected at the alumina-tantalum interface. With tuning the surface layer,
changes in thickness with adsorbing antigen and antibody layers generated different colour

shifts. The change in path length with adsorbed protein layers is demonstrated in Figure 2.4.

Id
porous
alumina

Figure 2.4. Reflectance off the porous alumina layer, adsorbed prothrombin layer, and adsorbed anti-prothrombin
layer shows an increase in the optical path length.
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2.2.1.3 Constructive or Destructive Interference

Depending on the thin film thicknesses the resulting OPL changes and when reflections
recombine so does the wavelengths. The interference enhances or diminishes wavelengths of
light known as constructive or destructive interference respectively (see Figure 2.5). One can
determine whether entirely constructive or destructive interference will occur if the optical
constants of the mediums of either side of the interface are known, and if the OPL is a

multiple of half or the full wavelength.”-3

Wave 1 Wave 1

Wave 2 Wave 2

AVAY YAV

Constructive Interference Destructive Interference

Figure 2.5. Demonstrates the effects of constructive and destructive wavelength interference.

In theory, to produce visible interference colours, the wavelength refracted into the thin
film must have an OPL that is at least half the wavelength of light before being reflected at an

interface and exiting the device surface.
2.2.1.4 Fresnel Coefficients

To generate strong interference colours the intensity of reflected light at interfaces must
be balanced. If the reflected intensities are unequal, then one reflection will overpower the
other and weak interference colours results. Fresnel equations described the relationship
between incident, reflected, and transmitted light at an interface. ’® In this work, equations
were used to determine the theoretical reflection intensity at each interface based on the angle
of incidence and differences in the optical constants of layers adjacent to the interface. In
these equations the polarization state are also taken into account. Simplified equations for the
reflectance and transmittance of s-polarized light (perpendicular to the plane of incidence) and

p-polarized light (parallel to the plane of incidence) are shown. 78

sin (6;—6¢)

Ts—pol = ~ TR Equation 2-10

tan (6;—-0
T _ ( i t)

p-pol = Gn (8,46, Equation 2-11
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2 sinf; cosB;

ts—pol = 01160 Equation 2-12

2 sinf; cos;

t _ =
p-pol sin(9i+9t)COS (91'_91.‘)

Equation 2-13

Where amplitude coefficients of  and t denote reflectance and transmittance and the
polarization states are s-polarized and p-polarized. Assuming no absorption, transmittance and
reflectance can be calculated as the ratio of light intensity to the incidence light intensity.
Equations can be found in the literature. ’® The quantity of light reflected is dependent on the
transparency of the adjacent mediums at the boundary. Furthermore, if light is moving into a
medium with a higher refraction index the reflected p-polarized light rays experience a phase
shift of & radians or 180°. If light travels into a medium with a lower refractive index the
reflected light rays are in phase, and no phase shift occurs. ’®”° This information is crucial

when determining the optimal thickness of each medium to ensure interference.
2.2.2  Sputtering of Thin Films

The myriad of applications for thin films in society ranges from the electronic and
semiconductor industry to the medical industry. Some of the original uses were decorative;
however, breakthrough technologies include light emitting diodes, hard coatings for cutting
tools, and energy generation (i.e. solar cells and batteries). 8485 Procedures for creating thin
film layers are primarily categorized as physical or chemical. Examples of physical deposition
are molecular beam epitaxy, pulsed laser deposition, and physical vapour deposition (PVD),
with subsets of evaporation and sputtering. Chemical deposition techniques include;
Langmuir-Blodgett, spin coating, chemical vapour deposition, and atomic layer deposition. Of
these methods, a subset of PVD, direct current (DC) planar magnetron sputtering, was
selected for the deposition of metallic thin films with relatively high deposition rates, high-
purity films, strong adhesion to a substrate, and excellent uniformity. %

The precision and uniformity of the aluminum film thickness is essential to the
operations of the thin film device because it contributes to the resulting interference colours.
Following device preparation, notable colour shifts occur for thickness increases of 2.7 nm
after binding a monolayer film of stearic acid to the surface, ® and 2 nm in work binding
nucleic acid sequences. 87 The tantalum thickness uniformity is less important, as this material

is only required to be optically thick to absorb a significant portion of the incident light. To
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ensure a high consistency, sputtering parameters of power density, base pressure, argon
pressure, argon flow rate, and working distance, were regulated. Controlling the deposition
parameters aims to create thin films with a high degree of reproducibility and low variances.
The magnetron sputtering operates by bombarding the cathode surface (i.e. target) with
energetic ions to eject atoms or molecules from a target. The collisions generate the release of
target material for deposition onto the anode and substrate. With ion bombardment, the
emission of secondary electrons from the target also results. In planar magnetron sputtering an
applied magnetic field is used to trap charged particles (electrons) within field lines above the
sputter target surface. 8 Thereby, increasing the number of collisions with electrons and the
inert gas (e.g. argon) allowing for higher rates of ionization, cathode bombardment, and
ejected material from the target. 3 As a result, greater deposition rates are attainable in a
chamber with a lower gas pressure. Low pressures are required to ensure high-energy ions
reach the target and to decrease the number of target atom collisions after ejection from the
cathode, also known as increasing the mean free path. Depending on the operating parameters

of the system, the deposited film characteristics can vary significantly.36-8

2.2.3  Electrochemical Oxidation

2.2.3.1 History

As early as the 1950’s, anodization processes were documented for altering the structure
and properties of aluminum prior to use. Commercial use included the aircraft industry, which
created aluminum oxide surfaces of specific morphology for improve adhesive bonding. Three
employed anodization processes include the forestry products laboratory process, *° the
Boeing phosphoric acid process, °! and the chromic acid process that is similar to the Bell
chromic acid process. ° Later work showed improved adhesion when the Boeing process was
carried out following the forestry products laboratory process in phosphoric acid at 10 V for
25 minutes, creating a whisker surface with low order and high etching. The resulting film
was ~100 nm thick with an underlying ordered hexagonal base structure ~400 nm thick.”?

In 1995 Masuda and Fukuda showed further development of an anodic process to grow
highly uniform honeycomb structures. ** Since then numerous applications have utilized

properties of these anodic alumina structures for templates to grow nanostructures, %%
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corrosion resistant surface layers, and biosensing where high surface area to volume ratios can
improve detection sensitivity. °%190

An alternate method of oxidation includes heating materials to elevated temperatures. 1!
However; the selected method of electrochemical oxidation benefits the reproducibility and
adaptability of this device design. Following porous alumina formation, the current moves
into the underlying tantalum layer and generates a tantala barrier layer. The resulting thickness
of this layer is proportional to the applied potential, and while reaching the maximum

102,103 The formation of this

thickness causes the current density to decline and approach zero.
tantala barrier layer acts as a process control and helps to ensure consistent interference
colours. By achieving reproducible tantala thicknesses, the colour generated by the tantala
layer is consistent and has the same contribution to the device surface colour. %195 The
underlying tantalum metal remains optically thick and absorbs a portion of the light,
producing a reflection in the visible spectrum of 40 to 60%, depending on the wavelength and
angle of incidence. !* Absorption by the tantalum layer reduces the amount of reflected light

from within the multilayer device, allowing the light emitted from the device surface and light

reflected at the alumina surface to combine at nearly equal intensities.
2.2.3.2 Pore Formation

The alumina surface can be highly tuned to achieve optimal conditions for the intended
application. 1619 Important factors include; cathode to anode size ratio, stirring of electrolyte
during process, the distance of separation, the volume of electrolyte, concentration and type of
electrolyte solution, applied potential, the length of oxidation, temperature, and pre and post
anodization treatments. An ordered porous alumina structure is shown in Figure 2.6. Labelled

features will be useful in future chapters for characterizing the resulting films.
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Figure 2.6. Structure of highly ordered porous anodic alumina showing important dimensions of the porous oxide

e

as well as the barrier alumina film at the oxide and metal interface during formation. Image taken from work by
Sulka. 1%

Anodic aluminum oxide growth occurs from ionic migration (i.e. AI**,0*, and OH")
through existing films and creates an oxide layer at the interface. When the film being
oxidized is insoluble in the electrolyte, anodic barrier layers form. In barrier oxide films the
metal ions released through dissolution are not consumed by migration into the film.
Integration of these ions into new films can still take place depending on the precipitation and
deposition that results. 1% Work by Hunter and Fowle showed that barrier layers contain two
different compositions. !1° Electrolytes known to form barrier layers are neutral boric acid,
electrolytes with borates, and several organic solutions such as citric and malic acids. '!!
Anodization to create a barrier film shows a rapid decline in current density as the oxide layer
increased thickness barrier layer. However, because the dissolution of metal ions into solution
is minimal, the barrier oxide continues to increase in thickness at a rate proportional to the
applied voltage and limits the current. The current density reaches zero when the current can
no longer penetrate the barrier layer.

When the film being oxidized is soluble in the electrolyte, a porous alumina layer forms.
Anodic porous films are not pure oxide, but typically incorporate anion species from the
electrolyte. The integration of different molecules influences the chemical, physical, and
optical properties that result. Stability of the surface alumina film can be tailored to achieve an
inert device. Anodization in different electrolytes incorporates ions present in solution.
Phosphoric, sulfuric, and oxalic electrolyte solutions are known to generate porous alumina
"1 containing ~7.6, 11.1, and 2.4 wt.% of anions from the respective solution. '’ These
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values can fluctuate depending on the electrolyte concentration among other system
parameters. When using an acidic electrolyte the resulting porous anodic alumina is hydrated
and has a positively charged surface. '°¢!1? The surface chemistry is important when
immobilizing groups from polymers and proteins directly to the surface, or when using linkers
to binding specific molecule sites.!

Positive and negative ions in the electrolyte accelerate towards the anode and cathode
with an applied potential. Positive hydrogen ions move towards the cathode and upon gaining
an electron are converted to hydrogen gas, whereas the negative species move towards the
anode and convert aluminum to a porous aluminum oxide film. The following reactions occur
and lead to the formation (Equation 2-14) and dissolution (Equations 2-15 and 2-16) of the
oxide layer, respectively. ''311% Changes in the electrochemical process generate different

alumina films, as different rates of formation and dissolution result.

2A1T 4+ 30% 2 ALOs Equation 2-14
ALOs + 6H" & 2A1%" (aq) + 3H20 Equation 2-15
20H + Al,O3 =2 2A102 + H,O Equation 2-16

During porous anodization an initial decrease in current density results as with the
growth of a resistant oxide barrier layer, the same as in the beginning of the barrier oxide
formation. With continued oxidation of this layer the oxide thickness increases and
propagation of individual paths through the oxide film form, specifically along high-energy
grain boundaries. These micro cracks are precursors to pore formation in the oxide layer and
have completely formed when the resistance is reduced, causing an increase in current density.
At this point, the barrier film begins to breakdown and the formation of a porous layer begins.
In some cases, the current density reaches a local maximum after which it decreases slightly
and plateaus. At this current density plateau, an equilibrium has been reached between O* and

OH' integration into the oxide film and metal ion dissolution.
2.2.3.3 Alumina Surfaces

Exposed aluminum ions in an aqueous environment, attract water molecules or OH"ions
towards the surface and achieve surface hydroxyl groups. The alumina surface can contain

between a few tenths and 5% water, depending on the temperature and vapour pressure of the
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surrounding environment. !> Water molecules can be physisorbed or chemisorbed as an
undissociated or dissociated molecule. !!° Undissociated water molecules are adsorbed to the
alumina through strong hydrogen bonds. At increased temperatures hydroxyls form on the
alumina surface and are then expelled as water molecules with increased temperatures.!'!?
Water chemisorption is thought to be a reaction between the aluminum ion, termed the
Lewis acid (electron acceptor), and the hydroxyl ion, termed the Lewis base (electron donor).
112,116 The gradual dehydration of the alumina was shown to form oxygen bridges between two
aluminum ions, creating active Lewis sites (see Figure 2.7). ''7 The aluminum oxide activity
speaks to the ability of the material to catalyze reactions. Active sites develop alongside the
dehydroxylation process and are related to the defect structure of the alumina. Alumina films
that are fully dehydroxylated or well-ordered are not active. !'® Work by Flockhart et al.
showed that active alumina can act as a Lewis acid or base, leading to oxidation and reduction

reactions. '8

OH OH o
T['C] * |
_O— Al — 0 — A — O — — - -0 — Al —0— Al —0— *HO
T[] R
\ Lewis acid o * " Lewis base
Ty ."“‘-. 4

— 0 — Al —O— Al —0 — * H,0

Figure 2.7. Lewis acid and base sites on the alumina surface.’’’”

In work by Mardilovich et al. it was suggested that aluminum ions bonded with two
terminal hydroxyl groups have increased activity. These ions are found on the edges and
corners of the alumina particles.!!”

Hydroxyl groups on the alumina surface have an amphoteric nature. !'2 The change in
the surface alumina structure and charge depends on the electrolyte pH. An acidic pH, lower
than the point of zero charge, generates a positively charged surface, and a basic pH leads to a
negatively charged alumina surface. '?° Neutral alumina surfaces were formed in solutions

with a pH in the range of 7 to 10. 112121
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Figure 2.8. The alumina surface structure and charge that results with the formation in solutions with varying
pH 120

The zeta potential was zero in 0.1 and 0.01 M NaCl solutions with a pH of 4.5 and 4.0,
respectively. 1! Adsorption of electrolyte species creates a net charge on the alumina

surface.!12
2.2.3.4 Alumina Refractive Index

Various refractive indices can be found for aluminum oxide barrier layers. The
manufacturing techniques such as deposition and oxidation influence the material’s refractive
indices. Commonly applied alumina refractive index values in the visible spectrum (~370 to
700 nm) are between 1.76 and 1.79. However, these values are for aluminum oxide in the
form of sapphire. 1?? Alternately, amorphous alumina waveguides created through pulsed laser
deposition showed a refractive index of 1.67 at 633 nm. !> Alumina films created with atomic
layer deposition showed refractive indices of 1.66 at 370 nm and 1.64 at 700 nm. '** Lastly,
alumina deposited by radio frequency sputtering showed a higher refractive index of 1.70,
where the films measured have a relative density of 98% to that of an amorphous anodic
alumina. ' For this work the anodic alumina barrier layer is assumed to have refractive

indices between 1.65 and 1.70.
2.2.4  Protein Detection on Thin Film Surfaces

Numerous techniques are used for the detection of biological molecules on thin films
including ellipsometry, electrochemical, visual, and radioisotopic methods. !¢ Among these,

visual contrast distinguishable by the unaided eye allows for the simplest detection.
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Specifically, test processes that do not require an amplification step or expensive detection
equipment.

Medical diagnostics and the use of thin films as a detection platform for biological
molecules began in the early 1900°s. Langmuir and Schaefer™? first reported the adsorption of
proteins from a solution through the production of light interference. The device consisted of a
reflective substrate, and a single film of barium stearate along with an antibody layer that
created light interference. Succeeding this, Rothen and Landsteiner>* developed a device using
a similar technique that was comprised of different materials, however both experienced
limitations with regards to colour contrast and glancing angles (high viewing angles from the
surface normal). The roadblock of glancing angle was overcome in the 1970’s through patents
published by Giaever (1974, 1975, and 1976) that reduced the substrate reflection. 3>->7 His
first patent used a method to produce voids in a thin film where adsorption of large biological
particles to the antibody-coated substrate had occurred. Subsequent variations utilized varying
surfaces, such as indium and gold, to detect antibodies and very low concentrations, but the
synthesis of these devices was complex and difficult to reproduce. The problem of glancing
angles was overcome, but contrast of the interference colours remained weak as a result of
failing to match the surface layer refractive index to the protein refractive index.

The patent by Burrell et al. ®© demonstrated an increase in sensitivity by utilizing a
porous alumina surface layer that allowed the refractive index to be tuned to closely match the

protein layer. This decreased scatter and increased the interference signal.

2.2.4.1 Aluminum Oxide Thin Film Sensors

127

Porous alumina membranes have been used in numerous biological applications'=’ such

128,129 130,131

as sensors, protein separation, and drug delivery. 2 Typically alumina surface
used in biological applications undergo modifications to increase biocompatibility and
chemical stability. '3 In prior work, the use of porous aluminum oxide thin films has been
applied for sensing applications. Several report using electrochemical techniques (i.e.
impedance spectroscopy, capacitance, ionic conductivity, etc.) to immobilize specific
antibodies in the alumina pores and measure changes in the alumina membrane with analyte
adsorption and have demonstrated sensing capabilities. The detection of parathyroid hormone-

like hormone secretions in cultured human cells using anodic aluminum oxide membranes
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was demonstrated, with a limit of detection between 60 and 100 ng/ml. '** Immobilized strains
of Escherichia coli and Staphylococcus aureus were measured, with a detection limit of 10?
colony forming units (CFU)/ml. ** The antigen, atrazine, showed detection in the fg/ml (part-
per-trillion) range. With platinum electrodes on either side of the alumina membrane, 20 pl of
Dengue 2 and 3 viruses were exposed for 30 minutes, and proved a limit of detection of 0.23
plaque forming units (PFU)/ml and 0.71 PFU/ml, respectively. '** Another few studies
detecting Dengue virus 2 showed limit of detections of 1 PFU/ml. **!37 A capacitance sensor
detected polychlorinated biphenyls on alumina; with a limit of detection of 80 nM"* and
lastly, a novel logic gate sensor detected Pb>* with a detection limit of 0.1 nM. '3° These tests
did not generate a visible colour shift on the surface, but used other mechanism of detection.

A similar process for immobilizing DNA probes has been used on functionalized porous
alumina membranes. Electrochemical detection of the corresponding DNA was successful for
measuring changes in analyte. Detecting complementary DNA demonstrated limit of
detections of 12.5 nM in PBS, '* 9.55 pM for Dengue virus RNA detection in 45 minutes, '*!
and 1 pM for Dengue virus. '** With a similar process, a single strange 21mer DNA sequence
from Legionella pneumophila showed a detection limit of 0.31 pM. '* Amplification
techniques for DNA detection with magnetic nanoparticles created a sensor with a limit of
detection of 3 nM for histamine detection, '** and gold labelled nanoparticle tags labelled with
single strand DNA to conduct a sandwich assay showed 1 pM. '*> A multitude of other sensing
applications using an alumina membrane were demonstrated. ''>'*'53 These sensors for DNA
detection were defined by electrochemical detection mechanisms showing no visible colour
shift.

A multitude of other sensing applications using alumina membranes were demonstrated.
14613 These included sensors that bind lipids within the alumina pore and measure differences
in the electrochemical signal with exposure to non-ionic detergent, to determine the alteration
of lipid membranes. '* Immobilization of enzymes within alumina pores was used to
demonstrate 100% activity was retained in comparison to free enzymes. '’ A piezoelectric
response was measurable for urea detection as low as 0.05 uM. '** One application
demonstrated a microchip that completed a number of steps including PCR on an alumina

membrane, '** while another used alumina as the foundation for a MEMS gas sensor. '*° In
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addition, alumina membranes were used for filtration and growth by incubating bacteria,
media, and antibiotics on the surface showing optical detection with an imaging unit,
providing 1 hour antibiotic screening. ' In another study the membrane was used to test the
effect of an anti-cancer drug on epithelial cancer cells. '** The method of optical polarimetry
showed phase retardation shifts in the alumina membranes and demonstrated changes with
immobilizing bioreceptors and subsequently the analyte on the pore wall. !> The LOD was
225 pM using <100 pl volume solutions and <1 hour of incubation time.

Although less common, several alumina sensors have utilized optical detection
techniques. In addition to work already mention using thin film alumina for sensing, 696!
visual detection by eye and reflectance were also used to identify colour shifts with covalently
binding a molecule for trinitrotoluene binding in the mM range. ** In another study, surface
colour shifts were demonstrated with single and double BSA layer adsorption on an alumina

film.'?
2.2.4.2 Protein Immobilization on Alumina

Furthermore, the alumina surface is critical to protein stability on the device surface.
Different applications of alumina have proven immobilization of substances from aqueous
solutions. Combining studies, the alumina adsorptive force for anions in water are; OH >
PO4* > SO3> SO42 > HCO, > NO, > NO3 > S§%.136:157 The formate group (HCO) in this
sequence is analogous to the carboxyl groups in aspartic acid and glutamic acid groups that
exist in solutions where the hydroxyl group is deprotonated. This is advantageous for
immobilizing proteins with a large number of carboxyl groups. As a result, the surface
alumina thin film has been found to securely bind vitamin-K dependent proteins. The vitamin
K-dependent proteins contain a GLA domain with a high density of carboxyl groups. These
structures eliminate the need for any surface modifications and creates a bridging molecule of
a consistent thickness. The stable layer can be built upon to create a detection system for

specific antigens or antibodies. Other linking methods between biological molecules and

158,159 160,161

anodic alumina surfaces include organophosphates and amino silanes.
Small organic molecules adsorb to oxide surfaces when functional groups (i.e.
carboxylic, phenolic-OH, or amino groups) replace the hydroxyl groups. 1> The adsorption of

carboxylic acid onto aluminum oxide is stronger than other organic compounds. ''? For
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polyelectrolytes with multiple functional groups, the driving force for adsorption is

163

electrostatic attraction. '°° Two models have been proposed for binding of the carboxylic

group to the alumina, bridging!®* and chelating!%> models.
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Figure 2.9. Possible surface structures with carbonate adsorbed to the alumina surface include: (a) monodentate,
(b) bidentate, and (c) bridging-bidentate. Oxygen atoms that correspond to the metal ions (M) are labelled with 1
and those from the carboxylic acid are labelled I1.'%

Work by Wijnja et al. found that monodentate structure was present on gamma alumina
at a pH between 5.2 and 7.2. 6 Further work supporting the chemisorption of carboxylic acids
on alumina was found. 164167.168 The C—O bonds of the carboxylate (COO") become equal
when the double bond is lost and the carboxylate adsorbs to the alumina surface through two
aluminum ions. '°-'"! Bidentate bridging was noticed between the compounds and oxide
layers. The amount of surface hydroxyls showed a correlation to the number of carboxylic
acid molecules adsorbed.!®

In addition, studies showed the use of chelation or monodentate formation for
carboxylate binding to alumina. !7%!73 Coordination through bridging ligation was evident in
past works exposing phosphonic acid, formic, and acetic acid to alumina surfaces. !’#!7> In the
study by Karaman et al., carboxylic acids demonstrated binding to the hydroxyl groups on the
alumina surface through the formation of esters. !> Various surface hydrophobicity and

stability resulted.
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Figure 2.10. Shows carboxylic acid binding to hydroxyl groups on the alumina surface through an esterification
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reaction.

X-ray crystallography demonstrated the ability of the carboxylate molecules to function
as a bridging ligand for variable aluminum atom separation distances. Carboxylate groups
have bridged aluminum atom spacing between 3.1 and 5.4 A. 7177 Hydrated, and partially
hydrated, alumina surfaces containing aluminum atoms with ~3.7 A of separation lead to
stable bridging and no reorganization of the aluminum atoms is required.!”’

Prothrombin, or coagulation factor II, is a vitamin K-dependent protein involved in the
blood coagulation cascade. There are ten carboxyglutamic acid residues in the first 33 amino
acids of fragment 1 that are used in the body to bind the molecule to lipid membranes. !7®
Carboxyl groups are a readily available constituent of gamma-carboxyglutamic acid residues,
making this protein an excellent native linker to the alumina film. These multifunctional
anionic groups improve the adsorption onto alumina'!'?!7*180 and govern the orientation of
binding. The molecular weight of prothrombin is ~72 kDa, and the three-domain protein
consists of a Gla domain and kringle-1 that make up fragment 1, kringle-2 which makes up

fragment 2, and the serine protease domain that makes up thrombin (see Figure 2.11).
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Figure 2.11. The structure of (A) prothrombin depicting fragment 1, fragment 2, and thrombin'®! with dimensions
from Lim et. al. '** The Gla domain is shown in red, kringle-1 in orange, kringle-2 in yellow, and the protease
domain in blue. Structures of (B) glutamic acid and the post translational gamma-carboxyglutamic acid residues
show available carboxyl groups that lead to immobilization on the positively charged alumina surface.

In past literature, alumina surfaces have demonstrated protein degradation with
exposure to the surface!!?!83:184 a5 well as the loss of biological activity. 135186 Prothrombin
not only contains a high-density charge region, but the structure of the protein positions the
charged region at the short side of the molecule. Hence, with stable binding of the
prothrombin Gla domain to the alumina surface, the molecule naturally positions the
remaining portion of the protein off the alumina surface. Therefore, the structure of
prothrombin makes it an ideal bridging molecule, as it ensures a stable protein monolayer
while preventing the unbound protein region from sitting on the alumina surface.

To construct a specific detection test, the receptor protein would be immobilized to the

initial protein layer. Detection would result by exposing a biologic solution and if the target
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antigens or antibodies were present, binding to the receptor protein would increase the path
length and lead to a visual colour shift. The immobilization process generates a platform
diagnostic device with stable binding of the receptor proteins on the surface, adaptable to a

variety of detection applications.
2.2.5  Optics

2.2.5.1 Colour Sensitivity

Work by Chu et al. demonstrates the increasing colour orders with anodic alumina
thickness increasing from 240 to 7000 nm. Changes in the pore size with pore widening were
also shown to influence the colour order by altering the optical constants. '37 The production
of visible interference colours ranges from first order to an infinite number, with first and

second colours providing the highest visual intensity, as shown in Figure 2.12.
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Figure 2.12. A revised version of the Michel-Lévy interference colour chart showing path difference in nanometers
along the horizontal axis and colour orders from first to fifth.!5

In the first and second orders, colour reductions are minute and can only affect one
particular wavelength. First order shows the greatest sensitivity, with red showing optimal
colour shifts with thickness changes. An increase in wavelength moves towards cyan or a
decrease in wavelength moves to tan. Colours generated above the third order are diffuse
because a greater number of wavelengths are interfering. '8%18° Visible colours can be
evaluated by mapping chromaticity coordinates on an International Commission on
[llumination or Commission Internationale de I’Eclairage (CIE) plot. The CIE 1931 plot is not

visually uniform, and therefore equally spaced coordinates in the CIE plot are not perceived to
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be equally different. This concept is demonstrated by MacAdam ellipses and colour shifts

associated with 2 nm thickness changes in Figure 2.13. 8210
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Figure 2.13. CIE 1931 colour diagrams show MacAdam ellipses (left) and Sandstrom et al. work on colour
diagram (right). Both charts demonstrate the ability of the human eye to distinguish different colours.8*!*

Work by MacAdam and Sandstrom demonstrate how far apart colours must be in
various directions before the human eye can perceive a difference. This is critical to ensure the
most sensitive colour region is used for detection by eye so shifts resulting with protein
binding are visible. There is no coincidence that the first and second order interference regions

of the CIE colour diagram show the highest colour sensitivity.
2.2.5.2 Human Vision

For this work, the detection source is important for interpreting the visible surface
colour or wavelengths. The visible (VIS) region makes up a small portion of the
electromagnetic spectrum, ranging from violet to red (370 to 700 nm). Beyond the violet end
of the spectrum is the ultraviolent (UV) region with shorter wavelengths and higher
frequencies. The infrared (IR) region exists at longer wavelengths with lower frequencies. '°!
The visible colour perceived by the human eye differs from a phone camera, and a
spectrophotometer. The human eye gathers signals from the light that enters the retina through
two types of photoreceptors, cones and rods. Red, green, and blue cones exist and give us the
ability to see colour, whereas the rods measure low intensity light and allow us to see grey

scale in low lighting conditions. 719219 Colour cones in the human eye are sensitive to the
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three wavelength regions. Changes in the intensity of each peak allow our eyes to perceive
different colours. Blue cones are sensitive to wavelengths between 380 and 550 nm and green
cones detect wavelengths between 430 and 670 nm. Lastly, red cones are sensitive to
wavelengths between 500 and 700 nm with a secondary detection region between 400 and 480
nm. Interference colour contrast is detectable by the human eye; however, for colour
identification an optical method that creates an accurate and reproducible system should be

used.
2.2.5.3 Methods for Colour Detection

For the detection of protein adsorbed onto an alumina surface there are a number of
different methods that have been utilized. Sensing applications can be detected electrically,

9394 optically, or by integrating methods. Optical sensing uses techniques of fluorescent

194,195 129,196,197

emission, interference, surface-plasmon excitations, !°® surface enhanced
Raman spectroscopy, and optical waveguide coupling.

Applications in nature commonly analyze colours to establish trends in ecology. Flower
colours were quantified using a spectrometer, light source, constant angle, and white standard.
199 The collected colour data was mapped in a colour space based on the photoreceptors of
hummingbirds and bees. Differences were calculated based on the distance between points to
provide an indication of the perceived colour shift. 1°°2% In fieldwork it is often hard to use
spectrometry for analysis but the capture of images and digital processing?°! is more easily
applied in biological studies to quantify and analyze colour patterns. 202-206

A study by Tapia-McClung et al. modelled the relative colour and distribution of colour
on the abdomen of orb web spiders using tools for digital processing. ?°” The spiders were
place in a box on a blue background and images were captured from 15 cm above with
constant camera and light source. Software algorithms were used for processing data from the
images and Lab colour coordinates were applied and allowed a Euclidean distance to be
calculated that corresponds with the perceived colour shift. 207

In another study, a comparison of the orange spots on guppies was carried out with
images captured to determine correlations among populations. 2% Within the image a black

background was used, an orange patch for reference, and an illumination source. Colour

33



coordinates of hue, saturation, and lightness values (HSL) were used as well as HSL values
normalized using the orange reference to account for differences between imaging conditions.

In work comparing scrotal colour among monkey populations RAW images were
captured to avoid processing and chromaticity diagrams were used to give a visual
representation for variation in the perceived hue. 2% Differences in the RGB values were also
calculated for analysis.

In nature, difficulties stem from controlling parameters (i.e. lighting, angles, and
position of the object of interest, etc.) and reproducibility. 2! Controls for colour
measurements were typically used to ensure reproducible angles and illumination. Various
methods have demonstrated using a calibration standard in images to provide a permanent
reference. >!! An ideal standard should have relatively equal reflectance across the spectrum of
interest and be highly diffuse or Lambertian. 2! A Lambertian standard, with a very low
surface roughness, achieves approximately equal reflectance at every direction and angle,
which is beneficial to account for slight variation in the setup. White Lambertian surfaces are
typically made of Spectralon, barium sulphate, or magnesium oxide coatings. However, other
white materials (e.g. cotton cloth, paper, or Teflon tape) can be used, the surfaces just require
calibration. 2! Measuring reflectance with a constant geometry or of a Lambertian or mirrored
surface does not provide a true reflectance; however, it allows for the data to be compared to
previous work. 2!° For exact colour identification values some calibration and analysis is
necessary. 20!

A consistent experimental setup is required to measure reflectance of complex objects to
reduce error. The angle and azimuth of incidence light and the detector should be accounted
for. The four-dimensional bidirectional reflectance distribution function accounts for the

vertical and horizontal angles of incident light and of the detector. 21°
2.2.5.4 Chromaticity Diagrams

Coordinate systems commonly used for colour identification and mapping include red-
green-blue (RGB), Yxy, XYZ, L*a*b*, and HSL among others. Colours are separated into
chromaticity and luminance components. Chromaticity is based on two independent
parameters of hue and saturation and is irrelevant to luminance. Figure 2.5 (A) shows the CIE

colour diagram that can be used to map x and y chromaticity coordinates along with the
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labelled colours for each region. Figure 2.5 (B) shows the chromaticity area where RGB
(Adobe and s) coordinates can be mapped on the CIE chart, as the outermost line includes all

colours visible by eye.
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Figure 2.14. CIE 1931 chromaticity diagrams with (A) coordinates x and y along axes and regions attributed to
specific colours that can be perceived by the human eye from work by Gage. *'? The chromaticity diagram (B)
shows the colours that can be defined using RGB coordinates or transformations of these coordinates from work
by Ito et al. ?"® Other colour gamuts were shown for an organic light emitting diode (OLED) and the National
Television System Committee (NTSC) standard.

The white central region of the CIE colour chart is a neutral reference characterized by
chromaticity, with the colour defined about this point. Hue, or colour, is the angular
component and purity, or saturation, is the radial component. Although colour detection under
highly reproducible and sensitive conditions is ideal, if colour shifts are below the visible
detection limit and are not apparent by eye, more sensitive methods for detection exist.

Spectrometry, spectrophotometric, and other photon counting detectors allow for the
analysis of shifts in reflected wavelengths. Spectrophotometers can provide analysis with full
spectrum measurements on reflectance properties, beyond what is detectable by the human
eye. A broad range of applications exists for identifying colour shifts with a

spectrophotometer such as in the food industry, 242> for material assessment, 2!®2!7 and for
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confirming the presence of nanoparticle labels. 2'%2!° Furthermore, for low levels of light

220,221 222-224

intensity, photodiodes and photomultipliers can be used to measure the number of

photons.
2.2.5.5 Illumination Controls

For colour measurements lighting is critical as the luminance and colour of the light
source effects the measured colour. Natural and artificial light sources show variability in
colour. In some studies, natural lighting was used, as the samples of interest were animals in
their natural habitat, and in others artificial lighting sources were used, in combination or
individually, to improve illumination or consistency. With differences in lighting, objects
cannot be accurately compared unless the change in illumination is accounted for. 2!
Including a calibration standard in the frame when collecting the images, allows for
normalization of images based on a uniform reflectance level off the standard. Normalization
of the region of interest with a standard used in each image captured ensures changes in
illumination and other potentially influential parameters are accounted for. This includes
changes in the correlated colour temperature (CCT) and intensity. Controlling the incident
light source and the experimental set up are additional methods that allow objects to be
compared under nearly identical conditions. The effect of CCT on the light colour, and

ultimately the object of interest, is shown in Figure 2.15.
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Figure 2.15. The colour shift from reddish to bluish white light that occurs with changing the CCT from 1500 K to
infinity, mapped on a CIE plot. ***

With increasing the light source CCT from 1500 to 10000 K the perceived white light
shifts from warm to cool with undertones of orange to blue, respectively. Differences in
wavelengths do not appear equally bright even with equal power or intensity settings, as the

human eye detects red, green, and blue light with difference sensitivities. 1°°
2.2.5.6 Light Polarization

Prior studies using thin film interference colours have identified that improved contrast
and decreased glare are important aspects of visualizing the colour change on the thin film
diagnostic. One method to control and alter the glare and reflection is through the use of a
polarization filter. Unpolarized light travels equally on any axis whereas polarized light is
mainly in one axis. Polarized light contains only p or s-polarized light depending on the plane
of polarization and can be achieved with a polarizing filter that cancels the electric field in one
direction. When the electric field component is oscillating parallel to the plane of incidence
light is classified as p-polarized (vertically polarized) and when perpendicular as s-polarized
(horizontally polarized). The orientation of polarization refers to the planes made by the
direction of light propagation and a vector perpendicular to the reflecting thin film surface,

also known as the plane of incidence shown in Figure 2.16.2%
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plane of incidence

Figure 2.16. Depicts the orientation of s-polarized and p-polarized light wave planes with regards to the plane of
incidence and surface under analysis.”’

Incoming electromagnetic waves are shown by the electric field, E, which is the
component affected by the polarizer. In past work visible interference created by thin films
has been viewed at large angles of incidence (¢). The plane of polarization for viewing the
device surface colours will be selected to capitalize on the interference and produce the
strongest colour change. Alternative methods or finding to improve the colour contrast may be
discovered during experimental testing that assist further with the visual detection process.

An application of Fresnel equations is shown through the polarization of light that
occurs with reflectance at an interface. Figure 2.17 shows the reflected light for each

polarization state with increasing angles of incidence.
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Figure 2.17. Reflectance at an interface comprised of materials with ni=1 (upper layer of air) and n2=1.5 (lower
layer of glass) for light at one wavelength polarized in the plan of incidence (horizontal or s-pol), normal to the
plane of incidence (vertical or p-pol), or unpolarized. The left image was taken from Hecht. 7

The reflectivity at an interface changes based on the materials optical constants as well

as the angle of incidence.

39



Chapter 3 — General Materials and Methods
3.1  Introduction

Thin film devices consisted of sputtered aluminum and tantalum films that were
anodized to form a multilayer point-of-care test operating through visible thin film
interference. In most tests, immobilization and sensitivity were analyzed by the resulting
visible colour shifts after exposing protein solutions to the alumina surface. Additional
analysis techniques were used to increase device knowledge and determine the effects of
various parameters on the resulting device. Details of characterization techniques that are
introduced include; profilometry, scanning electron microscopy (SEM), ellipsometry, X-ray
diffraction (XRD), spectrophotometry, X-ray photoelectron spectroscopy (XPS), and

secondary ion mass spectroscopy (SIMS).

3.2 Device Preparation

3.2.1  University of Alberta Nano Fabrication and Characterization Facility (nanoFAB)

The University of Alberta nano fabrication and characterization facility (class 10k and
100k clean rooms) and two sputtering systems were utilized for constructing the multilayer
device. Materials used were unprocessed test grade silicon wafer substrates 100 mm in
diameter with (100) crystal plane configuration (University Wafer, South Boston, MA).
Additionally, hydrogen peroxide (H20:) and sulfuric acid (H2SOs) for piranha solution (J.T.
Baker, Center Valley, PA), and aluminum and tantalum 7.62 cm (3") sputtering targets of
99.9995% and 99.95% purity respectively (Kurt J. Lesker Company, Jefferson Hills, PA) were
used. All other chemicals required were purchased from Thermo Fisher Scientific Inc.
(Massachusetts, USA) unless otherwise stated. Standard operating procedures (SOPs) were

followed when available (see Error! Reference source not found.).
3.2.1.1 Piranha

In initial work Piranha solutions were used to clean wafer substrates in the nanoFAB
clean room (class 10k) prior to sputtering. This treatment process removes organics through
oxidation to carbon dioxide. The procedure is provided in the Appendix (see section 1.1

Piranha Cleaning SOP). Any tools used throughout the cleaning process were cleaned using
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isopropyl alcohol (IPA) to remove particulates. When a piranha clean was complete the

subsequent depositions were done within 24 hours. The procedure led to strong adhesion.
3.2.1.2 Sputtering

PVD was used to sputter thin films of tantalum and aluminum on the bare silicon wafer
substrates. Specifically, DC magnetron sputtering systems Bob and Floyd (Kurt J. Lesker
Company, Jefferson Hills, PA) were used for deposition. The planar magnetron sputtering
system Bob (see Figure 3.1) was used for deposition of an optically thick tantalum film
(~200 nm) on wafer substrates. A tantalum 7.62 cm (3") sputtering target of 99.95% purity
(Kurt J. Lesker Company, Jefferson Hills, PA) was used.

Figure 3.1. Magnetron sputter-up system (Bob) used for the deposition of tantalum onto silicon wafers at
the nanoFAB.

The Bob system is manually operated and has one rotating platen at the top of the
chamber. The operations protocol is provided in the Appendix (see 1.2 Bob Sputtering System
SOP). Specific deposition parameters are as follows. The tantalum target was loaded in gun 2
for consistency. A base pressure of low 10 Torr was achieved and argon gas was pumped
into the chamber to attain a working gas pressure of 7 mTorr with a flow rate of 10.1 sccm. A
power density of 6.6 W/cm? was applied in constant power mode with a substrate rotation of

20 rpm and a working distance of 12 cm. In this sputter-up system the samples were secured
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to a circular platen 40 cm in diameter, shown in Figure 3.2. The desired tantalum thickness of

~200 nm was reached after 24 minutes with a deposition rate of ~8.3 nm/min.

Figure 3.2. Circles show the positions of four 100 mm diameter wafers on the sputter-up platen in the Bob system.

Thickness deviation occurs from the outer edge of the platen towards the center. To
maximize device uniformity, wafers were positioned with the flat notch closest to the outer
edge and parallel to the outer circumference of the circular sample holder. Aligning substrates
in this manner ensures gradients in the tantalum layer that result from the variance in this
sputtering system, are consistent from one wafer to the next and are positioned along the
length of devices once cleaved. Wafers were stored in the cleanroom until the aluminum
deposition was completed to prevent the introduction of surface contaminants.

The second planar magnetron sputtering system Floyd (see Figure 3.3) was used to
deposit the overlying aluminum thin film ranging from 20 to 200 nm with a lower tolerance.
An aluminum 7.62 cm (3") sputtering target of 99.9995% purity (Kurt J. Lesker Company,
Jefferson Hills, PA) was used.
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Sputtering and Evaporation of Metals,

Figure 3.3. Magnetron sputter-down system (Floyd) used for the deposition of aluminum onto wafers previously
coated with tantalum.

This system operation is semi-automated using eKLipse software (Kurt J. Lesker
Company, Jefferson Hills, PA). The SOP for the system is provided in the Appendix (see 1.3
Floyd Sputtering System SOP). Typically, this system is operated in constant power mode. A
base pressure of low 1077 to high 10 Torr was reached in the process chamber and argon gas
pressure was set to 7 mTorr with a flow rate of 55 sccm. A power density of 6.6 W/cm? was
applied in constant power mode, a substrate rotation of 20 rpm, and a working distance of
12.5 cm with the target positioned at a 15° angle from the platen. To operate the system under
constant current mode the operation parameters were similar to those listed above, however,
an external power supply was required and an increase in the number of manual operations.
Advanced training and understanding of the tool was required for manual operations, which
are not included in the attached SOP.

The Floyd sputter-down system contains a load-lock chamber with six platen shelves
that are loaded individually into the process chamber for the deposition. Tantalum coated
wafers are positioned on a circular platen 16.5 cm in diameter, shown in Figure 3.4. The
aluminum deposition rate was between ~9 and 12 nm/min depending on the life of the target,

temperature of the target, and the governing mode selected for deposition.
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Figure 3.4. The six-platen shelf holder that is loaded into the Floyd load-lock with substrates prior to deposition.
The image contains top (left) and side views (right).

Deposition thickness onto wafers in the Floyd system is independent of the position on
the platen, as platens are rotated from the center point of the shelf during deposition.
Controlled parameters were similar to those during tantalum sputtering. Samples were

removed from the chamber and stored until further processing.
3.2.2  Northern Alberta Institute of Technology (NAIT) Fabrication Facility

3.2.2.1 Sputtering

Some tantalum coatings were sputtered on wafer substrates at NAIT using a Materials
Research Corporation magnetron sputter system (see Figure 3.5). Silicon wafer substrates
were purchased at nanoFAB and supplied to NAIT. Wafers did not undergo cleaning prior to
deposition. A tantalum 20.32 cm (8") sputtering target of 99.95% purity (Kurt J. Lesker
Company, Jefferson Hills, PA) was used.

44



Figure 3.5. NAIT magnetron sputter system used for the deposition of tantalum onto wafers.

For tantalum deposition at NAIT a DC planar magnetron sputtering system was used,
but the following changes should be noted. This system requires manual operation. Samples
were placed in the load-lock one at a time and transferred into the deposition chamber. The
tantalum was sputtered onto a static substrate, held parallel to the target. A base pressure in
the range of 10°® Torr was achieved in the process chamber prior to sputtering. Argon gas of
99.9995% purity was pumped into the chamber to attain a gas pressure of 10 mTorr with a
flow rate of 132 sccm. The power density was maintained at 1.54 W/cm? through constant
power mode. A working distance of ~7 cm exists between the parallel target and substrates. In
this sputter-down system, the samples are placed on a circular platen ~20 cm in diameter.
Then the specimens were removed from the chamber and stored in containers until further

processing.
3.2.3  Wafer Cleaving

Following deposition of aluminum and tantalum metallic films on wafer substrates, the
wafers were cleaved into smaller sizes in Dr. Burrell’s lab in the Research Transition Facility.
To achieve consistent cleaving of the multilayer wafers a tool was designed using Solid Edge
ST8 (©2015 Siemens Product Lifestyle Management Software, Munich, DE) and 3D printed
at Cameron Library (Central Academic Building, University of Alberta). A draft of the
cleaving tool is shown in Figure 3.6. A flat notch was used along the inner diameter of the tool

to orient the wafer in the desired position for cleaving.
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5ol Edge

Figure 3.6. Draft of the cleaving tool designed for fracturing wafers along lines parallel and perpendicular to the
flat notch along the inner diameter of the tool to create devices of a consistent size.

To cleave the wafer, the 3D printed stencil was placed over the wafer with the deposited
layers adjacent to the stencil, and the notch was oriented in the correct location. The wafer and
tool were positioned on a flat surface with the cleaving tool on top. A diamond scribe was run
along the slots, contacting the deposited layers on the wafer surface with enough pressure to
create lines in the surface layer. Next, the wafer was removed from the stencil tool, gripped on
either side of the mark, and by applying a small amount of force was cleaved. Lines
perpendicular to the notch should be cleaved first, followed by lines parallel to the notch along
the edge of the remaining wafer. Rectangular pieces were ~1.3x6.3 cm, with an area of
~8.2 cm?. Throughout this procedure gloves were worn to minimize surface contamination.
The cleaving tool was typically used prior to or following anodizing. In cases when anodizing

a full wafer was ideal, the cleaving tool was used subsequent to oxidation.
3.2.4  Electrochemical Oxidation

Electrochemical oxidation was conducted in Dr. Burrell’s lab in the Research Transition

Facility. One power supply was used throughout trials to control voltage parameters; a
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Princeton Applied Research Model 273 A Potentiostat/Galvanostat (Ametek® Scientific
Instruments, Berwyn, Pennsylvania). The potentiostat monitored current and voltage while
maintaining constant applied potential. The potentiostat was used for anodizing samples at
<10 V. The system was controlled and analyzed using PowerSuite software (Ametek®
Scientific Instruments, Berwyn, Pennsylvania) and an accumet™ saturated potassium chloride
calomel reference electrode (Thermo Fisher, Waltham, MA) to ensure a consistent and
accurate voltage.

Prior to anodization, the thin film sample was rinsed with deionized water. Multilayer

thin film samples were dried and placed in the 3D printed holding apparatus and the anodizing

cell, shown in Figure 3.7.

Figure 3.7. The electrochemical cell used for anodization of individual slides. The beaker contains electrolyte, a
stir bar, a thermometer, a calomel reference electrode, and the anode and cathode held parallel and 4 cm apart
by the 3D printed holder.

For anodization of an individual slide ~300 ml of electrolyte was used at room
temperature (20+£2°C) in a 500 ml beaker. The most common electrolyte used was 0.4 M
phosphoric acid (H;PO4) however 0.4 M and 1.0 M concentrations of phosphoric, sulfuric
(H2S04), and oxalic acids (C2H204) were employed for various experiments (o-phosphoric
acid, sulfuric acid, and oxalic acid dihydrate: Thermo Fisher, Waltham, MA). Experiments
were carried out with a magnetic stir bar set to 300 rpm. The anode, sputtered layers to be
oxidized, and cathode, glass microscope slide covered with aluminum foil (Thermo Fisher,

Waltham, MA), were held parallel to one another with 4 cm of separation unless otherwise
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stated. Different voltages were employed during potentiostatic oxidation with 8 V being the
most frequent. In some cases, full wafers were anodized in a 2500 ml beaker with ~1800 ml
electrolyte under otherwise identical conditions.

Samples were anodized to one of three different stages of formation depending on the
experiment, shown in Figure 3.8. Critical stages include the start of the first linear decline in
current density following the equilibrium phase of porous aluminum oxide formation (a),
when current density is approximately zero (b), and a constant period of 15 minutes (c).

A B

porous oxide formation

barrier oxide formation

Current density (mA/cm?)

Time (s)

Figure 3.8. Current density as a function of time with (A) critical stages labelled as a, b, and ¢ and (B) current
density trends with oxidation generating a porous oxide film and a barrier oxide film.

With a known area and measured current values, current density was monitored and
used to determine the stage of oxidation for sample selection. Critical stages selected were
based on current density with the exception of stage c. Stage a was governed by initiation of
the rapid decline in current density >0.1mA/cm? from the plateau where pore formation
occurs. Stage b of formation was achieved after a linear decline in current density to <0.07
mA/cm? and lastly stage ¢ was achieved after oxidation for a constant period of 15 minutes.

The desired anodization voltage and period of time, if relevant, were input into the
PowerSuite software. For stage a and b where the length of time was variable, the process was
halted manually when the desired current density was achieved. The anode and cathode were
positioned in the holder with the corresponding electrodes attached to each. The reference
electrode and stir bar (300 rpm) were positioned in the electrolyte beaker. The holder was
lowered into the electrolyte and the anodization process immediately started. Upon
completion, the applied potential was turned off and samples were quickly removed from the

electrolyte, rinsed thoroughly with deionized water, and dried with oil free compressed air
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(Staples®, Framingham, MA). Following chapters will provide specifics of the parameters

applied during oxidation if different than those outlined above.

3.3 Protein Exposure and Adsorption

Various protein suppliers were used over the duration of this thesis. Lyophilized
purified human prothrombin from citrated human plasma in 20 mM Tris-HCI, 0.1 M NaCl
buffer at pH 7.4 and lyophilized affinity purified polyclonal immunoglobulin G (IgG) anti-
human prothrombin (rabbit) with 4.5 mg sodium chloride (NaCl) in glycine buffer at pH 7.5
both from Hyphen (Aniara, West Chester, OH) were reconstituted with deionized water and
used. These products were discontinued early on in this thesis, so the majority of work was
completed with lyophilized human prothrombin in 50 mM Tris-HCI, 50 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), and 2 mM benzamidine at pH 7.4 from ACOA
(Aniara, West Chester, OH) and was reconstituted with deionized water. The replacement
antibody was an affinity purified IgG anti-human prothrombin (sheep) in 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 150 mM NaCl, and 50% (v/v)
glycerol at pH 7.4 also from ACOA (Aniara, West Chester, OH). This anti-prothrombin
solution required dialysis to ensure minimal binding of anti-prothrombin or excipients to the
bare surface. In cases where other proteins were used, details are given in the respective
chapters.

To control the surface area exposed, 1 cm diameter hydrophobic circles were created
with a Sharpie® marker, shown in Figure 3.9. A 20 ul drop of protein solution at the desired
concentration was then pipetted onto the surface within the outlines circle and spread to the
edges using the pipette tip. Solutions were left for the desired exposure time in a 100%
relative humidity environment at room temperature. To create this environment samples were
placed in a Petri dish on a wet cloth. The solution was then removed with a pipette, rinsed

with deionized water, and dried with oil free compressed air.
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Figure 3.9. Schematic of the 1 cm diameter circles outlined on an anodized slide.

To form an antibody-antigen complex on the surface the same exposure process was
complete with the desired concentration of anti-prothrombin on locations where the
prothrombin was previously immobilized. Control spots of anti-prothrombin were placed on
the bare surface, and in some instances non-specific antibodies were tested on spots with
bound prothrombin and the bare surface also. Details on these protein solutions are provided
in respective chapters.

In some cases, antibody delivered in solution as opposed to lyophilized, bound to the
bare device surface and caused a visible colour shift. In these cases, dialysis into phosphate-
buffered saline (PBS) at pH 7.4 eliminated non-specific binding. For dialysis Spectra/por 6
tubing with 10 kDa molecular weight cut-off and 12 mm flat-width (Rancho Dominguez, CA)
was used. A known volume and concentration of protein solution was clamped into dialysis
tubing and placed in ~300 ml of stirred buffer for 2 to 3 hours. The tubing was transferred into
fresh buffer twice and left for 2 to 3 hours in each. The solution was then removed from the
tubing and the concentration calculated. Protein solutions were stored at 4°C for use within

the week, or aliquot and stored at -80°C for later use.

3.4 Custom Optics Viewing System

In the custom optics system controls were in place to ensure a constant viewing angle of
75° from the surface normal, in turn generating reproducible optical path differences, and
illumination. Optical post holders, posts, rails, carriers and bar clamps were secured on a
bench plate (all materials: Edmund Optics Inc., Barrington, NJ). The optical components were
used to maintain the distance from the surface being analyzed to the light source and the
detector.

A tunable white benchtop ScopeLED™ illuminator (Edmund Optics Inc., Barrington,
NJ) was used to generate incident light on the slide surface, while tuning the CCT (2700 to
6500 K) and intensity (1 to 8). Parameters were set to a CCT of 5600 K and an intensity of 4

based on preliminary work. A randomized light guide (Dolan-Jenner, Setra Systems Inc.,
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Boxborough, MA) with a 0.25" diameter fiber bundle, comprised of 0.55 numerical aperture
glass fibers, was secured to the light source. The light guide eliminated the prism effect and
mixed the red, green, and blue light. To help obtain saturated colour signals from the device
surface a polarizing filter was placed between the slide and the detector, and a system cover
was constructed out of white cardstock that acted as a diffuser. Under these conditions the
custom viewing system, for capturing images of the slide surface, was highly reproducible.

Images were captured using a phone or digital camera. The detection source was kept
consistent throughout each set of experiments. RGB colour coordinates were collected using
ImagelJ, or an online software, from each surface spot and converted to Yxy coordinates
online (http://colormine.org/convert/rgb-to-yxy). The Yxy coordinate system was employed to
compare colour shifts. The x and y chromaticity coordinates were plot on CIE diagrams for
some experiments to allow for 2D plots of chromaticity coordinates and aid in colour shift
interpretation. The colours listed for slides were typically determined using a CIE chart,
similar to the one shown in Figure 2.14A, with labelled colour regions. Plotting the
chromaticity coordinates from the images of the device surface, determined the region on the
CIE chart and ultimately the colour. Statistical analysis was completed on the chromaticity
coordinates.

Additionally, visible colour identification was used along with the custom viewing
system for unaided colour comparisons. When viewing by eye, the device was positioned
along the fold of white cardstock to achieve a white background and viewed at angles near 75°

from the surface normal with a polarizing filter.

3.5  Calculating Sensitivities

To determine the limit of detection a statistical analysis between colour coordinates for
the prothrombin control and the prothrombin followed by anti-prothrombin solutions of
increasing concentrations were compared. The lowest anti-prothrombin concentration showing
a statistical significance in the x and y coordinates from the prothrombin coordinates, was
determined to be the limit of detection. For the analytical sensitivity the difference between
spots with exposed prothrombin followed by anti-prothrombin solutions were compared. The
smallest difference in anti-prothrombin concentration showing a statistical significance in both

x and y coordinates was determined to be the analytical sensitivity.
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3.6  Analytical Techniques

3.6.1  Profilometry

Tantalum and aluminum thicknesses were measured with an Alpha-Step IQ profilometer
following the protocol provided in Appendix 2 — Alpha Step IQ Profilometer SOP. Even with
frequent profilometer calibration this measurement technique proved to be difficult for
achieving accurate and precise thickness measurements at the nanometer scale. For future
work alternate techniques such as an optical profilometer and X-ray fluorescence spectroscopy
(XRF) should be explored for quantifying thin film thicknesses. The optical profiler uses
scanning white light interferometry that requires a scratch or step height in the film of interest,
and XRF uses X-ray radiation for excitation and measures the fluorescence radiation for
material analysis and thickness measurements. Both techniques are non-destructive and may

provide a more accurate method of quantifying the metallic thin film thicknesses.
3.6.2  Scanning Electron Microscopy

Topographic and cross-sectional images were captured for examining surface
morphology and layer thickness using a Sigma field emission scanning electron microscope
(FESEM)(Carl Zeiss Canada Ltd., Toronto, ON). All SEM images were collected under ultra-
high vacuum conditions <1x10® Torr on prepared samples. For imaging device surfaces and
cross-sections, a small portion of the thin film devices were cleaved with a diamond scribe, ~5
by 13 mm, and mounted onto 1 cm diameter aluminum stubs with PELCO Tabs™ (double
sided carbon conductive tabs with a 9 mm outer diameter) or PELCO® conductive carbon
glue (all materials: Ted Pella Inc., Redding, CA). To image cross-sections, the edge of interest
was placed ~1 mm over the side of the stub for best results. Unanodized samples were viewed
with an accelerating voltage of 4 keV, an aperture size of 20 um, and a working distance of
~5 mm. Anodized samples were viewed with an accelerating voltage of 3 keV, an aperture
size of 15 um, and a working distance of ~5 mm. Prepared samples were placed in an airtight
holding container and examined shortly after preparation in attempts to minimize sample
oxidation and contamination.

Images were mainly captured with the through-the-lens secondary electron detector and

analysed using ImagelJ open source software (National Institutes of Health, Bethesda, MD,
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https://imagej.nih.gov/ij/). Surface and cross-sectional images captured from samples were
used for subsequent analysis. Surface pore features were measured along 3 vertical and 3
horizontal lines and thickness measurements were completed at 20 points in each image.

The SEM system integrates the AZtecSynergy system (Oxford Instruments, Abindon,
Oxfordshire, UK) with electron backscattered detector (EBSD) and energy dispersive X-ray
(EDX) data acquisition. The use of EBSD generates images based mainly on composition.
Backscattering occurs when incident beam electrons interact with specimen atoms and are
elastically scattered. Numerous deflections can eventually result in electrons exiting the
specimen. The likelihood of elastic scattering increases with atomic number, as the nucleus of
heavier atoms maintain a greater positive charge, and decreases with increasing electron
energy, as the occurrence of a reaction is less likely. These detectors provide elemental
mapping and phase identification of local regions of interest identified using the SEM. During
analysis with the EBSD, using the NordlysNano detector (Oxford Instruments, Abington,
Oxfordshire, UK), the SEM voltage was typically 5 or 10 keV, an aperture of 20 or 15 pum,
and a working distance of ~8 mm, which was required for the detector. For EDX, the X-MaxN
150 mm? Silicon Drift Detector (Oxford Instruments, Abingdon, Oxfordshire, UK) was used.
All EDX data was analyzed using AZtecEnergy EDS software (Oxford Instruments,
Abingdon, Oxfordshire, UK)

3.6.3  Ellipsometry

Data collected with a variable angle spectroscopic M-2000V ellipsometer (J.A.
Woollam Co., Lincoln, NE) was used to generate thickness, optical constant (refractive index
and extinction coefficient), percent void, and standard error values for the final layers. Data
was analysed using the CompleteEASE software (J.A. Woollam Co., Lincoln, NE). Psi ()
and delta (A) values were recorded over wavelengths of 370 to 700 nm at angles of 45, 55, 65,
and 75° from the surface normal. The model was constructed layer-by-layer with a bottom-up
approach. For each layer ¥ and A values were collected and fit to the thin film model with
approximate values. When fitting data to the model, thickness and optical constants were
varied to achieve the best fit. Optical constants were saved for tantalum and tantala layers and
used in subsequent models, until the three layers of tantalum, tantalum oxide, and porous
alumina were complete.
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Modelling was carried out over the visible spectrum with B-spline, Cauchy, and
effective medium approximation (EMA) fittings for the tantalum, tantalum oxide, and alumina
layers respectively. For the EMA layer, with materials of alumina and void (i.e. air), an
anisotropic Bruggeman EMA model was used. Depolarization constants for the EMA layer

were set to x-y plane=0.5 and z plane=0 to correspond to the columnar alumina structure.
3.6.4  X-ray Diffraction

XRD was used to detect microstructural differences in the thin film samples. An
Ultimate IV (Cu-source) diffraction system (Rigaku, Scottsdale, AZ) was used with the thin
film stage. Data was collected between 10 and 80° 20 at 5 °/min, using a DHL slit of 10 mm
and glancing angle of ®=0.5° unless otherwise stated. JADE 9™ software (Materials Data
Inc., Livermore, CA) was used along with International Center for Diffraction Data (Newtown
Square, PA) to analyze the scans collected. Peaks in the database were used to match the

resulting peaks. Note that no difference was observed with slower scan rates.
3.6.5  Spectrophotometer

The U-3900H Spectrophotometer (Hitachi, Chiyoda, Tokyo, JP) was used to collect
reflectance measurements off varying thin film surfaces created with different preparation
procedures. Reflectance sample mounts compatible with this system have incident angles of 5
and 45°. With an upgraded system larger angles of incidence that generate optimal

interference colours on the device surface could be employed while obtaining spectrum data.
3.6.6  X-ray Photoelectron Spectroscopy

XPS, formerly known as electron spectroscopy for chemical analysis (ESCA), was
performed at the University of Alberta nanoFAB by trained technicians. A spectrometer with
monochromatized Al K, (hv=1486.71 eV) (Kratos Analytical Ltd., Manchester, UK) was
calibrated with the binding energy of Au 4f72 (84.0 eV) with reference to the Fermi level.
During analysis the chamber pressure was <5x1071° Torr. A hemispherical electron-energy
analyzer working at a pass energy of 20 eV was used to collect core-level spectra while a
survey spectrum in the range of binding energies from 0 to 1100 eV was collected at an
analyzer pass energy of 160 eV. After data collection Casa XPS software (© 2018 Casa

Software Ltd., Cheshire, UK) was used to complete data processing and analysis.
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3.6.7  Secondary lon Mass Spectroscopy

The time-of-flight (ToF) SIMS IV instrument (IONTOF GmbH, Miinster, DE) was used
to characterize the thin film device before and after exposure to biologics in attempts to
evaluate protein penetration into the pores. SIMS is an extremely sensitive surface analysis
technique for ion detection, in parts-per-million for some elements, that provides elemental
and molecular information about the multilayer device. Before the SIMS depth profiling
experiments, the pressure of the analysis chamber was <3.75x10” Torr. During depth
profiling, Bi* ions were operated at 25 keV and used as the analytical source. Cs* ions were
operated at 500 eV and used as the sputtering source, with an ion current of ~10 nA. Depth
profiles were generated by alternating these two ion beams on the samples. The craters
sputtered were ~250x250 um, while a 40x40 um area in the center of the craters was used for
data acquisition. After data collection SurfaceLab 6 software IONTOF GmbH, Miinster, DE)

was used to complete data processing and analysis.
3.6.8  Statistics

Statistical analysis was used to compare findings and determine statistically significant
differences using IBM SPSS Statistics, Version 24.0 (IBM Corp., Released 2017, Armonk,
NY). A Levene’s homogeneity of variances test was used to determine if variances were equal
between groups. For comparing two independent groups and independent t-test was used. To
compare groups (n>2) when variances were equal a one-way analysis of variance (ANOVA)
test was used and a Tukey post hoc test whereas, when variances were unequal a Welch’s t-
test was used to compare groups and a Games-Howell post hoc test. A 5% level of
significance was used for all tests and plot error bars show standard deviations (SD) unless

otherwise stated.
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Chapter 4 — The Effect of Anodization Parameters and Aluminum Deposition on the

Device Structure and Operation
4.1  Introduction

Studies have demonstrated that anodizing aluminum can produce a wide range of anodic
alumina properties and structures. ! For instance changes in electrolyte pH vary the
microstructure (i.e. nanotubes, nanowires), composition and voltage govern the feature
dimensions (i.e. structure diameter and wall thickness), and temperature and applied field alter
the rates of oxidation and dissolution. Additionally, oxidation time can impact the dissolution
and final oxide thickness, and pre or post treatments (i.e. annealing, polishing, cleaning, and
etching) can drastically alter the final material. These anodization conditions, among others,
play a critical role in the resulting anodic films.

The number of times a sample is anodized influences the formation mechanism and the
resulting structure. Electrochemical oxidation can be carried out with a one or two-step
process both of which convert aluminum into a porous oxide. Typically, a two-step process is
carried out to achieve highly uniform porous membranes, yet a one-step process can also be
used to create a less ordered porous film. The first anodization step grows an oxide layer,
which creates the resulting structure in a single step process. However, for a two-step process
the surface is placed in an acid solution to etch the previously formed oxide and expose the
metal layer. The structure of this base metal layer, due to the first anodization process,
contains an ordered template to guide formation of the next porous layer. During the second
anodization process a highly ordered and uniform porous structure forms.

Furthermore, to achieve ordered porous films the applied voltage is dependent on the
electrolyte composition. The self-ordering region for sulfuric acid electrolyte is between 19
and 25 V, oxalic acid is between 40 and 70 V, and phosphoric acid is between 160 and 195 V.
4 These voltage regions can change depending on the anodization set up and electrolyte
concentrations, as shown for phosphoric acid formed at a voltage of 115 V. >

Anodization is governed by constant applied voltage in this work, as opposed to
constant current. For pore formation it is useful to apply a constant voltage to achieve the
desired pore diameter. ¢ Constant current is commonly suggested to prevent a decrease in the

applied voltage with oxide layer growth and depends on the concentration, temperature, and
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material. However, in this application very thin, low resistance alumina does not stop the
current or oxidation process. Furthermore, the underlying tantalum is converted to a tantala
barrier layer and halts the process after a consistent thickness has formed.

A number of applications employ anodic alumina films created through a two-step
anodization process to achieve highly ordered pores. ! With that said, few studies compare
porous alumina formed in one and two-step processes with identical apparatus and parameters.
A study by Sulka et al. found that a single oxidation process with anodization in 3.8 M
sulfuric acid at 1°C between 15 and 25 V does not result in ordered porous films, while double
and triple oxidation processes generate ordered pores. There was no etching prior to surface
analysis, only to remove the oxide layer.” A recent comparison of one and two-step processes
for anodic titanium oxide nanotubes showed that a two-step process leads to more order and
uniformity. !> However, most two-step methods employ surface pre-treatment, low electrolyte

temperatures, and a lengthy initial anodization time!3:!4

making it difficult to conclude which
condition allows for improved pore order.

Two-step anodization processes with low applied voltages have resulted in uniform pore
distribution. Work by Leon-Patifio et al. used 1.0 to 1.5 M sulfuric acid between 10 and 20 V
for both oxidation processes. No pre-treatment was completed and the final anodization step
of 24 hours created at 20 pm film. !> A pore widening step was complete in 0.9 M phosphoric
acid at 32°C for 10 minutes. '® Work by Bwana used 0.4 M sulfuric acid at 15°C between 5

and 25 V. Sputtered 2 pm films were electropolished prior to oxidation and anodized for 30

minutes. !7 Additional works using two-step processes at self-ordering voltages were reported

18-22 10,11,13,14,23-26

with oxidation in sulfuric, oxalic, and phosphoric acids. - Mixed electrolyte
solutions have also been used.?’

A study by Voon et al. demonstrates a one-step process for the synthesis of ordered
porous alumina films to oxidize a polished aluminum film in 0.3 M oxalic acid at 15°C at 50
V for 60 minutes. Post etching in a chromic and phosphoric acid mixture enhanced the
uniformity by revealing the underlying metal surface. 2® Increasing the length of oxidation will
eventually create a uniform pore distribution at an underlying layer by controlling the depth of
feature growth into the oxide layer through a stress gradient. 2 Anodic films with irregular
pore distribution contain higher compressive stress in high pore density areas and lower stress

in areas where the pore density decreases Therefore, prolonged anodization or a post etching
57



treatment to remove the surface layer is likely to reveal a more uniform pore distribution.
Chemical etching with a combination of 0.6 to 1.7 M phosphoric and 0.2 to 1.0 M chromic
acids at a temperature of 55°C was found to be optimal for etching. 47 However, other ratios
and temperatures can be employed.?Work by Zhang et al. showed that even with subsequent
pore widening, anodic alumina films from two-step processes were more uniform than those
from one-step processes and continued to improve with longer first anodization times. 2°

Minimal work has been completed to date on single step anodization of aluminum in
phosphoric, sulfuric, and oxalic acid electrolytes at low voltages, let alone on sputtered
aluminum films in the nanometer thickness range. The following are one-step processes in
relevant electrolytes that lead to acceptable pore order. Ono and Masuko conducted work on
anodization in sulfuric, oxalic, phosphoric, and chromic electrolytes, at temperatures between
20 and 40°C, and applied voltages between 1 and 40 V. Aluminum sheets were utilized and no
pre or post oxidation treatment was carried out. *° In addition, Yim et al. oxidized evaporated
aluminum films in 0.3 and 6 M sulfuric acid between 5 and 37°C with the voltage ranging
from 10 to 60 V. Post treatment pore widening was completed. *! Work by De Laet et al. in
0.4 M phosphoric acid at 35°C under constant current density, with a steady state voltage <25
V, and resulted in an ordered array with 50 nm pores. *? Single oxidation processes in sulfuric,
oxalic, and phosphoric acid electrolytes are commonly carried out at 30 V or higher. 3233
Testing anodization parameters in the experimental apparatus, governed by a constant low
voltage at room temperature, will provide insight on the resulting device structures and
changes in the thin film interference that result.

The purpose of this study was to determine the effect of different anodization conditions
on the device generated from a one-step process on sputtered aluminum-tantalum thin films
with no pre or post anodization treatments. Electrolyte type and concentration, voltage, and
initial aluminum deposition energy and time were varied, and parameters of the device layers
were analyzed. It is important that 1) the alumina surface layer refractive indices are in the
proper range and can be finely tuned to the refractive indices of the analyte to prevent scatter
at this interface, 2) that the pore diameter is large enough to achieve the desired refractive
index, yet small enough to prevent the analyte from diffusing deep into the porous alumina

film, and 3) the tantala and tantalum interface creates minimal scatter at the interface and
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leads to strong visible colour. By developing a better understanding of the key factors that
impact this specific anodization process and the device characteristics, a higher degree of

tunability can be achieved.

4.2 Materials and Methods

See Chapter 3 — General Methods and Materials for details on device preparation and
analysis techniques. Unless otherwise stated anodization was carried out until the end of

tantala formation (stage b).
4.2.1  Electrolyte Type and Concentration

The tantalum and aluminum layers were deposited at the nanoFAB. Tantalum
deposition (~200 nm) was followed by an aluminum deposition for 770 seconds at
~10.8 nm/min, resulting in an initial aluminum thickness of ~138 nm. Multilayer films were
anodized in 0.4 and 1.0 M phosphoric, sulfuric, and oxalic acid electrolytes at 8§ V. Tantalum
thin films were anodized without the surface aluminum layer to assess the resulting structure
and colour formed with an applied potential of 8 V in each electrolyte. All slides created were
imaged with s and p-polarization. Applied Potential

Sputtered tantalum and aluminum films were deposited in the nanoFAB systems.
Tantalum deposition (~200 nm) was followed by an aluminum deposition for 560 seconds at
~10.8 nm/min, resulting in aluminum thicknesses of ~101 nm. Oxidation was conducted in 0.4
M phosphoric acid at 2, 5, 8, and 10 V. Plots were modelled with linear trendlines, or order 2

or 3 polynomial trendlines depending on the parameter.
4.2.2  Current Density

Sputtered tantalum films were deposited in the NAIT system and aluminum films in the
nanoFAB system. Tantalum was ~200 nm and aluminum films were 109.24+4.7 nm,
115.044.6 nm, and 117.0+4.1 nm. Anodization was carried out in 0.4 M phosphoric acid

under potentiostatic conditions at 8 V until stage b of formation.
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4.2.3  Sputtered Aluminum Thickness

Tantalum films (~200 nm) were deposited in the NAIT system and aluminum films
were deposited in the nanoFAB system for varying lengths of time between 580 and 750

seconds.
4.2.3.1 Part A — Aluminum Deposition in Constant Power Mode

Tantalum depositions took place and wafers were stored under atmospheric conditions
for up to 5 months. Aluminum depositions took place at an argon pressure of 7 mTorr and a
constant power of 300 W applied at a power density of 6.6 W/cm? (current=0.72 mA,
voltage=420 V). Tantalum and aluminum layers were deposited at average rates of
66.2+0.91 nm/min and 10.7+0.31 nm/min, respectively. Aluminum slides were deposited for
580, 620, 660, 680, 700, and 720 seconds. Subsequent processes of anodization and

ellipsometry were completed within a week and after seven months, respectively.
4.2.3.2 Part B — Aluminum Deposition in Constant Current Mode

Tantalum depositions took place and wafers were stored under atmospheric conditions
for 13 months. Aluminum depositions took place at an argon pressure of 7 mTorr and constant
current of 0.72 mA applied at a power density of 6.0 W/cm? (power=275 W, voltage=380 V).
Tantalum and aluminum layers were deposited at average rates of 65.9+0.9 nm/min and
10.3+0.4 nm/min, respectively. Subsequent processes, anodization and ellipsometry, were

carried out within 24 hours of the prior step.
4.2.4  Analysis

Profilometry measurements were used to determine the aluminum film thickness. SEM
images were captured and analyzed to measure pore diameter, wall thickness, and interpore
spacing of surface alumina films. Ellipsometry data was captured from devices composed of
anodic alumina, anodic tantala, and tantalum. Modeling generated mean standard error (MSE),
thickness, refractive index, and percent void of the device films.

The anodized slides were viewed at 75° from normal through a polarizing lens. Images

were captured using a phone or digital camera. For images analyzed with colour coordinates, a
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custom optics system with controlled lighting and angle was used for improved interference

colour visibility and reproducibility.
A UV-VIS spectrophotometer was employed with a 45° sample mount to collect the
reflectivity across the visible spectrum. To achieve the reflectivity of horizontally polarized (s-

pol) and vertically polarized (p-pol) light a polarizer was positioned in the desired orientation

before the detector.

Statistical analyses were completed with SPSS. A Levene’s equality of variance test was

complete for each data set.
4.3 Results
4.3.1 Electrolyte Type and Concentration

Current density as a function of time is shown in Figure 4.1 for anodization at 8§ V in 0.4

M and 1.0 M solutions of (a) phosphoric, (b) sulfuric, and (c) oxalic electrolytes.
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Figure 4.1. Current density as a function of time during anodization in 0.4 M and 1.0 M solutions of (a)
phosphoric (Phos), (b) sulfuric (Sul), and (c) oxalic (Ox) acid electrolytes at 8 V.

Changes in the current density and length of anodization vary with electrolyte
composition. All electrolytes showed an increase in the rate of oxidation with concentration.
Table 4.1 shows current density and time values at critical stages of oxidation.

Table 4.1. Summary of average current density (J) and time values for critical oxidation points. Devices were
formed in 0.4 M and 1.0 M solutions of phosphoric, sulfuric, and oxalic acid electrolytes at 8 V.

Electrolyte Type and Minimum Before Plateau Middle of Plateau Final

Concentration J(mA/cm?)  Time(s) | J(mA/cm?) Time(s) | J(mA/cm?)  Time(s)
. . 04 M 0.66 83 0.7 300 0.05 725
Phosphoric Adid | ) o m 1.16 51 1.2 201 0.06 446
Sulfuric Acid 0.4 M 1.06 16 1.4 176 0.13 381
1.0M 1.63 5 2.7 76 0.17 219
. . 04 M 0.92 25 1.1 225 0.07 481

Oxalic Acid

1.0M 1.21 23 13 201 0.08 386

SEM images were captured of devices anodized in each electrolyte composition of

interest. Topographic images are shown in Figure 4.2 and cross-sectional images 45° from

normal are shown in Figure 4.3.
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Figure 4.2. SEM images of alumina surfaces anodized in 0.4 M and 1.0 M solutions of phosphoric (Phos), sulfuric
(Sul), and oxalic (Ox) acid electrolytes at 8 V. Scale bars show 100 nm at different magnifications.
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Figure 4.3. SEM images 45 °from the sample surfaces anodized in 0.4 M and 1.0 M solutions of phosphoric (Phos),
sulfuric (Sul), and oxalic (Ox) acid electrolytes at 8 V. Scale bars show 100 nm at different magnifications.

The phosphoric acid electrolyte creates an alumina layer that is highly porous with
noticeable surface etching. Samples anodized in sulfuric or oxalic acid electrolytes result in
wavy, dense, columns and significantly lower alumina surface porosity with small pores that
are predominant along grain boundaries. SEM images of alumina surfaces formed in different
electrolytes were used to measure the average pore diameter, wall thickness, and interpore

spacing, listed in Table 4.2.
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Table 4.2. Parameters measured from SEM images for samples anodized in 0.4 M and 1.0 M of phosphoric, sulfuric,
and oxalic acid electrolytes at 8 V.

Electrolyte Type and Pore Diameter + |Total Wall Thickness |Interpore Spacing *
Concentration SD (nm) 1 SD (nm) SD (nm)
0.4 M 18.3 53 10.2 2.2 28.1 4.1
Phos Acid
os Ad 10M 19.1 5.9 9.3 1.9 29.4 4.2
sul Acid 0.4M 5.8 1.4 17.2 5.1 24.1 5.8
1.0M 6.4 1.5 14.3 3.7 23.1 4.6
04 M 6.5 2.2 15.6 6.3 21.4 6.3
Ox Acid
X Ad 10M 6.5 1.9 14.8 5.8 21.9 5.4

Figure 4.4 shows trends in pore diameter, total wall thickness, and interpore spacing that

result with oxidation in different electrolyte compositions.
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Figure 4.4. Changes in feature sizes with anodization in different electrolyte compositions.

Films formed in phosphoric acid show larger fluctuations in pore diameter and smaller
fluctuations in wall thickness, whereas sulfuric and oxalic electrolytes demonstrate opposite
trends. Anodizing using phosphoric acid created pore sizes twice as large as the sulfuric and
oxalic electrolytes (p<.001). The samples created in sulfuric and oxalic acids had greater
surface area with smaller pores and larger wall thicknesses (p<.001).

Ellipsometry results from samples anodized in different electrolyte compositions are

shown in Table 4.3.
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Table 4.3. Parameters measured from ellipsometry for samples anodized in 0.4 M and 1.0 M of phosphoric, sulfuric,
and oxalic acid electrolytes at 8 V.

Electrolyte Type and |Tantala Thickness +| Alumina Thickness | Percent Alumina £ | Alumina Refractive MSE
Concentration SD (nm) +SD (nm) SD (%) Index (min & max)
Phosphoric Acid 0.4M 15.1 0.8 122.8 0.4 46.8 1.5 1.35 1.39 134
1.0M 15.2 0.2 125.9 0.2 41.8 1.0 1.31 1.35 12.3
sulfuric Acid 0.4M 3.9 0.1 168.4 5.4 82.1 4.2 1.56 1.62 6.2
1.0M 6.3 0.2 177.3 35 80.1 3.1 1.55 1.61 13.5
N 0.4M 8.1 0.4 149.4 1.8 82.0 2.0 1.56 1.61 11.2
Oxalic Acid

1.0M 6.9 0.3 160.2 2.7 79.3 2.7 1.55 1.60 10.9

Figure 4.5 depicts the trends for (a) tantala and alumina thicknesses, (b) percent alumina

present at each surface, and (c) alumina layer refractive indices from data in Table 4.3.
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Figure 4.5. Variability in the (a) tantala and alumina thicknesses, (b) percent alumina at each surface,
and (c) alumina layer refractive indices of samples anodized in 0.4 M and 1.0 M solutions of phosphoric
(Phos), sulfuric (Sul), and oxalic (Ox) acid electrolytes at 8 V.

Notable differences were found between parameters of films created in phosphoric acid
versus sulfuric and oxalic acids. Visible surface colours were assessed to better understand the
device interference. Anodic tantala on tantalum and the alumina/tantala/tantalum structures
were both analyzed. Figure 4.6 shows the anodic tantala formed in each electrolyte viewed

with horizontal and vertical polarization at (a) ~75° and (b) ~5° from normal.
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Figure 4.6. Anodic tantala on tantalum formed in each electrolyte composition at 8 V. Surfaces were viewed with
horizontal and vertical polarization at (a) ~75° and (b) ~5° from normal.

Additionally, Fresnel equations were used to produce theoretical reflectivity values at
5°,45° and 75° for both polarization states and are listed in Table 4.4. A tantala refractive
index of 2.5 was applied for calculations and tantalum theoretical Rs and R, values at each

angle were used.
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Table 4.4. Fresnel equations were used to calculate the reflectivity of horizontally and vertically polarized light
off the anodic tantala and tantalum surface and varying angles of incidence.

Angle of
Surface i Total R, at Surfaces Total R, at Surfaces
Incidence
Tantala 5o 17 17
Tantalum 13 9
Tantala 450 28 8
Tantalum 10 12
Tantala 750 62 4
Tantalum 2 9

Ellipsometry data for anodic tantala films formed at 8 V films is shown in Table 4.5

along with spectrophotometry data in Figure 4.7 for films formed in each electrolyte.

Table 4.5. Ellipsometry measured values of anodic tantala layers formed in electrolytes at 8 V.

Electrolyte Type |Tantala Thickness | Tantala Refractive MSE + SD

and Concentration SD (nm) Index (min and max) -

Phosphoric Acid 120 04 2.03 2.58 3.58 0.23
Sulfuric Acid 10.3 0.3 2.57 3.02 5.51 0.37
Oxalic Acid 12.1 0.6 2.12 2.63 405 0.15

30 . - 30 . .
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370 420 470 520 570 620 670
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Figure 4.7. Spectrophotometric data from the surface of tantalum oxide films formed at 8 V in 0.4 and 1.0 M
phosphoric (Phos), sulfuric (Sul), and oxalic (Ox) acid electrolytes. Reflections were captured at 45° from normal

to the surface. (n=2)

Visible surface interference colours for the multilayer device were captured for samples

anodized in each acid with horizontal and vertical polarization, shown in Figure 4.8.
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Figure 4.8. Samples anodized in different electrolyte solutions at 8 V viewed through a polarizing filter for
horizontal and vertical polarization at ~75 € from normal.

Slides anodized in phosphoric acid when horizontally polarized produce a blue surface
colour, whereas the vertically polarized interference produces a yellowish-gold surface colour.
Devices created in sulfuric and oxalic acids with horizontal polarization generate a mirror like,
colourless, surface and with vertical polarization produces a red/purple and tan/orange,
respectively. The change in concentration altered the alumina thickness more than the
refractive index, changing the OPL and shifting the colour. The devices generated visible
colour contrast that was optimal in one polarization, regardless of the concentration.

Colour shifts in Figure 4.8 are confirmed with spectrophotometric reflectivity data in

Figure 4.9. Data was collected at 45° from the surface.
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Figure 4.9. Reflectivity data with horizontal, vertical, and no polarization for device surfaces prepared with
anodization at 8 Vin 0.4 and 1.0 M solutions of phosphoric (Phos), sulfuric (Sul), and oxalic (Ox) electrolytes.
Reflections were captured at 45° from normal to the surface.

Fresnel calculations were used to show Rs, Ry, and R in the multilayer system and an
anodized tantalum model. A tantalum refractive index of 2.5 was used along with measured
reflectivity values in difference polarization states and angles of incidence. An alumina
refractive index of 1.35 was used for films created in phosphoric (Phos) acid and 1.58 for

films created in sulfuric (Sul) and oxalic (Ox) acid.
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Figure 4.10. Theoretical Rs and R, values are shown for alumina/tantala/tantalum and tantala/tantalum (labelled
Ta only) devices. The refractive indices of the alumina and tantala films created in phosphoric, sulfuric, and oxalic
electrolytes were used in the equations. Fresnel equations were used and a viewing angle of 45 <

Table 4.6. A comparison of the reflectivity values obtained with experimental (spectrophotometer) and theoretical
(Fresnel equation) techniques.

Ratio of Spec. R to Fresnel
Electrolyte Measurement Rs (%) Rp (%) R (%) pR (%)
()
Phos Spectrophotometer 12 17 35 27% 121% 59%
Fresnel Equations 45 14 59
Sul & Ox Spectrophotometer 23 21 48 52% 124% 79%
Fresnel Equations 44 17 61

Based on the spectrophotometer data at a wavelength of ~520 nm the reflectivity for
surfaces prepared in sulfuric and oxalic acids reaches a maximum of 48%, whereas surfaces
prepared in phosphoric acid reach a maximum of 35%. These values are lower than the

theoretical reflectivity values calculated using Fresnel equations.

4.3.2  Applied Potential

Specific attention was given to anodization in phosphoric acid electrolyte at voltages
known to result in nanometer scale surface pores. Figure 4.11 shows representative the current
density plots for constant aluminum and tantalum thickness devices anodized at 2, 5, 8, and
10 V.
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Figure 4.11. Current density as a function of time for samples anodized at 2, 5, 8, and 10 V.
Samples anodized at higher voltages achieve a higher current density during pore
formation, reaching stage b faster than samples anodized at lower voltages. Topographic SEM

images are shown in Figure 4.12 and cross-sectional images 45° from normal are shown in

Figure 4.13 for devices anodized at applied potentials of 2, 5, 8, and 10 V.

%J-V , ,
Figure 4.12. SEM images of alumina surfaces anodized in 0.4 M phosphoric acid at 2, 5, 8, and 10 V. Scale bars
show 100 nm at different magnifications.
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Figure 4.13. SEM images 45 °from the sample surfaces anodized in 0.4 M phosphoric acid at 2, 5, 8, and 10 V.
Scale bars show 100 nm at different magnifications.

SEM topographic images of alumina were used to measure the average pore diameter,
total wall thickness, and interpore spacing, listed in Table 4.7 and depicted in Figure 4.14.

Table 4.7. Parameters measured from SEM topographic images for samples anodized in 0.4 M
phosphoric acid electrolyte at applied potentials of 2, 5, 8, and 10 V.

Applied Potential | Pore Diameter £ |Total Wall Thickness | Interpore Spacing
During Anodization SD (nm) +SD (nm) +SD (nm)

2V 15.5 4.8 7.3 1.7 22.8 5.1

5V 14.4 4.3 8.2 1.6 22.6 4.6

8V 20.8 6.6 9.2 1.8 30.0 6.8

0V 21.9 6.9 9.6 2.1 315 7.2
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Figure 4.14. Variability in feature sizes with different applied potentials during anodization in 0.4 M phosphoric
acid. (n=2)

Pore size and interpore distance follow the same trend with a local minimum at ~4 V,
whereas the wall thickness linearly increases with voltage. Ellipsometry results of samples
anodized at various applied potentials are shown in Table 4.8 and depicted in Figure 4.15.

Table 4.8. Summary of ellipsometry analysis for multilayer devices created with anodization in 0.4 M
phosphoric acid electrolyte at 2, 5, 8, and 10 V.

Applied Potential | Tantala Thickness | Alumina Thickness * | Percent Alumina Alumina Refractive MSE
During Anodization +SD (nm) SD (nm) +SD (%) Index at 500nm * SD (n)
2V 4.0 0.6 76.0 0.4 35.5 0.9 1.28 0.01 4.3
5V 7.6 0.5 85.5 0.2 45.3 0.4 1.35 0.01 5.4
8V 10.9 0.5 84.7 0.4 49.8 0.8 1.38 0.01 8.1
Vv 14.6 0.3 83.6 0.2 53.5 0.5 1.40 0.01 6.5
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Figure 4.15. The tantala thickness, percent alumina and refractive indices over the visible spectrum resulting from
samples anodized in 0.4 M phosphoric at applied potentials of 2, 5, 8, and 10 V.

Adjusting the voltage leads to significant changes to device thin film parameters. Figure

4.16 shows the visible surface colours apparent on slides prepared with different voltages.

Figure 4.16. Device surfaces after anodization in 0.4 M phosphoric acid electrolyte at 2, 5, 8, and 10 V.
4.3.3  Current Density
The average current density as a function of time is depicted in Figure 4.17 for

aluminum thicknesses of 109.2, 114.0, and 117.5 nm. Average current density curves were

taken across three intra wafer slides for three inter wafer sets for each aluminum thickness.
(n=9)
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Figure 4.17. Average current density plots for aluminum thicknesses of 109.2, 114.0, and 117.5 nm collected from
the anodization of intra (n=3) and inter (n=3) wafer sets. (n=9)

Average electrolyte temperatures and anodization times are provided in Table 4.9.

Table 4.9. Average temperature and anodization length across intra and inter wafer sets.

Initial Aluminum  |Electrolyte Temperature + SD (°C)[  Anodization Time + SD (sec)
109.2 nm 19.8 0.6 591 34
114.0 nm 20.6 0.6 551 26
117.5nm 21.4 0.3 556 9

Averages of multiple current density curves shows inaccurate current density trends and
slopes from individual curves. Figure 4.18 shows the average current density curves for intra

and inter wafer sets. The average electrolyte temperatures and anodization times are provided
in Table 4.10.

T 154 seee1002nmAl 15 ¢ e+2109.2nm Al
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Figure 4.18. Individual current density plots for aluminum thicknesses of 109.2, 114.0, and 117.5 nm collected
from the anodization of inter (left) and intra (right) wafer slides. (n=3)
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Table 4.10. Average temperature and anodization length in intra and inter wafer sets.

Intra wafer set
Initial Aluminum | Electrolyte Temperature + SD (°C) Anodization Time + SD (sec)

109.2 nm 20.5 0.2 558 9
114.0 nm 20.4 0.2 587 10
117.5 nm 21.0 0.1 566 9

Inter wafer set
Initial Aluminum | Electrolyte Temperature + SD (°C) Anodization Time £ SD (sec)

109.2 nm 20.1 0.2 572 10
114.0 nm 20.8 0.8 561 37
117.5 nm 20.9 0.0 565 7

4.3.4  Sputtered Aluminum
4.3.4.1 Part A — Aluminum Deposition in Constant Power Mode

Table 4.11 shows the slide and alumina thickness with resulting anodization parameters.

Table 4.11. Anodization parameters of slides with aluminum sputtered in constant power mode.

X Alumina Anodization Final Current Plateau Current

Slide . SD ) . SD ) ,, SD . "

Thickness (hm) Time (min) Density (mA/cm®) Density (mA/cm?)
1, 102.1 1.6 78 0.1 0.07 0.01 0.87 0.00
2, 107.9 0.6 83 0.1 0.07 0.01 0.88 0.01
3, 1142 0.5 9.4 0.2 0.06 0.01 0.72 0.03
4, 123.7 1.7 89 0.1 0.07 0.00 0.90 0.06
5, 128.1 2.8 9.1 0.5 0.07 0.01 0.88 0.10
6, 133.0 1.5 9.1 0.5 0.07 0.01 0.88 0.04

Ellipsometry parameters of the alumina layer have been recorded in Table 4.12.

Table 4.12. Multilayer devices created with different aluminum thicknesses, under constant power, lead to changes
in the resulting alumina film parameters following anodization.

. Aluminum Alumina Percent

Slides Thickness (nm) SD Thickness (nm) SD | n.370nm SD [ n.700nm SD MSE SD Void (%)
1, 106 3 102 0 1.359 0.008 1.349 0.008 10.8 1.0 474 0.1
2, 114 3 108 0 1.366 0.005 1.355 0.005 9.8 05 46.7 0.1
3, 121 3 114 0 1.356 0.004 1.345 0.004 9.5 0.7 47.4 0.4
4, 125 3 124 1 1.344 0.006 1.333 0.006 11.2 4.7 49.3 0.1
5, 128 4 128 0 1.338 0.011 1.329 0.012 12.9 6.2 50.0 0.1
6, 132 4 133 0 1.331 0.004 1.320 0.004 148 3.8 509 0.1

The changes in refractive index with alumina thickness have been recorded in Figure. At
a wavelength of 370 nm, there was a decrease in refractive index with increased alumina
thickness from 1.359+0.008 at 102 nm to 1.33140.004 at 133 nm. The linear equation and
coefficient of determination in the plot are for the refractive index at 370 nm, as well as the

statistical analysis shown in Table 4.13.
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Figure 4.19. Refractive indices resulting with different alumina thicknesses. The mean category letter above points
indicates significant differences and correlates with Table 4.13. (n=3)

Table 4.13. Statistical analysis showed the effect of alumina thickness on refractive index of the alumina layer
sputtered in constant power mode. (Tukey’s HSD test, F(5,12)=7.413, p=.002.

Alumina Thickness, '
. 3 P values (Tukey's
Slide Mean Refractive Index, HSD test, p<.005)
and Mean Category T
102 nm 2,t05,>.091
1, 1.3593 _
. 8,=.016
108 nm 3, and 4, >.078
2, 1.3660 7,=.018
A 6, =.003
114 nm 4,and5, >.178
3, 1.3563 _
. 6, =.032
124 nm
4, 1.3443 5, and 6, >.444
ABC
128 nm
5, 1.3383 6, =.893
BC
133 nm
6, 1.3310
C

Figure 4.20 shows slides 1. to 6, with alumina thickness increasing. Spots show areas

exposed to protein solutions.

1a 23 33 4a 53 63

Figure 4.20. Colour shifts of slides with increasing alumina thicknesses from left to right. Spot rows from top to
bottom show (i) prothrombin (1l), (ii) Il and anti-II, and (iii) anti-1I. Slide labels 1. to 64 correspond with table
information.
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4.3.4.2 Part B — Aluminum Deposition in Constant Current Mode

Table 4.14 shows the slide, alumina thickness with resulting anodization parameters.

Table 4.14. Anodization parameters of slides with aluminum sputtered in constant current mode.

X Alumina Anodization Final Current Plateau Current

Slide . SD ) . SD ) ., SD ) 2

Thickness (nm) Time (min) Density (mA/cm?) Density (mA/cm®)
1, 76.0 0.1 7.1 0.2 0.07 0.01 0.65 0.02
2, 839 04 75 0.2 0.06 0.00 0.68 0.02
3, 92.7 03 84 01 0.06 0.00 0.62 0.01
4, 100.4 0.8 9.2 0.1 0.06 0.00 0.64 0.03
Sp 108.8 0.5 9.7 0.5 0.06 0.00 0.65 0.04
6y 117.2 1.0 10.1 0.5 0.07 0.00 0.61 0.05

Ellipsometry parameters of the alumina layer have been recorded in Table 4.15.

Table 4.15. Multilayer devices created with different aluminum thicknesses, under constant current, lead to
changes in the resulting alumina film parameters following anodization.

. Aluminum Alumina Percent
Slides Thickness (nm) SD Thickness (nm) SD [ n.370nm SD | n.700nm SD MSE SD Void (%) SD

1, 86 3 76 0 1.362 0.002 1.351 0.002 150 2.8 47.1 0.3
2, 94 4 84 0 1.350 0.003 1.339 0.003 156 2.1 485 0.6
3, 103 4 93 0 1.342 0.003 1.332 0.002 14.6 1.5 49.5 0.4
4, 112 4 100 0 1.338 0.002 1.328 0.003 13.5 0.9 50.0 0.4
5, 120 5 109 0 1.330 0.000 1.320 0.000 12.1 0.4 51.3 0.2
6, 129 5 117 0 1.325 0.004 1.315 0.004 10.8 0.8 51.8 0.4

The changes in refractive index with alumina thickness have been recorded in Figure
4.21. At a wavelength of 370 nm the refractive index decreased from 1.362+0.002 at 76 nm
alumina to 1.325+0.004 at 117 nm. The linear equation and coefficient of determination in the
plot are for refractive index at 370 nm. Data points with a different letter are significantly
different, for the data series at 370 nm. The results of the statistical analysis for the 370 nm

data series are shown in Table 4.16.
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Figure 4.21. Refractive indices resulting at different alumina thicknesses. Means with a different letter above points
indicate a significant difference. The mean category letter indicates significant differences and correlates with
Table 4.16. (n=3)

Table 4.16. Statistical analysis comparing the effect of alumina thickness on refractive index of the alumina layer
sputtered in constant current mode. (Tukey’s HSD test, F(5,12)=52.797, p=.000)

Alumina Thickness, P wales (e
Slide Mean Refractive Index, HSD test, p<.001)
and Mean Category ’
76 nm 2, =.006
L 1"?’/62 3, to 6, =.000
84 nm 3, =.089
2, 1.350 4, =.007
W 5, and 6, =.000
93 nm 4, =.669
ER 1.342 5, =.007
WX 6, =.000
100 nm 5, =.089
4 1'338 6, =.003
109 nm
5, 1.330 6, =.393
YZ
117 nm
6, 1.325
z

Figure 4.22 shows the device surfaces with alumina thickness increasing from left to

right.
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Figure 4.22. Anodized slides comprised of different alumina thicknesses overlying the tantalum oxide and tantalum
layers. Alumina increases from left to right: 76, 84, 93, 100, 109, and 117 nm. Slide labels 11 to 65 correspond with
table information.

4.3.4.3 Comparison of Aluminum Deposition Modes

Table 4.17 shows results of independent t-tests comparing the effect of the aluminum
deposition mode on the alumina film refractive index in the device. Slides with similar final

alumina thicknesses were selected for comparison.

Table 4.17. Statistical analysis comparing the effect of the aluminum sputtering mode on refractive index of the
alumina layer. Selected slides were close in alumina thicknesses.

Slid Alumina Thickness, P values
1ae and Mean Refractive Index |(Independent t-test)
1 102 nm

° 1.359 t(4)=-3.456,
100 nm p=.026
4,
1.338
2 108 nm
° 1.366 t(2)=-10.251,
5 109 nm p=.009
° 1.330
3 114 nm
: 1.3563 t(4)=-7.236,
117 nm p=.002
6,
1.325

Aluminum films of the same thickness generated refractive indices that were

statistically significant under constant power and current sputter modes.

4.4 Discussion

Devices should be tailored to tune the resulting surface interference colours, based on
the findings in this work. Firstly, when the tantala layer was formed in different electrolytes it
altered the final thickness, colour generation, and surface reflectivity. The porous structure is
highly tunable as well. Alumina formed in phosphoric acid was highly porous (45% alumina

at the surface) whereas, structures formed in sulfuric and oxalic are significantly less porous
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(80% alumina at the surface). Changes in the alumina porosity of devices prepared in sulfuric
and oxalic acids showed ~50% higher reflectivity than surfaces prepared in phosphoric acid,
and strong interference colours with p-polarization as opposed to s-polarization. In addition to
electrolyte type, voltage had a large influence on the resulting pore size and interpore spacing
of the alumina film. The minimum pore size in phosphoric acid was generated at ~4 V and the
interpore spacing increased linearly with voltage. Increasing the voltage from 2 to 10 V, the
percent of surface alumina increased from 34 to 54% and the alumina refractive indices
ranged from 1.28 to 1.40. Furthermore, the voltage controlled the thickness of the barrier
tantala layer which contributes to the surface colour, providing an alternate method to tailor
the device. Current density curves, used to govern device oxidation, showed variation with
slight changes (~4°C) in the electrolyte bath temperature. For increased temperature
regulation, a temperature bath could be used. Lastly, anodization of sputtered aluminum films
to create the porous alumina layer, showed a greater decrease in thickness on slides with lower
energy depositions. These slides likely contained more defects and voids in the
microstructure. A statistical difference in the alumina refractive index resulted with changes in
the energy during aluminum deposition although it was not determined if interference colours

were influenced.
4.4.1  Temperature

The temperature of the bath during oxidation was controlled at room temperature
(20£2°C). Pore size and interpore spacing of alumina surfaces showed no significant
difference at constant anodization voltage and concentration, with changes in temperature
between 5 and 37°C with anodization in 0.3 to 6.0 M sulfuric acid in the range of 10 to 60 V.
31 Some films created in oxalic acid show constant pore size and interpore spacing at constant
voltage and concentration, and changes in temperature, ** while others show an increase with
increasing the electrolyte temperatures. %> Work by Ba and Li found electrolyte temperature
to have a lower impact on the resulting ordered pore size than electrolyte concentration.
However, lower temperatures during oxidation showed higher pore symmetry. 2* In addition,
low temperature electrolyte for the anodization of aluminum leads to a more resistant oxide,
whereas higher temperature causes thinner and less durable oxides in comparison to films

grown at room temperature. 3¢ Barrier layer thickness, linked to wall thickness, is affected by
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temperature and has shown changes with adjusting the temperature from 16 to 40°C.*’ For the
purpose of this work it is important to keep the temperature constant during anodization to

ensure reproducibility.

4.4.2  Electrolyte Type and Concentration
4.4.2.1 Tantalum Films

For knowledge on interference colours and device operations, an anodic tantala barrier
layer was formed and analyzed in the absence of the alumina layer. The tantala layer, similar
to the tantalum metal, gradually increased in percent reflectivity with wavelength, ranging
between 20%R at 350 nm to 50%R at 700 nm. Horizontal and vertical polarization images of
the anodic tantala surfaces viewed at ~75°, showed greater differences in visible colour than at
a lower angle (see Figure 4.6). Horizontal polarization at ~75° created a greyish tantalum
surface, meaning equal contributions of blue, green, and red peaks leading to a relatively flat
reflectivity line across the visible spectrum (see Chapter 2 for details on colour) and vertical
polarization created a slight tan surface colour. Spectrophotometer data at 45° showed that R
was higher than R, in blue and green wavelength regions (see Figure 4.7). Optimal surface
colour is perceived when the reflected light intensity off the tantala and tantalum layers is
balanced. For the anodic tantala on tantalum system, optimal viewing angles are between 5
and 45°, where a light tan colour is perceived.

The resulting tantala thickness regardless of electrolyte type was ~12 nm when formed
without the overlying alumina layer. With the porous alumina layer, no reduction in tantala
thickness was observed in phosphoric acid; however, a 56% and 35% reduction was observed
with formation in sulfuric and oxalic electrolytes. The smaller pore diameters in alumina
formed in sulfuric and oxalic electrolytes likely restricted the formation of a complete
tantalum oxide layer. Sulfuric oxides were halted before the 0.7 mA/cm? current density,
which may have contributed to the slightly thinner layer; however, this does not account for
10 nm of thickness loss. Electrolyte concentration showed no significant change in tantala
thicknesses when the overlying alumina layer was present.

Work by Mozalev et al. showed the mechanism of growth for tantalum hillocks formed

under a porous alumina layer and proved the hillock density corresponds with that of the
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overlying pores. >** Anodization in 1.0 M oxalic acid at 35°C and a constant voltage of 21.5
V, created an approximate tantalum width between the oxide hillocks of <10 nm. *® With a
lower voltage, the alumina pore size and interpore spacing at the tantalum interface will
decrease. The tantala thickness will decrease as well, resulting in less pronounced hillock
formation. The decrease in tantala thickness alters the colour generation from the tantala layer,
shown by prior work. It is important to consider this when attempting to produce highly
saturated colours and when comparing the anodic tantala reflectivity to the device reflectivity
in Figure 4.9.

The tantala layer could be formed in different electrolytes from the alumina layer to
alter the formation rate and final thickness, colour generation, and surface reflectivity, in order
to tune the interference generated. Table 4.5 shows the differences in tantala thickness and
refractive indices with electrolyte type and Figure 4.7 shows the reflectivity. A slight increase
in reflectivity is apparent for films anodized in phosphoric and oxalic acid over sulfuric acid,
with an increased tantala thicknesses and equal or lower refractive indices. Fresnel
calculations carried out based on the applied conditions, showed that an increase in the tantala
refractive index is expected to cause a minor increase in the total reflectivity. However, this
was not the case for device created in sulfuric acid. The experimental decrease of ~5%
reflectivity can be explained by the change in tantala thickness and electrolyte type. Anion

394l may affect the

integration into the outer tantala barrier layer demonstrated in past works,
change in thickness and reflectivity observed. A gradient in refractive index due to anion
incorporation can increase the vertical distance that the change in refractive index occurs over.

t*2and

A gradient in the film is accompanied by more adsorption, known as the adiabatic effec
would explain why tantala films formed in sulfuric acid adsorb more light and reflect less

light.
4.4.2.2 Aluminum/Tantalum Films

Sulfuric anodization occurred at the highest field (current density) and rate of formation
for both concentrations, and thus had the shortest oxidation periods. For all three electrolytes
the 1.0 M concentrations, with a lower pH, resulted in a faster oxidation. Current density
curves showed that by increasing the concentration from 0.4 to 1.0 M, anodization in

phosphoric, sulfuric, and oxalic acids of equal aluminum thickness occurred in 62, 57, and
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80% of the time respectively. Although variance is minor, the greatest deviation in average
current density plots was observed prior to and following the pore formation plateau, as any
shifts in time are more influential in these regions.

The change in applied field during alumina formation relates to the anions integrated
from the electrolyte into the exterior alumina layer, and the actual field strength at the pure
alumina. The highest field is found in films oxidized in the order of:
sulfuric>oxalic>phosphoric>chromic electrolytes.** A portion of the migrating AI** ions are
ejected into solution and do not contribute to the formation of the solid oxide film. 3644
However, the interaction of these ejected ions with anions from the electrolyte could
contribute to changes in the alumina thicknesses that result in different electrolyte
compositions. Changes to the aluminum barrier layer thickness were found in 4% phosphoric
acid, 15% sulfuric acid, and 2% oxalic acid to be: 1.0, 1.2, and 1.2 nm/V respectively. +>47
The aluminum barrier layers formed in phosphoric acid were shown to decrease with
increasing concentration and could influence the resulting structure of the device in varying
phosphoric acid concentrations.*®

Changes in alumina structure (e.g. pore diameter or alumina thickness) with electrolyte
composition can be linked to altering the threshold for field-assisted dissolution at the oxide
and electrolyte interface. This explains why parameters resulting in a higher applied field (i.e.
electrolyte, or greater concentrations) formed alumina layers in a shorter period of time, (see
Figure 4.1) as the alumina growth rate is increased with more anions present and the resulting
alumina layers were thicker. Furthermore, the anodization process occurring in sulfuric acid at
8 V is closest to the identified self-ordering region and therefore the reaction was carried out
at a greater efficiency. For sulfuric acid the self-ordering region is between 19 and 25 V,
whereas phosphoric and oxalic acids are in the range of 160 to 195 V and 40 to 70 V,
respectively. *

SEM images provide information on the resulting film structure. Phosphoric acid leads
to a highly porous film (45% alumina) with thin columnar structures that are vertically
oriented. The surface structures formed in sulfuric acid and oxalic are significantly less porous
(80% alumina), with smaller pore sizes and greater wall thicknesses. The grain structure is
still visible following oxidation in sulfuric and oxalic electrolytes with lower surface etching

and significantly more volume expansion. Average ratios of alumina to aluminum thickness
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for phosphoric, sulfuric, and oxalic electrolytes from this work were 0.9, 1.25, and 1.12
respectively. Volume expansion is strongly dependent on the electrolyte type and
demonstrates variability between 1.32 and 2.08 in the self-ordered regime. *>*° This supports
that processes carried out at low efficiencies result in less alumina growth.

Cross-sections reveal that the sulfuric electrolyte creates a columnar structure with
variable width along the height of each column while alumina formed in oxalic acid has a
branching structure with more uniform column widths. The phosphoric acid creates a uniform
column with a significantly smaller wall thickness throughout the entire alumina layer,
demonstrated at the surface by the higher percent void. SEM topographic images of samples
formed in 0.1 M sulfuric acid were difficult to resolve at high magnification (see Figure 4.2),
which may result from greater surface charging due to the amount of sulfate anions integrated
into the surface layer. This was also found in work conducted by Thompson and Wood.*

Work by Yim et al. showed that a large increase in electrolyte concentration led to only
slightly larger and denser alumina pores. *! In other work the concentration has demonstrated a
slight influence on the pore diameter. ** Work by Sullivan and Wood found that in increasing
concentration from 0.4 to 2.25 M of phosphoric acid showed little variation in pore diameter
when measured on film sections, whereas surface etching resulted. *® Out of the concentrations
tested, alumina films formed in 0.4 and 1.0 M phosphoric acid showed no statistical difference
in the average pore diameters (18.3+£5.3 and 19.1£5.9 nm) (p=.776) or refractive indices
(p=.217), yet there was a statistical difference in the total wall thicknesses (p<.001). The
discrepancy in significant differences with correlated parameters is likely due to the size of
variance. With larger variance in pore diameter and refractive indices no significant difference
results. Work in chapter 6 shows that refractive index is typically a better indicator of
differences in the alumina porosity, with higher accuracy than SEM measurements. Therefore,
it is likely that higher sample numbers or greater changes in concentration are needed to
produce significant differences in the refractive index and pore size. **

Porous anodic alumina films formed in phosphoric, sulfuric, and oxalic acids typically
show greater pore size, wall thickness, and interpore spacing than in these findings due to
higher voltages typically employed. A comparison of wall thickness from this work and Keller

et al. 47 are shown in Table 4.18.
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Electrolyte Conc?&c )r ation Tem[zs(r;ture Voltage (V) fo\:vni‘! t;c::‘clz::]s/sv) References
0.4 24 20-60 1.00 Keller et al.
Phosphoric 0.4 20+2 8 0.65 -
1.0 2042 8 0.60 -
0.4 20+2 8 1.08 -
Sulfuric 1.0 20+2 8 0.89 -
1.7 24 15-30 0.80 Keller et al.
0.2 24 20-60 1.09 Keller et al.
Oxalic 0.4 20+2 8 0.98 -
1.0 20+2 8 0.93 -

Table 4.18. A comparison of wall thickness values obtained in low voltage work in different electrolyte conditions.

For sulfuric, oxalic, and phosphoric electrolytes formed in self-ordered regions,
interpore distances of 50 to 60 nm, 90 to 140 nm, and 405 to 500 nm result. * With anodization
for 15 minutes in 0.3 M sulfuric acid under constant voltage of 10 V at 22°C, with post
anodization physical and chemical etching the interpore distance was found to be 30+4.5 nm.
With increasing the voltage between 10 and 40 V the interpore distance increased up to 72
nm, as well as the pore shape uniformity.3! Again these values are significantly higher than
interpore distances found at lower voltages, due to lower efficiencies of formation and the
introduction of a one step process.

Multilayer device surfaces prepared in sulfuric and oxalic acids showed ~50% more
reflectivity than surfaces prepared in phosphoric acid (see Figure 4.9). This is a result of
changes in surface area and effective refractive indices of alumina films. Surfaces generated in
sulfuric and oxalic acids have ~80% surface alumina as opposed to those generated in
phosphoric acid which have 45% surface alumina (see Table 4.3). The increased alumina
surface area for sulfuric and oxalic over phosphoric acid, results in an increased reflectivity at
the air and oxide interface. A portion of light contacting the solid alumina is converted to
horizontally polarized light (i.e. glare), proportional to the surface area leaving a lower
intensity reflected in the vertical polarization (see Chapter 2 section on polarization). This
change in microstructure and interface reflections alters the optimal polarization state for
viewing thickness changes, such as prothrombin detection, on the alumina layer.

When a change in polarization states leads to an intensity shift it is due to a change in
percent reflection, whereas a colour shift means a change in OPL (i.e. refractive index or

thickness) has occurred. In this work the colour shifts that are apparent with different
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polarization are caused by a change in the refractive index and thickness of alumina.
Horizontal and vertical polarized light interact differently within the alumina layer. The s-
polarized light sees the material with one refractive index in the x-y plane (parallel to the
alumina surface), whereas the p-polarized light sees the alumina as an anisotropic film with
the x-y plane and z plane (perpendicular to the alumina surface) creating two different
refractive indices due to the columnar nature of the pores. Therefore, there is increased
scattering of p-polarized light travelling in a direction that is impacted by the split x-y plane
refractive index as well as the z plane refractive index. Other factors may influence the
reflectance and interference within the multilayer device that was not accounted for such as
scattering due to surface roughness. 3!

Furthermore, different viewing conditions are required to balance the reflectance off
tantalum and alumina interfaces. Fresnel equations for the anodized multilayer structure
provide an estimate of the reflectivity of each polarized state, shown in Table 4.19. Films
formed in sulfuric and oxalic electrolyte showed less sensitive protein detection, as the
difference in refractive index between the protein layer and alumina is likely greater.

Table 4.19. Calculations using Fresnel equations to determine the Rs and Ry to balance the intensity off the alumina
and tantalum layers. Highlighted boxes show conditions for optimal colour generation.

Alumina n=1.35 Alumina n=1.58
Angle of
Surface i Total R, at Surfaces | Total R, at Surfaces | Total R at Surfaces | Total R, at Surfaces

Incidence
Alumina 5o 2 2 5 5
Tantalum 36 6 34 10
Alumina 450 6 0 11 1
Tantalum 31 10 28 14
Alumina 750 32 11 43 10
Tantalum 6 8 4 8

Although the calculated reflectance off the alumina and tantalum layers is not balanced
at the experimentally determined optimal viewing angle of ~75° (highlighted boxes), we have
yet to compensate for the porosity. Films formed in phosphate have a refractive index of
approximately 1.4 and a porosity of 55%. This likely decreases the actual alumina reflectance
by 55% changing R from 32 to 15 and increases the tantalum reflectance to 9. Demonstrating
an optimal viewing angle for balanced Rs interference, between 71 and 73°. For alumina films
at higher refractive indices of 1.6 formed in sulfuric and oxalic electrolytes, the porosity was

~20%. Therefore, decreasing the alumina reflectance (R,) from 10 to 5 and increasing the
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tantalum reflectance to 13. Balanced R, interference is ~77°. Table 4.20 shows the total
reflectivity off alumina and tantalum interfaces at near optimal angles after accounting for
porosity.

Table 4.20. Fresnel reflectivity values corrected to account for alumina surface porosities of ~55 and 20% for
n=1.35 and n=1.58 respectively. Nearly balanced reflectance off the alumina and tantala layers are highlighted
fOl" Rs and Rp.

Alumina n=1.35 Alumina n=1.58
Angle of
Surface i Total R, at Surfaces | Total R, atSurfaces | Total R, atSurfaces | Total R, at Surfaces
Incidence
Alumina 710 11 3 16 2
Tantalum 13 13 11 16
Alumina 730 13 4 17 3
Tantalum 11 12 9 14
Alumina 750 15 5 19 5
Tantalum 9 11 7 13
Alumina 770 17 7 22 6
Tantalum 6 10 4 10

Discrepancies between Fresnel values and measured theoretical and experimental values
further support that the theoretical calculations assuming a uniform alumina layer do not
account for some critical property of this device. Polarized reflectance at 45° was compared
from spectrophotometry measurements and Fresnel calculations. The experimental
spectrophotometry reflectance for films generated in phosphoric acid was 59% of the
theoretical reflectance (with 44% surface alumina), and sulfuric and oxalic generated films
showed 79% of the theoretical reflectance (with 81% surface alumina) (see Table 4.6). These
calculations were done without accounting for the surface porosity.

Work by Aschalew et al. > showed that nanometer scale pores and porosity, both
influence the way visible light interacts with the surface. Commercial nanoporous anodic
alumina membranes, that are 100 um thick and contains pore sizes between 18 and 150 nm
with various pore densities were tested. As pore size increases the transmittance and
reflectance decreases and absorbance increases. °? Reflectance appears to be influenced by
porosity, in addition to pore size. Increasing porosity was calculated for films with pore sizes
of 35, 80, 55, 18, 100, and 150 nm and showed decreasing reflectance in this order, with the
exception of the 80 nm sample. It is possible that the pore density value was inaccurately

measured for the 80 nm sample.
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Another possible explanation for the contradictory theoretical and experimental
reflectivity could be a result of the tantalum metal and tantala hillock interface. Hillocks form
under the alumina pores and changes in the alumina structures will influence their shape and
potentially the reflected light. In sulfuric and oxalic films smaller tantala widths and more
tantalum metal is expected to be contacting the alumina oxide layer and wall thicknesses are
smaller. Whereas, in phosphoric films the alumina pores are larger and thus the oxide hillocks
that result will be wider and less tantalum metal will exist at the alumina interface. The tantala
layer does not significantly alter the reflectance; however, the tantalum amount and shape
contacting the alumina may impact the interference.

The reflectance of horizontal and vertical polarized light off the alumina and tantalum
layers is nearly balanced at 75° while having an OPL large enough to generate interference in
the visible range. Porous alumina reflectivity is decreased from solid alumina depending on
the pore size or void fraction, taken into account by Fresnel equations with a decrease in the
refractive indices. Previous work on nanoporous anodic alumina films 1580 nm thick (formed
in 0.3 M oxalic acid at 40 V and 5°C for 20 hours) showed the reflectivity to be ~90%R at 400
nm and ~80%R at 700 nm. A slight increase in the average reflectivity resulted with an
increase in pore size, from 39 to 90 nm, and porosity from 14 to 71%.>* The increased
reflectance with a higher pore size and porosity presented in this work goes against the prior
literature. However, with an aluminum substrate, higher scatter results with lower porosity and
greater surface roughness and higher reflectance occurs with greater porosity. Hence,
explaining why the reflectivity is 45 to 55% higher than off the devices in this work consisting
of porous alumina surfaces on a tantalum substrate that absorbs approximately 45% of the
incoming visible light.

With pore sizes 2400 nm the specular reflectance begins to decrease and diffuse
reflectance (i.e. scatter) increases. In a highly uniform film, specular reflected light results
when the wavelength is greater than pore diameter multiplied by V3/2 (a factor of 1.225). 42
For nanometer pores the conclusion can be made that the majority of light is specularly
reflected light and little scatter results. Diffuse light would be a result of the surface roughness

and non-uniformity that becomes more apparent in films generated in phosphoric acid and

91



may contribute to the decrease in total reflectance. On a flat alumina film 5 to 7% of incident
light is scattered.*?

Figure 4.9 shows destructive and constructive wavelengths in the first order of
interference through changes in reflectivity. These maximum and minimum values shift
towards higher wavelengths with alumina thickness, ultimately causing a change in the
surface colour. Prikulis et al. >* demonstrated dominant peaks that shift to higher wavelengths
for alumina thicknesses increasing from 75 to 280 nm with pore sizes in the range of 18 to 25
nm, amplified with 10 to 20 nm gold coatings on the surface. Reflectance peaks in the near-IR
range, 600 and 1000 nm, showed more distinguishable spectral shifts with alumina thickness
than the UV-VIS range of 350 to 600 nm, and could lead to increased detection
sensitivity.>*Visible surface colour shifts are similar to those found with alumina thicknesses
in our work; however, the surface reflectance is amplified with a highly reflective coating, to

balance the reflectance off the aluminum substrate reflectance.
4.4.2.3 Birefringence

Anisotropic materials demonstrate interactions with light that are related to the
orientation, as distinct axes exist in the material. > Various studies on porous alumina films
with a columnar structure have shown and evaluated anisotropy. °*°7 A study by Luitch et al.
measured the changes in birefringence of alumina thin films with changes in the porosity. >
Birefringence, or double refraction, occurs when light of mixed polarization contacts the film
at oblique angles of incidence. Different polarizations are influenced by different refractive
indices, resulting in two rays propagating through the material with different velocities and
angles of refraction. Subsequent to passing through the birefringent layer, the s and p-
polarized light interfere and can lead to birefringence. >

The possibility of birefringence was considered early on in the optics design process. To
confirm that structural birefringence was not contributing to additional colour variation, the
visible interference colour shifts were observed with polarization of the input and output
beams. No difference resulted in the visible colour observed, and therefore birefringence was
deemed irrelevant when using a polarizing filter to view interference colours on the device

surface.
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4.4.2.4 Hydration

During oxidation in sulfuric acid, significantly more hydrogen evolution occurred. This
was not quantified but based solely on the visible observation of gas bubbles generated at the
cathode surface, relative to the amount generated from oxidation in phosphoric and oxalic
electrolytes. In addition, slides anodized in sulfuric acid were noticeably more hydrophilic
than other slides, as residual rinse water was difficult to remove. Porous films created in

sulfuric and oxalic acids can contain up to 15% w/w water>%-¢0

in the form of hydroxide and/or
hydrated oxide.%"**Films created in phosphoric acid showed ~5% water. * It is generally
accepted that the amount of water in a porous alumina layer depends on the anodization
conditions, sample handling, and measuring technique used.®! Anions incorporated into the
outer alumina layer may affect the hydrogen bonding properties of the layer and composition,
with sulfuric acid having the largest anion integration followed by oxalic, and phosphoric
acids.*Work by Alvey in 1974 confirmed the integration of 11.1% sulfate, 7.6% phosphate,
2.4% oxalate, and 0.1% chromate with various detection techniques. ®* Anion integration was
found to decrease with temperature for oxalate>® and increase with current density for sulfates
and phosphates. 6°

Work by Ye et al. showed that wider and deeper pores as well as the length of
anodization were the main factors governing the hydrophilic property of anodic alumina films
formed in 0.3 M phosphoric acid at 25°C using a single oxidation process. °® However, when
comparing alumina created in different electrolytes these factors were disproven. Films
formed in sulfuric acid had smaller pore diameters and a smoother surface than samples
formed in phosphoric acid. Furthermore, these samples were anodized in the shortest time
period. It is possible that the pore wall roughness, resulting in oxides formed in sulfuric acid,
may be influential to the higher wettability due to capillary effects outlined in other works. ¢’
If sulfuric electrolyte is used in future device preparation; additional work should be
completed to ensure the hydrophilic alumina does not negatively affect the protein-surface
interactions and impact protein immobilization.

The non-uniform nanoscale pores and surface properties may also influence the
hydrophilic nature of these anodic films. Leese et al. demonstrated that smaller pores formed

in sulfuric acid followed by oxalic acid, lead to a lower contact angle with a decrease from 20
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to 10 nm pore size causing a decrease in contact angle of ~20°.%¢ However, this would not
explain the difference between sulfuric and oxalic hydration experiences in this work, as

alumina pore sizes are similar in both electrolytes.
4.4.3  Applied Potential

Anodization voltage, electrolyte type and concentration, and temperature have
demonstrated effects on the resulting anodic alumina structure. ®-7° Of these parameters
voltage has been recognized as the greatest contributing factor to the pore size and interpore
spacing followed by concentration. *!' Prior electrolyte tests proved phosphoric acid to be
optimal with simpler horizontal polarized colour generation and increased uniformity of the
tantala layer.

In phosphoric acid the conversion of aluminum to porous alumina was faster with
increasing applied potentials, leading to a greater applied field and plateau current density,
demonstrated in Figure 4.11. For low voltages between 2 and 10 V the plateau regions were
flat, indicating uniform pore formation. 3* Reports on anodization in acid electrolytes with <20

17.22,24.30,31.33 However, in
9

V on thin sputtered films <200 nm are limited in the literature.
phosphoric acid the process is significantly less common due to the self-ordered pore
formation occurring at significantly higher voltages. Work by Ono and Masuko showed a
minimum pore size of ~21 nm at 5 V in phosphoric, sulfuric, oxalic, and chromic acid. 3%"!
This trend was dominant with oxidation in phosphoric acid with the larger pore size and
porosity that resulted. Our findings agree with the non-linear increase in pore size with low
voltages. A linear increase in pore size was noted in films formed at 5 to 10 V; however, the 2
V films were found to contain a larger pore diameter than the 5 V samples (p=.037). Mean
pore sizes were significantly different at all voltages, except 8 and 10 V (p=.320). Based on
the polynomial trendline the minimum pore size exists at ~4 V. Pore diameters resulting after
anodization in phosphoric acid at low voltages do not follow the majority of relationships
outlined in literature. A previously reported equation for pore diameter (nm) was 1.29
nm/anodizing voltage (V) was disproven for all voltages tested. ** For the 2 V samples it is
possible that chemical dissolution widens the pores at the oxide and electrolyte interface
leading to pore diameters that are larger at the surface,**as etching in phosphoric acid for pore

widening is a common procedure. °° However, the cross-sectional alumina layer formed at 2 V
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in this work appeared to have consistent pore sizes and the smallest wall thickness, meaning
any etching was uniform. The pore diameter in a 2 V sample was larger than the 5 V sample
and therefore, the increased pore size due to the low field has a greater effect than the low
voltage governing a smaller pore size.

Work by Zhang et al. showed a linear relationship between interpore spacing and
voltage” and Yim et al. showed that interpore distance is reduced at lower voltages. 3! Our
work showed a non-linear increase in interpore spacing with oxidation in phosphoric acid at
low voltages between 2 and 10 V. However, the non-linear pore diameters translate to the
interpore spacing.

The percent alumina increased from 34 to 54% and the alumina refractive indices from
1.28 to 1.40 with increasing the applied potential from 2 to 10 V. The refractive indices at 370
nm are significantly different. (p=.014) In addition, alumina films formed at 2 V are 76 nm
thick, whereas the 5 to 10 V films are ~84 nm. Lower efficiency film formation occurred at 2
V with the lowest current density of <0.75 mA/cm? during pore formation, resulting in a
greater loss of aluminum ions. *7* The longer pore formation periods at low field strength
allows for greater etching. The alumina thickness change demonstrates significantly greater
etching as the initial aluminum was the same thickness for all slides. Changes in the alumina
optical path length (i.e. refractive index and thickness) lead to various colours from light tan to
dark orange and the application of protein spots showed further colour shifts with increased
thicknesses.

MSE values of samples formed at 8 and 10 V indicated greater standard errors in the
generated values for this sample. Other work showed tantalum oxide thickness had the
greatest influence by a larger MSE, however the alumina thickness or refractive index could
be slightly affected also (see next section 4.4.4).

Films formed at this voltage allow for close matching of adsorbed protein layers on the
surface. A trade off exists between the refractive indices and pore size. Ideally smaller pores
will prevent protein diffusion into the pores, however the refractive index must match the
refractive indices of protein layers and lead to colour generation. With a protein refractive
index of ~1.5 if we assume a minimum 80% of the protein layer contains protein and the
remainder is void, the refractive index of the protein layer is 1.4. Therefore, a slightly larger or

smaller refractive index may be necessary to match the alumina to proteins for optimal
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detection. Alumina films formed at 8 V generate n=1.38 and at 5 V have n=1.35 measured a
500 nm. Depending on the refractive index of the protein of interest the voltage is yet another
parameter that could be adjusted to tune the alumina layer. The tantala barrier layer thickness
can also be linearly controlled with voltage as it formed at: tantala thickness (nm)=1.28
(nm/V) x voltage (V) + 1.27 (nm). Increasing the voltage after formation is complete to
increase the tantala thickness may provide a means to improve the base device colour contrast.
Future work was carried out in 0.4 M phosphoric electrolyte at 8 V. However, the
anodization process allows for numerous methods to tailor the device that are now better
understood. Other areas of exploration that were not completed include: temperature,

electrolyte mixes, voltage or oxidation steps, and pre and post anodization processes.
4.4.4  Current Density

While anodizing sputtered films, current density was used to regulate the device based
on the growth of an electrically resistant tantala barrier layer. This study was carried out to
determine the variability of the sputtered device films and anodization. The average current
density curves for initial aluminum thicknesses of 109, 114, and 118 nm of intra and inter
wafer sets were averaged for each thickness (shown in Figure 4.17). An increase in electrolyte
temperature can increase the current density plateau and decrease the length of anodization, or
vice versa, shifting the oxidation time. When plots are averaged the shift in time alters the
original trends and the final slope. Electrolyte temperature fluctuations alter the field and
anodization length of time (see Table 4.9). The data for the 109 nm film contained the greatest
temperature and time deviations, explaining the skewed current density curve that resulted.
Figure 4.18 provides an accurate representation of the current density curves with averaged
intra and inter wafer slides for each thickness at similar electrolyte temperatures. (n=3)

The shape of the graph showed the formation of the porous alumina layer followed by
the oxidation of tantalum for each thickness. Thicker aluminum films can result in a longer
period of pore formation and total anodization time; however, the sputtered aluminum
thicknesses tested are not significantly different and therefore, it was expected that the length
of pore formation would be comparable between sets. The maximum difference in current
density occurred between periods of 80 and 180 seconds, when the alumina barrier layer exists
and begins to form micro cracks prior to pore formation, and between periods of 450 and 510
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seconds, when the tantala layer was forming. In the first region the absolute difference was
<0.15 mA/cm?, a maximum of 21% deviation from the average current density. Whereas in
the second region the deviation was between 0.15 and 0.20 mA/cm?, which appears larger due
to shifts in the anodization time and the current density approaching zero.

Large changes in current density could influence the rate and the length of aluminum
conversion to alumina. In this case the variation is due to changes in the electrolyte
temperature. It is possible that anodization parameters other than temperature contribute to the
variability. Overall, the use of current density was effectively utilized to monitor the porous
alumina formation and govern the tantala barrier layer thickness that resulted. For better

reproducibility a temperature bath should be utilized.*>7>
4.4.5  Sputtered Aluminum Thickness

The decrease in alumina refractive index that occurred with increased aluminum
deposition, regardless of the governing mode, was due to a change in the final alumina
structure. Sputtered aluminum was converted to a porous anodic alumina by anodization, and
the thicker the aluminum layer the greater the time required for conversion. The slide was
submersed in phosphoric acid electrolyte for the entirety of anodization and resulted in
increased etching with time. The amorphous alumina is an amphoteric oxide with the
following etching reactions of 20H" + ALLO3 — 2A10%* + H>O and 6H" + AL,O3 — 2A1P" +
3H,0. 7¢ Studies on porous anodic alumina use low concentration solutions of phosphoric acid
as a chemical etch following anodization to increase the pore sizes. 7’ Gélca et al. found that
phosphoric acid achieved chemical etching at rates of 0.3 and 0.9 nm/min with 0.35 to 0.84 M
phosphoric acid at room temperature respectively. ”’ Work by Bellemare et al. found an etch
rate of 4.1 nm/min in 0.8 M phosphoric acid at 50°C. 8 The difference between these results
and past studies is that these anodization processes were completed in phosphoric acid and
etching is expected to occur simultaneously with oxidation as opposed to a post anodization
pore widening treatment. The refractive index of a solid alumina layer has a refractive index

81-833nd an increase in aluminum dissolution

between 1.53 and 1.70 in the visible spectrum
during formation generates a porous alumina layer with higher void fraction, accompanied by
a decrease in the refractive index, or effective refractive index. The equation below provides a
simplified relation of the refractive index and porosity. 3485 Ellipsometry modelling applies a
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complex version called anisotropic Bruggeman EMA equation, which can be found in the

literature.8¢

TNporous alumina = Meffective — nair(porOSitY)+ T'lalumina(l - pOI'OSity) Equation 4-1

Another decrease in alumina refractive index occurs with changes in the aluminum
microstructure sputtered. Aluminum sputtering conditions, in this case governing modes of
constant current and power, influence the flux and energy of incoming atoms. Slides with
aluminum sputtered in constant power versus constant current mode had higher power and
voltage by 25 W and 40 V respectively, and equal currents of 0.72 mA. In sputtering the
current corresponds with the number of ions that contact the target and voltage corresponds
with the energy of ions. Therefore, in higher energy aluminum depositions, in this case
constant power mode, ad atom diffusion occurs more easily, reducing defects and grain
boundaries. Defects are areas of high energy where dissolution occurs more rapidly; hence
changing the amount affects the dissolution of aluminum during anodization. The thickness
change between initial aluminum and alumina was greater for slides with lower energy
depositions, predicted to contain increased defects. Average aluminum thickness decreases
1+3.4 nm and 1140.6 nm for the high energy (i.e. constant power) and low energy slides (i.e.
constant current) respectively. Measuring the aluminum grain size would further support
microstructural changes due to sputtering.

Anodization was carried out at a constant voltage and slides sputtered at a lower energy,
that contain increased defects, resulted in a decreased current density during the pore
formation region. At a constant voltage (V), a decrease in current (I) stems from an increase in
resistance (R) as shown in Ohm’s law below.?’

V=IR Equation 4-2

Therefore, changes in the sputtered film resistances, influence the oxidation process.
The lower the plateau current, the slower the anodization process, further increasing
conversion time and the amount of aluminum dissolution. Data is shown for constant power
and current slides in Table 4.11 and Table 4.13 respectively.

The alumina layer refractive index of slides with sputtered aluminum under higher
energy deposition showed greater variability than those under constant current mode, and in

some cases high associated MSE values. Higher variability is thought to have resulted from
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tantalum deposition in the NAIT system, which was found to have intermittent leaks in the
chamber. Average tantalum and tantalum oxide parameters were applied to ellipsometry
models of resulting devices. However, when the corresponding wafer tantalum and tantalum
oxide parameters were substituted into the device model, a reduction in the MSE between 3
and 18% was found. The alumina thickness, tantala thickness, percent void, and refractive
index values showed fluctuation less than 0.70, 32.50, 2.10 and 0.65%. The main change was
in tantalum oxide thickness with minimal effects on alumina parameters. This analysis was
completed on slides with aluminum sputtered under constant current.

Alumina refractive index as a function of thickness shows a linear trend line for constant
power and current modes (see Figure 4.19 and Figure 4.21). With the generated equations
predictions can be made for the refractive indices at various alumina thicknesses, within the
tested range. In this work the change in refractive index due to the sputtering energy during
aluminum deposition was significant. A significant difference was found between these
groups (p<0.026) (see Table 4.17). It is clear that sputtering conditions play a large role in the
resulting device structure and should be meticulously calibrated and controlled for each
sputtering system and material for optimal reproducibility. Less etching would be desirable to

reduce and eliminate differences in the final alumina refractive indices or thicknesses.

4.5 Future Work

It is important to notice that with non-uniform porous alumina surfaces, SEM and
ellipsometry measurements may lead to inaccurate conclusions depending on the size of the
variances. Future work may involve the use of Brunauer-Emmett-Teller (BET) for porosity
and surface area information of the porous layer. In addition, further studies on the tantala
layer uniformity could lead to tailored scatter at the metal and oxide interface. This may
include exposing the oxidized films to a higher voltage to grow the tantala layer thickness in

attempts to generate a more uniform layer or anodizing in multiple acids.

4.6 Conclusions

It is apparent that by determining the results of anodization under various conditions the
thickness and optical constants of the alumina and tantala layers that form can be tailored. The

following conclusions were reached:
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4.6.1

4.6.2

4.6.3

Electrolyte Type and Concentrations

1.

Electrolyte composition changes the wettability of thin anodic films formed at
low voltages.

Device formation in sulfuric and oxalic acids creates a thinner tantala layer
under the alumina layer than in phosphoric acid. The thinner tantala layer
decreases the contribution to colour generation.

Fresnel equations can be used along with the alumina layer refractive index and
the incident angle to calculate the reflectance off alumina and tantalum surfaces
with horizontal and vertical polarization. Accounting for porosity was crucial to
explain conditions with balanced reflectivity.

Optimal surface colours for films formed in phosphoric acid occur with
horizontal polarization (s-pol), whereas for films formed in sulfuric and oxalic
acids viewing was optimal with vertical polarization (p-pol). Alumina anisotropy

makes p-polarized light more complex than s-polarized light.

Applied Potential

5. Stronger colour generation resulted when tantala thickness increased from 5 to

10 V samples.

6. Alumina refractive indices between 1.28 and 1.40 can be obtained with low
voltages in the range of 2 to 10 V.

7. The minimum pore size occurred at ~4 V, however at less than 8 V the average
pore size of 21 nm was thought to prevent protein penetration deep into pores
while allowing a greater surface alumina for binding.

Current Density

8. Monitoring current density provides an effective method to govern the alumina

pore formation and the tantala barrier layer creation.
Temperature changes between 18 and 22°C can lead to absolute differences in
current density before and after the pore formation region of up to <0.2 mA/cm?.

A temperature bath should be used to mitigate temperature fluctuation.
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4.6.4

Sputtered Aluminum Thickness

10.

11.

12.

The sputtered aluminum microstructure influences the aluminum dissolution
during anodization, and ultimately the final alumina layer parameters (i.e.
thickness, porosity, and refractive index). A greater decrease in thickness was
observed for slides with lower energy aluminum depositions. The average
aluminum thickness decreased 1£3.4 nm and 11+0.6 nm for high energy (i.e.
constant power in this work) and low energy slides (i.e. constant current in this
work) respectively.

Increasing the initial aluminum thickness caused a decrease in the alumina layer
refractive indices of the slides.

a. Aluminum depositions in constant power mode (in this case high energy)
generated an alumina layer with n=1.359+0.008 and t=102 nm and
decreased to n=1.331+£0.004 when t=133 nm.

b. Aluminum depositions in constant current mode (in this case low energy)
generated an alumina layer with n=1.362+0.002 and with alumina t=76
nm and decreased to n=1.325+0.004 when t=117 nm.

When the corresponding wafer tantalum and tantalum oxide parameters are used
instead of average values the MSE was reduced between 3 and 18%. The

alumina thickness, tantala thickness, percent void, and refractive index values

showed fluctuation less than 0.70, 32.50, 2.10 and 0.65%.
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Chapter 5 — Adsorption of Prothrombin and Anti-prothrombin Layers onto Porous

Anodic Alumina: an XPS and SIMS Investigation
5.1  Introduction

The adsorption of biologics onto surfaces is a phenomenon well studied on bulk
materials through numerous techniques. '"!' The majority of intended applications consist of
biomedical devices such as: instruments, implants, monitoring cells, and functionality in situ.
Investigating protein adsorption onto porous structures becomes arduous and as a result is less
common. Analyses for porous membranes are conducted for tissue or bone integration on
implant surfaces, separation or adsorption onto filters, and changes with alternate treatment
processes on a porous material.'>!7

This study aims to characterize a thin film device using XPS and SIMS prior to and
following exposure to biologics in order to investigate protein adsorption and penetration into
the porous alumina surface. The multilayer device consists of alumina, tantala, and tantalum
thin films on a silicon wafer. An antigen-antibody prototype of prothrombin and anti-
prothrombin were immobilized on the porous alumina layer, increasing the physical path
length and altering the optical constants of the alumina if any penetration occurs. Ideally no
protein penetration occurs, meaning the change in OPL results from a thickness increase.
Regardless of the reason for the change in OPL, areas with adsorbed proteins create a
difference from the device surface, observed by the generation of interference at wavelengths
in the visible spectrum. Prothrombin and anti-prothrombin are the two protein layers used for
adsorption during this study. A complex was formed on the surface by exposing anti-
prothrombin to the prothrombin-coated surface.

Prothrombin solution is placed on the surface and is immobilized as a result of
alumina’s high affinity to vitamin K dependent proteins. !31° Carboxyglutamic acid residues,
which are present in proteins of this type, have been shown to bind securely to alumina,
possibly through an esterification type reaction. 2°-2* Fragment 1 of prothrombin contains 55%
of the glutamic acid residues of the entire protein, and 100% of the carboxyglutamic acid
residues. 24?3 It is expected then that prothrombin binds to the alumina in a consistent

orientation, normal to the alumina surface with fragment 1 closest to the alumina. Prior use of
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alumina as a separation filter demonstrates this capability further. 2* See Chapter 2 for more
details.

In this work, we report the relationship between protein immobilization on and within
different device surface structures. Multilayered devices oxidized at 8 V generate an increased
pore size and decreased porosity of the alumina films compared to films oxidized at 5 V,
showing a 5% increase in surface alumina (supported by work in Chapter 4). The change in
effective surface area of alumina in the anodized structure?’ ultimately changes the protein
interaction. Characteristics of the porous alumina surfaces are examined using ellipsometry,
FESEM, XPS, and SIMS. Furthermore, the adsorption and penetration of a single
prothrombin layer will be compared against a prothrombin/anti-prothrombin complex to
investigate protein binding sites as well as binding efficiency. Results of this study will further
the understanding of prothrombin interactions with a porous anodic alumina film along with
optimization of process conditions, and ultimately the efficiency and stability of the thin film

device.

5.2 Materials and Methods

5.2.1  Device Preparation

Prior to sputtering the wafers were cleaned using a piranha solution and dried using
nitrogen gas in a spin rinse dryer. Coatings were deposited using two planar magnetron
sputtering systems. First (~200nm) 202+27.2 nm of tantalum was deposited in the nanoFAB
(Bob) system followed by 95+2.6 nm of aluminum in the second nanoFAB (Floyd) system
sputter. Systems operated under constant power at a power density of ~6.58W/cm?.

The wafers were cleaved into slides ~2 cm by ~6 cm. Unanodized controls were used
from each wafer. Samples to be oxidized were rinsed with deionized water and samples were
anodized at either 5 V or 8 V in an aqueous solution of 0.4 M phosphoric acid. The process
was halted after the tantala barrier layer formed and the current density declined to <0.07
mA/cm? (stage b). This anodization stage was chosen as an end point to ensure the complete
transformation of the aluminum into porous alumina with minimal etching. See Chapter 3 for

more details on device preparation.
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5.2.2  Adsorption of Biologics

Human prothrombin and anti-prothrombin (Hyphen, Aniara, West Chester, OH) were
received in a lyophilized state. To create a prothrombin layer, a 20 ul drop of prothrombin at
1 mg/ml was pipetted onto the surface and left for 15 minutes in a relative humidity
environment of 100%. The majority of solution was pipetted off the surface and the slide
rinsed with deionized water. After every rinse the slides were dried in air. For the slides with a
double protein layer, a 20 ul drop of anti-prothrombin solution at 0.2 mg/ml was pipetted onto
the prothrombin-coated surface and left for 15 minutes in a relative humidity environment of
100%. The excess protein was then removed with a pipette, and the slide was rinsed with

deionized water and air dried.

5.2.3  Analysis

5.2.3.1 SEM

Topographic images were taken before the introduction of protein complexes. ImageJ
software (NIH open source software) was used to conduct average pore diameter
measurements. Pores were measured along three horizontal and three vertical lines to obtain

mean and standard deviation values. See Chapter 3 for more details.
5.2.3.2 Ellipsometry

Following preparation of the thin film samples, ellipsometry was used to collect data
and generate models of the multilayer structure. From models the thicknesses of alumina and
tantala layers, and optical constants of alumina layers were estimated. Values for the alumina

layer surface porosity were also generated as a result. See Chapter 3 for more details.
5.2.3.3 XPS

Room-temperature XPS experiments were performed at the University of Alberta
nanoFAB using a Kratos spectrometer. No electron flood gun was used and therefore the C 1s
peak was calibrated to 285.0 eV for every sample. Casa XPS software was used for data
processing and analysis. A Shirley background was applied to subtract the inelastic
background of core-level peaks. A non-linear optimization, the Marquardt Algorithm, was

used to determine the peak model parameters such as peak positions, widths, and peak
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intensities. The model peak to describe XPS core-level lines for curve fitting was a product of
Gaussian and Lorentzian functions. Survey scans were taken in triplicate for every sample.
Surface behaviour diagrams were employed to plot XPS measured elemental
compositions following equations in work by Davis et al. ?® Determining the compositions can
be completed using the following equations.
x =K(Cy — Cp) Equation 5-1
y = 2KCp Equation 5-2
z=K(2C,—3Cy —5C,) =1—x—y  Equation 5-3

Relative compositions of aluminum (Al), phophorous (P), and oxygen (O) are shown by
C with the corresponding elemental subscript, and K is the normalization factor. Compositions

were then plot on surface behaviour diagrams as points (x,y, z).
5.2.3.4 SIMS

Depth profiles were obtained using a time of flight (ToF) SIMS IV instrument (ION-
TOF GmbH). Analysis was carried out using ToF-SIMS software where negative secondary
ion mass spectra were obtained. H”, C", and Al ion peaks were used to calibrate the mass
scale. CN", AlO", and TaO; ion spectra will be the primary focus of this study as these ions
were found to be the best representation of their respective regimes. Negative ion spectra was
collected for the detection of electronegative elements that contain a stable negative species,
and the type of protein did not need to be distinguished which can be done more easily with
positive spectra. 2% The CN- ion (m/z 26) spectrum was chosen to represent organic species
as it demonstrated the strongest signal of any ion originating from organics. Negative ions CN
and CNO- are linked to the poly(amide) protein backbone. *® AIO ions (m/z 43) demonstrated
the strongest signal of the aluminum oxides and were chosen to represent the porous alumina
region. In the unanodized control samples, the Al>" ion (m/z 54) was used to represent the bulk
aluminum. TaO;" ions (m/z 213) demonstrated the strongest signal of the tantalum oxides and
were chosen to represent the tantala barrier layer region. Any large momentary spikes in the
depth profile data during testing are due to beam current instabilities and were disregarded

during analysis.
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To compare depth profiles, ratios of signal intensity were taken as a form of
normalization. Each ion intensity was normalized to their respective scan’s AlO™ ion average
intensity to account for differences in each scan. Scan time is related to depth of the sample by
sputtering rate of the species but, as sputtering rate is not consistent across all species the
different regimes cannot be directly compared. The time scale for each spectrum was
normalized in a similar fashion to the intensities of each spectrum. The method used to
quantify the elastic regime of metals in stress-strain curves was adapted for this purpose. 3!
Each region was truncated in a systematic way using the linear portions of the ion spectra. A
line was drawn covering the linear portion of the data at either end of each regime. The
midpoint of these linear regions was then taken as the start or end point of their respective
regime. Each of these truncated regions were then expressed as a percentage of their scan’s

respective AlO™ region. This method sought to account for interface regions and best represent

the bulk of that region for further quantification.
5.2.3.5 Statistical Analysis

Independent two sample unpaired t-tests, one-way ANOVA, and Welch’s t-tests were
performed on values obtained from SIMS and XPS scans performed in triplicate to determine
statistical significance of the difference between the means of the different sets. A significance

level of 5% was used to determine statistical significance.

5.3 Results

Ellipsometry and SEM results in Table 5.1 highlight differences in the multilayer films

generated at 5 and 8 V.

Table 5.1. Ellipsometry and SEM data on the device structures formed with anodization at 5 and 8 Vin 0.4 M
phosphoric acid.

Parameter Anodization Potential Employed
5V 8V
MSE + SD 1.3 0.2 2.8 1.2
Alumina Thickness + SD (nm) 79.8 3.5 78.6 3.9
Tantala Thickness + SD (nm) 6.1 0.7 10.7 0.9

The percent alumina at the surface, indicated that there was 1.1 times the amount of

surface alumina in the 8§ V samples compared to the 5 V samples. Pore size of the 5 V and 8§ V
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anodized samples indicated a 34% increase in the 8 V samples. Pore diameter distributions are

shown in Figure 5.1 for thin films anodized at 5 V and 8 V respectively.
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Figure 5.1. Pore diameter distributions following oxidation at (A) 5 V and (B) 8 V respectively. Anodization
procedures both were carried out in 0.4 M phosphoric acid.

5.3.1 XPS
5.3.1.1 Phosphorous Content

Table 5.2 compares the phosphorous content of the samples in the form of P (2s)/Al (2p)
ratios. The P 2s peak was chosen as opposed to the P 2p peak, because the P 2p was displayed
in unanodized samples that had never been exposed to any form of phosphate or phosphorous.
In those sample spectrums the P 2s peak was not displayed and it was determined that an
aluminum plasmon loss peak was being expressed at the same binding energy of the P 2p

peak.
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Table 5.2. Summary of average P (2s)/Al (2p) ratios for unanodized, 5 V, and 8 V samples with exposure to no
protein, prothrombin for 15 minutes, and prothrombin followed by anti-prothrombin for 15 minutes each. (n=3)

P (2s)/Al (2p)

Protein Layers

Unanodized 5V 8V
None 0.0040.00 0.08+0.01 0.08+0.00
Prothrombin 0.00+£0.00 0.07+£0.00 0.09+0.03

Prothrombin &

. . 0.00+0.00 0.07+0.00 0.07+0.00
Anti-prothrombin

The low resolution XPS spectra are shown in Appendix 3. Anodized slides showed no
statistical difference between ratios of P/Al regardless of the device formation applied voltage

or the protein solutions exposed with a Welch’s test [F(5,4.727)=1.192, p=.431].
5.3.1.2 Surface Behavior Diagrams

Davis et al. showed that the application of surface behavior diagrams could help study
the hydration of aluminum anodized in phosphoric acid, among other surface structures. 28-32:33
Using these equations and the atomic composition data recorded from XPS analysis was
plotted on the proposed diagrams. Three data points from 5 V and 8 V samples are shown on
each of the tertiary diagrams in Figure 5.2. The 8 V data points showed higher consistency,
and overlap is apparent. The marks in Figure 2 (A) were triplicate samples from one wafer and

in Figure 2 (B) were triplicate samples from another wafer.
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z AHOH), AIOOH 273 z AI(OH) AIOOH 23

Figure 5.2. The 5 V (black +) and 8 V (red circle) anodized sample data plotted on tertiary surface chemistry
diagrams from (A) wafer 1 and (B) wafer 2. (n=3 for each diagram)

Equivalent amounts of AIPO4 were found in all films [t(10)=0.261, p=.800]. In both
wafers 8 V samples showed greater H>O [t(10)=2.430, p=.035] and lower ALOs [t(10)=2.539,
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p=.029] in comparison to 5 V samples. However, difference wafers showed shifts on the

diagram.
5.3.1.3 Nitrogen Content

To qualitatively evaluate binding of adsorbed proteins to the alumina, the N (1s)/Al (2p)
intensity ratio was used. This ratio was chosen as the nitrogen signal originates exclusively
from the protein layer and the aluminum signal was exclusively from the underlying alumina

layer. Table 5.3 shows ratios of N/Al for various samples.

Table 5.3. Summary of average N (1s)/Al (2p) ratios for unanodized, 5 V, and 8 V samples with exposure to no
protein, prothrombin for 15 minutes, and prothrombin followed by anti-prothrombin for 15 minutes each. (n=3)

. N (1s)/Al (2p)
Protein Layers -
Unanodized 5V 8V

None 0.00+0.00 0.00+0.00 0.10+0.07
Prothrombin 0.50+£0.01 0.23+0.01 0.28+0.04
Proth bin &

FOTrOMBIN & 14 1640.37 | 0.63+0.00 | 0.56+0.03
Anti-prothrombin

Ratios of N/Al for each sample were found to increase across all samples as the number
of protein layers increased. No significant difference resulted in the N/Al ratio between 5 and
8 V surfaces exposed to prothrombin [t(2.187)=1.710, p=.219] and prothrombin and anti-
prothrombin [t(2.001)=3.378, p=.078]. the unanodized samples showed greater ratios

regardless of the number of protein layers.
5.3.2  SIMS

SIMS allows for the investigation of the device structure and chemistry through the
depth of the sample. Figure 5.3 shows a typical SIMS scan of an unanodized control sample.
The large bulk aluminum region represented by the Al ion is clearly visible with the protein
signal at the very beginning of the scan represented by CN™ ions. A second alumina region
(AlO" ion) at the tantalum interface was present due to aluminum reducing the native tantala
(TaO; ion) that forms when transferring the sample between sputtering machines. 34-3¢ The
tantala (TaO; ion) from exposure to atmosphere between depositions is minimal as a result of

largely being reduced.
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Figure 5.3. Typical ToF-SIMS depth profile of a typical unanodized control sample exposed to prothrombin for 15

minutes. Insert shows the first 120 seconds of the same scan magnified.

Figure 5.4 shows a typical scan of an anodized sample that was not exposed to protein,

the insert showing the isolated CN" ion curve.
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Figure 5.4. ToF-SIMS depth profile of a sample anodized at 5 V with no subsequent protein exposure. Insert shows

the isolated and magnified CN ion curve.

In samples that were not exposed to protein solution a CN" ion signal was detected,

demonstrating a similar shape to the CN" ion spectrum of samples that were exposed to protein

solutions, although at significantly lower counts (<8.4%).
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Figure 5.5 shows a typical SIMS scan of an anodized sample with relevant regions and

designations of other important points on the CN™ curve (P1, P2, and P3) that will be

referenced.
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Figure 5.5. ToF-SIMS depth profile with regimes and important points labelled. Insert shows the first 120 seconds
of the same scan magnified. The sample was anodized at 5 V and exposed to prothrombin for 15 minutes.

There was a peak in all signals after the first 15 to 20 seconds in anodized samples,
denoted as P1 in Figure 5.5. The next peak of the CN" ion in the first 300 seconds of the scan,
denoted by P2 in Figure 5.5, represents the surface layer of protein. P3 in Figure 5.5 shows the
protein species within the pores. The large plateau of the AIO" ion represents the alumina bulk

and the peak of the TaO,™ ion represents the tantalum oxide barrier film.

5.3.2.1 Surface Ions

Other ions that showed the same general shape of spectra as the CN™ ion spectra were
the H (m/z 1), OH (m/z 17), and CNO™ (m/z 42) curves. A typical depth profile with these
four spectrums isolated is shown in Figure 5.6. The CNO" ion likely represents the same type
of materials that are detected by the CN" ion, with a lower sputtering probability than the CN-
ion. The CNO" ion was detected in similar proportions to the CN" ion both in samples that
were exposed to the protein solution as well as in samples that were not exposed to the
protein. The H" and OH" ions were demonstrated in similar proportions regardless of if

proteins were present or not.
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Figure 5.6. ToF-SIMS depth profile of a sample anodized at 5 V and exposed to prothrombin for 15 minutes. The
CN, H, OH, and CNO curves have been isolated to demonstrate their comparable trend.

5.3.2.2 Protein Depth

SIMS depth profiles of 5 V and 8 V samples that were exposed to prothrombin for 15

minutes are shown in Figure 5.7.
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Figure 5.7. ToF-SIMS depth profiles of a typical sample anodized at (A) 5 V with exposure to prothrombin for 15
minutes and a typical sample anodized at (B) 8 V and exposed to prothrombin for 15 minutes. Inserts show the first
120 seconds of their respective scans magnified.

On 5 and 8 V samples exposed to prothrombin, the strength of P2 showed no statistical
difference between the 5 V and 8 V samples, determined by an independent t-test [t(4)=0.239,
(p=.822)]. However, there was a statistical difference between the strength [t(4)=5.329,
(p=.006)] and depth of protein penetration [t(4)=3.349, (p=.029)] in the 5 V samples and 8§ V
samples based on the P3 region of the CN" signal.
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5.4 Discussion

54.1 XPS
5.4.1.1 Phosphorous Content

The phosphorous composition in the surface alumina film was investigated, as
anodization in phosphoric acid allows for integration of phosphate anions into the porous
anodic alumina. The phosphate incorporation from electrolyte creates a film that is resistant to
hydration and relatively inert in aqueous environments. *’** Changes in the stability of these
films, whether anodized at 5 V and 8 V, could influence the protein adsorption that results.
Typically, porous films grown in phosphoric acid have been reported to contain 6-8 wt.%

phosphate, 27-3940

yet further increasing the phosphate content in the alumina may increase
film stability. There was no statistical difference between the P/Al ratios for films oxidized at
5 or 8 V regardless of the number of protein layers exposed to the surface (p=.431). This data
was a good indication that the oxidation procedure carried out in phosphoric acid electrolyte
had a consistent effect on the phosphorous content of the top ~10 nm of the anodized slides.
Techniques that are capable of analyzing deeper into the alumina films may reveal

differences.
5.4.1.2 Surface Behavior Diagrams

Changes in composition of the 5 and 8 V slides, as well as between different wafers,
were determined from surface behaviour diagrams. The 5 V samples showed no significant
difference across the two sets of wafers, whereas the 8 V samples showed a significant
difference. The difference illustrates the importance of the storage and handling procedures.
The only difference between each wafer was when they were prepared, and the time between
when they were prepared and tested. Tertiary diagrams in Figure 5.2 showed no statistical
difference in the percentage of AIPOs, with values were between 7.5 and 11% across all
samples (p=.800). Studies by Davis et al., showed AIPO4 compositions with anodization in 10
wt.% phosphoric acid at 10 V generated films with ~20% AIPO4 and rinsing post-anodization
samples with acetone instead of water showed ~53%.%® Tt is expected that an increase in the
presence of AIPO4 on or within Al2O3 will help stabilize the surface, as the AIPO4 phase

prevents a change in microstructure due to surface hydration. 2837384142 Increased surface
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stability will likely allow for the product to have a longer shelf life and may influence protein
adsorption.

The 5 V and the 8 V samples showed averages of 34.0% and 40.7% H»O respectively
(p=.035). It is important to understand that the H>O content depicted in the surface behavior
diagrams is not present exclusively as H>O but reflects the overall hydration of the surface.
This hydration can be present as H>O or as an aluminum hydroxide (i.e. bayerite (Al(OH)3) or
boehmite (AIOOH)). The composition of H>O increases at the expense of the measured
composition of Al,Os. A difference was also measured in AlO3 between the 5 V and 8 V
samples (p=.029). Composition changes in the probed surface area could be due to the
increased presence of oxygen resulting from the increase in surface alumina in the 8 V sample
or some effects introduced by the change in microstructure. With low levels of phosphate, the
alumina is exposed and becomes hydrated, and thus less underlying alumina is detected with
XPS. Another reason supporting why increasing the phosphate content would result in greater

surface reproducibility and stability.
5.4.1.3 Nitrogen Content

Ratios of N/Al for each sample increased as the number of protein layers increase, and
values were higher on the unanodized surface. The majority of the nitrogen content was
expected to be from the protein species. The N/Al noted when comparing unanodized to
anodized samples showed a decrease. The anodized surfaces appear to impede the ideal,
organized binding that occurred on the planar unanodized surfaces. However, it is difficult to
compare these structures based on XPS data, as the aluminum changes structure and density
and the probing distance is likely altered as a result.

There was no statistical difference between the N/Al ratios for the 8 V sample with
prothrombin compared to the 5 V sample with prothrombin (p=.219) or prothrombin and anti-
prothrombin layers (p=.078). An increase in the absolute N/Al ratio with complex formation is
favorable for the device, as an increase in available antigen on the surface would allow for an
increase in the anti-prothrombin binding and the limit of detection. This variation in
comparative N/Al ratios indicates that no difference exists between 5 V and 8 V samples with
a prothrombin or prothrombin and anti-prothrombin layers on the device surface. This

supports that no difference in prothrombin binding orientation or efficiency exists between the
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5 and 8 V samples, however with a greater change in the surface area, steric hindrance could
limit the complex formation when exposed.

The unanodized sample with a protein complex, prothrombin and anti-prothrombin, as
well as the 8 V sample with no protein layers showed a greater relative variance than other
samples, likely due to surface contamination. XPS is a highly sensitive technique so any form

of contamination will be magnified compared to other analytical techniques.

5.4.2  SIMS
5.4.2.1 Surface Ions and Surface Hydration

It stands to reason that the shape of H, OH", CN", and CNO" ions maybe indicative of
the microstructure in some way. A combination of the proposed protein penetration effects as
well as species implantation during sputtering is a possible explanation. Species implantation
during the sputtering process of a porous film is known to occur and would cause the
continual decline observed throughout the P3 region, adding further explanation to this spectra
shape.

H- and OH" ions demonstrate a peak at the tantalum interface, another region which was
likely hydrated during exposure to atmosphere before the aluminum layer was sputtered. The
H- fragment is easily created during SIMS, as the protein contains hydrogen as well as the
surface alumina that is hydrated prior to exposure to the ultra-high vacuum system for
analysis. Only the physisorbed hydrogen would be removed from the surface by the vacuum,
while any chemisorbed hydrogen would require stronger forces to fragmentize. Similarly, the
hydroxides are integrated into the portion of the alumina that forms close to the electrolyte.

It is assumed that all of these ions are located mainly at the exposed alumina interfaces
through hydration or electrolyte integration of these species, and that the spectra curve shape
was indicative of a material that lines the pore walls. This would provide further explanation
of the CN- and CNO" curve shapes. A more precise measure of aluminum hydration would be
the AIOH" ion but unfortunately the m/z ratio of AIOH" is 43.99 is essentially identical to the
m/z ratio of COOr, which is 44.01. There showed significant broadening of the signal at this

mass ratio and so it was deemed an unviable method to quantify hydration.
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5.4.2.2 Protein Depth Penetration

SIMS data demonstrates where proteins sit in regard to the aluminum or alumina layer.
Taking the CN ion as the indicator of protein showed that on unanodized control samples,
with a non-porous native alumina, the protein species does not penetrate into the surface film.
On alumina layers (see Figure 5.5) the first peak, denoted P1, can be explained by the fact that
there is a significant structure change from a semi-dense monolayer of protein on the alumina
surface to a highly porous structure at the time of P1. Furthermore, the early stages of a SIMS
profile often exhibit such matrix effects as it is considered a pre-equilibrium period. 43
Whereas, the main surface peak (P2) in the CN" ion shows a large quantity of prothrombin
was built up at the surface and the P3 region showed penetration into the porous alumina
structure occurred. Depth of the protein within the anodic alumina layer changed depending
on the applied potential.

The intensity of the CN" signal decreases by 50 to 65% across all samples when
comparing P2 to P3. The CN" ion signal at P3 penetrated the porous alumina 21.7% more and
P3 was 19.7% stronger in the 5 V samples compared to the 8 V samples. The increased
amount of protein within the pores of the 5 V samples demonstrates alterations between the 5
V and 8 V devices, and interactions with the exposed protein solutions. Consistency and
minimization of protein penetration are essential to maintain sensitivity of the device.
Prothrombin in the pores may provide inconsistent binding sites for the analyte as well as
increase the effective refractive index of the alumina layer contributing to scatter in the
system.

The CN- ion spectrum was representative of a non-specific organic species and therefore
it cannot be determined whether intact prothrombin detected at the surface differs in structure
from proteins detected within the bulk. Alumina has demonstrated catalytic properties towards
adsorbed proteins (see Chapter 9 Introduction). Should prothrombin contact the alumina
surface in a way that prevents the glutamic acid residues from securely binding and protecting
the protein from degradation, other regions of the protein may be degraded. Fragments of
denatured protein may fall into the pores by diffusion and generate the CN" ion signal in the
bulk of the sample. It is possible that with smaller pores in the surface formed at 5 V,

fragment 1 of prothrombin binds to the alumina and positions the molecule perpendicular to
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the pore wall, allowing the molecule to reach the other side of the pore and be degraded (see
Figure 5.1). The increased occurrence of proteins spanning the pore could translate to more
organic-based fragments being created and therefore an increase in the CN™ ion signal
penetrating the bulk of the alumina.

The size of the protein molecules further supports this idea. A prothrombin molecule is
11 nm long and 4.5 nm wide at its widest point. * If there were whole prothrombin molecules
located within the pores, one would expect a reduction in pore size to reduce the penetration
of the CN" ion signal. With an average pore diameter of 23.9+9.3 nm in the 8 V samples a
single prothrombin molecule cannot block the entire pore and prevent other molecules from
entering. With an average pore diameter of 17.946.7 nm in the 5 V samples, should a single
prothrombin molecule bind normal to the wall of the pore, other prothrombin molecules
would have great difficulty in being able to enter. This fact would reduce the probability that
protein could enter the pores and result in a decline of the CN" ion counts near the alumina
surface however, this was not the case. Furthermore, it is possible that the higher porosity of
surface alumina in the 5 V samples allowed for the SIMS sputter process to push protein
molecules or fragments into the pores more easily.

Additional observations are apparent in the SIMS scans regarding the differences in
tantalum structures of the 5 and 8 V samples. The TaO;" ion peak was more prominent in the 8
V samples compared to the 5 V samples which was consistent with the tantalum oxide barrier
layer growing at a rate between 1.6 to 1.8 nm/V, **7 and larger diameter pores in the 8 V
samples will allow for more exposed tantalum hillocks to grow into the bottom of the alumina

structure.

5.5 Future Work

Repeating XPS and SIMS work with lower prothrombin concentrations may generate
less protein penetration into the alumina film. Base on the radiolabelled work conducted in
Chapter 9 it was determine that a monolayer of prothrombin forms on the surface with
exposing a solution of ~0.2 mg/ml for 15 minutes.

Furthermore, different SIMS scan parameters could be used in attempts to confirm
protein location with greater accuracy. Numerous studies used positive spectra detection as

well as different sputtering and probing molecules for analysing protein-surface interactions.
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29304849 Different charge neutralization during the measurement process can be used with
insulating substrates, 3 and the use of Bi;* primary ions for analysis of complex surfaces has
Yy

shown improvement over Ga* and Cs* primary ion sources.*

5.6 Conclusions

Subsequent to device fabrication, biologics were exposed to the porous anodic alumina
surfaces leading to adsorption and penetration into the pores of the thin film. Anodization at
potentiostatic voltages of 5 V and 8 V led to changes in the average pore diameter and the
porosity. Exposing protein layers for 15 minutes, first prothrombin and in some cases a second
layer of anti-prothrombin, created notable differences in the XPS and SIMS data, investigating
both surface adsorption and penetration. The following conclusions were made.

1. Surface behavior diagrams and XPS data determined that the storage and
handling of samples have a noticeable impact on their surface chemistry.

2. N/Al ratios showed with no difference with prothrombin incubation on 5 and 8
V films. The same result was found for anti-prothrombin incubation.

3. The surface protein in the alumina layer, measured by the P2 peak, showed no
difference in strength between the 5 and 8 V samples.

4. AIPO4 content was constant in all samples with between 7.5 and 11%. Samples
oxidized at 8 V showed greater H>O content and lower Al>O3 compared to the
5 V sample.

5. The phosphoric acid electrolyte had a consistent effect on the phosphorous
content of the slide surface probed with XPS between films created at 5 and 8 V.

6. Investigation of SIMS data for H, OH", CN", and CNOr ion signals support that
the shape of the depth profile curves may be indicative of the porous nature of
the samples.

7. Devices created at 5 V showed greater protein penetration within the alumina
layer. SIMS systematic quantification methods showed an increase in the protein
signal by 21.7% in depth penetration and 19.7% in intensity in the 5 V samples

over the 8 V samples.
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The investigation of protein interaction on porous alumina structures anodized at 5 V
and 8 V will contribute to future analysis and understanding. The 8 V samples showed less
protein diffusion into the pores and will be used for future tests. This technique used to

measure protein depth in porous films may be useful in other adsorption-based studies.
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Chapter 6 — Point-of-Care Detection Platform Using Tunable Anodic Alumina Surfaces!
6.1  Introduction

The current clinical laboratory testing paradigm is based primarily on ELISA testing
protocols with biomarker assessments in heart disease, !> cancer, ** and infectious disease™®
forming the bulk of testing. Thus, biomarker testing typically involves hospital laboratory
facilities. Rapid or “STAT” testing typically requires extensive resources invested into
specialized device readers or to transport specimens for centralized processing. Thus cost,
time, and complexity remain substantial barriers to testing protocols for front-line physicians
or emergency personnel. Home tests for diabetes or coagulation disorders have similar barriers
and as a consequence, systematic reviews and evidence-based assessments reveal that the
impact of these testing protocols on clinical decision-making is limited. °-'2 The need for
point-of-care testing continues to grow. For example, the prevalence of anticoagulation in
general population has increased dramatically over the past decade. !> Rapid home testing
would be a significant advance in the treatment of these patients that need to make routine
trips to and from specialist clinics or laboratory facilities to follow their coagulation status.!?

Langmuir and Schaefer!* first reported the adsorption of proteins from a solution
through the production of light interference. The device consisted of a reflective substrate, and
a single film of barium stearate along with an antibody layer that created light interference.
Succeeding this, Rothen and Landsteiner!> developed a device using a similar technique
comprised of different materials. However, both experienced limitations with regards to
colour contrast and glancing angles. The roadblock of glancing angle was overcome in the

1970’s through patents published by Giaever (1974, 1975, and 1976) that reduced the

A version of this chapter has been submitted to the Journal of Thin Solid Films. Sweet,
HM, Burrell RE, Moxham K, Nickel M, McMullen T. Characterization of Thin Anodic
Tantala-Alumina Films for a Protein Detection Platform.
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substrate reflection. His first patent used a method to produce voids in a thin film where
adsorption of large biological particles to the antibody-coated substrate had occurred.
Subsequent variations utilized different surfaces, but the synthesis of these devices was
complex, and difficult to reproduce. The problem of glancing angle was overcome but the
contrast of the interference remained weak.

The patent by Burrell et al. !¢ helped solve the sensitivity problem with earlier thin film
diagnostic platforms by using a porous anodic alumina layer on tantalum. The aluminum
oxide layer minimized light scattering and differences in the refractive index between the
aluminum oxide and adsorbed protein layer to produce highly sensitive thin films. These thin
film devices have detected protein in the nanomolar range in as little as 5 min. !” With
improved knowledge in the field of anodization, also known as oxidation, the resulting porous
alumina layer is tunable. The main governing factors, specific to thin alumina films, include

18-21 strength (i.e., concentration or pH), 2224 temperature, 2!*2% and

the electrolyte type,
applied voltage. 18-20-2224.2627 See Chapter 4 for details. These parameters control the porosity
through pore diameter and pore wall thickness, 28 and ultimately the refractive indices. Further
tuning of the porous alumina can be achieved based on the applied anodization cycle
conditions, 2% pre-treatment, 2%?° and post-treatment, ! but was not examined during this
work as it was not necessary for device detection. Future work may investigate these
processes.

We propose and derive a tunable thin film platform suitable as a point-of-care
diagnostic for detecting protein-protein, and peptide-protein complexes. The technology
allows for visible interference colour shifts through changes in the OPL of light, a product of
the refractive index and physical path length. We examine how the initial aluminum thickness
and oxidation process generate different alumina nanostructures. The process variables affect
end components of thickness, porosity, and refractive index. Understanding these changes in
the structural components allow the surface to be tuned for visible analysis of various proteins,
while ensuring that the resulting color shifts are in regions of first and second order
interference for high sensitivity.

To create a thin film diagnostic capable of use with many different proteins and under
varying conditions, we also documented a novel protein immobilization methodology suited

to the highly reactive environment of aluminum oxide surfaces. 32 In the list of anions that
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react with alumina in water, formate is observed to have a high affinity towards alumina,
which is analogous to carboxyl groups under a pH which deprotonates the aspartic acid and
glutamic acid groups. **-* We characterize this system by examining the hydrated surface
alumina that securely binds vitamin K dependent proteins, such as prothrombin, likely through
an esterification reaction. Prothrombin, a three-domain protein of 72 kDa contains Fragment

1, Fragment 2, and thrombin. Fragment 1 contains 10 gamma-carboxyglutamic acid residues
in the first 33 amino acids®> These 20 carboxyl groups have a high binding affinity for

36-38 and govern the orientation of binding on the surface.

alumina

Since sensitivity and specificity can be optimized for individual proteins and test
purposes, we demonstrate that the device is tunable using the example of a coagulation
protein, prothrombin, using an antigen-antibody complex on our hydrated alumina surface.
We demonstrate that aluminum deposition and the oxidation process influence the initial
device surface and the colour changes with immobilizing prothrombin and anti-prothrombin
on the surface. These experiments demonstrate the utility of a tunable thin film device to

perform point-of-care testing for antigen-antibody complexes.

6.2 Materials and Methods

6.2.1  Thin Film Deposition

Unprocessed silicon wafer substrates 100 mm in diameter (University Wafer, South
Boston, MA) were cleaned in a piranha solution (J.T. Baker, Center Valley, PA). Wafers were
dried using nitrogen gas in a spin rinse dryer and coated using planar magnetron sputtering
systems. A tantalum target of 99.95% purity and aluminum target of 99.9995% purity were
used (Kurt J. Lesker Company, Jefferson Hills, PA). Tantalum deposition was at constant
power with a power density of 1.54 W/cm? or 6.6 W/cm? with an argon pressure between 7
and 10 mTorr. Aluminum deposition was at constant power with a power density of 6.6
W/cm? and an argon pressure of 7 mTorr. A tantalum layer of ~200 nm was sputtered and
above subsequent aluminum layers between 20 and 150 nm on different substrates. Tantalum
and aluminum film uniformities were 13 and 2.4% respectively. Tantalum was sputtered, and
the substrates were switched to a different sputter system, exposing them to atmosphere, prior

to aluminum deposition.
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6.2.2 Thin Film Oxidation

Wafers were cleaved into pieces ~6.3x1.3 cm and one-step anodization was carried out
at 8 V under potentiostatic conditions. The anode, sputtered layers to be oxidized, and
cathode, aluminum foil, were kept parallel to one another with 4 cm of separation. The
electrolyte consisted of 0.4 M phosphoric acid, at room temperature (21£2°C). See Chapter 3
for additional details.

Devices at three critical stages were constructed, depicted in Figure 6.1. Stage a, was
carried out until the aluminum was fully converted to a porous alumina layer and the current
density plateau, that results with pore formation, undergoes a rapid decline to >0.1 mA/cm?.
Following pore formation, the tantalum oxide barrier layer forms causing a decline in current
density. Anodization for stage b was halted when ~87% of the tantala thickness (compared to
the thickness at stage ¢) had formed and a current density of <0.07 mA/cm? was reached.

Lastly, stage c, was anodized for a constant period of 15 minutes.

(1)

stage a stage b stage ¢
I

Current Density (mA/cm?)

3)

Time (s)

—
[y
—

Tantala film

Ta film
Si substrate Si substrate

Ta film
Si substrate

Figure 6.1. Shows a typical anodization current density versus time plot with critical stages labelled (top) along
with cross-sections of the devices at these stages (bottom). Formation consists of (1) as sputtered, (2) after
anodization at 8 V in 0.4 M phosphoric acid until the end of pore formation - stage a, and (3) oxidation until the
majority of tantala formed or a period of 900 seconds - stage b/stage c.
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623 SEM

FE SEM images were taken using a through-the-lens detector. An accelerating voltage
of 3 or 4 keV was used with apertures of 15 or 20 um for alumina and aluminum, respectively.
All SEM images were collected under vacuum conditions on prepared samples with a pixel
dwell time of 64 ps, and a probe current of 35 pA. Images were captured of the surface and
average pore diameters and cross-sectional thicknesses measured. ImageJ (National Institutes
of Health, Bethesda, MD, https://imagej.nih.gov/ij/) was used for collecting measurements.
Average pore diameters were extracted from pores measurements along three horizontal and

three vertical lines (n=3).
6.2.4  Ellipsometry

Variable angle spectroscopic ellipsometer (M-2000V) was used to analyze the optical
constants, porosity, and thicknesses of the thin film layers. Models were built using a bottom
up approach on the CompleteEASE® software (J. A. Woollam Co., Inc, Lincoln, NE). The
base layer in the model is an optically thick 200 nm tantalum layer with an overlying barrier
tantalum pentoxide (Ta20s) and porous alumina (Al>O3) layer formed during the anodization
process.

Scans were conducted with incident light from 370 to 700 nm between 45 and 75° at
10° intervals. Standard data was fit to a model comprised of a B-spline layer for the tantalum
metal, a Cauchy layer for the tantala, and an anisotropic Bruggeman EMA layer for the porous
alumina. The EMA layer was fit with depolarization factors of 0 for the z axis and 0.5 for the
x-y split axis, which correlate with a porous columnar structure. The refractive index values
were recorded in the x-y plane. Alumina and tantala thickness values were fit along with the
percent void in the EMA to generate optical constants of each layer. No improvements in
MSE occurred while using an EMA layer to model the surface roughness, and scans to

confirm that depolarization during examination of the porous alumina layer were negligible.
6.2.5  Adsorption of Biologics

A hydrophobic outline of 1 cm diameter circles were created for each test using a
Sharpie® marker. Purified human prothrombin in 20 mM Tris-HCI, 0.1 M NaCl buffer at pH
7.4, (ACOA, Aniara, West Chester, OH) was pipetted onto the surface within the constant
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area. Volumes consisted of 20 pl at 1 mg/ml and were left for 15 minutes at room temperature
in a 100% relative humidity environment, to minimize evaporation. The solution was then
removed with a pipette, and the slide was rinsed thoroughly with deionized water. The affinity
purified anti-human prothrombin (sheep) in 10 mM HEPES, 150 mM NacCl, and 50% (v/v)
glycerol (ACOA, Aniara, West Chester, OH) was dialyzed in phosphate buffered saline at pH
7.4. Anti-prothrombin was pipetted onto areas with prothrombin and directly onto the surface
as a control. Solutions consisted of 20 pl at 100 pg/ml and were exposed for 15 minutes.
Excess protein was removed with a pipette and the surface rinsed with deionized water and
dried.

As controls for non-specific binding, 3 IgG antibodies were exposed to the device
surface, previously coated in prothrombin. Anti-PDGFR-a (C-20) affinity purified rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-thyroid transcription
factor (TTF)-1 (8G7G3/1) mouse monoclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), and anti-rubella mouse monoclonal antibody (specific for E1) (Millipore
Corporation, Temecula, CA) were exposed to the device surface for 15 minutes using the

same procedure as described above. All solutions were at 200 pg/ml in PBS.
6.2.6  Visible Interference Colour Detection

Colour shifts were observable by eye with a polarizing film to eliminate p-polarized
light off the device surface and viewed at an incidence angle of 75° to generate the strongest
colour contrast. Raw images were captured to obtain colour coordinates. To obtain luminance-
chrominance Yxy coordinates for quantification of the surface colours, the same conditions
were used as viewing by eye and images were captured using a camera. Images were uploaded
to a colour coordinate generating software
(http://www.ginifab.com/feeds/pms/pms_color in_image.php &
http://colormine.org/convert/rgb-to-yxy) and coordinates were averaged over five consistent
positions for each protein spot (n=3). The bare surface was averaged over four values around

the exterior of each protein spot (n=9).
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6.2.7  Statistical Analysis

When conditions of random sample representation of the population, homogeneity of
variance, and nearly normal distributions were met, a one-way ANOVA test was run. In cases
where variances were not equal a Welch’s t-test test was run. The respective post hoc tests
were completed to determine which groups were different. A 5% level of significance was

used for all tests.

6.3 Results

6.3.1  Aluminum Thin Film Deposition and Oxidation

We created thin film templates with aluminum and tantalum sputtered on a substrate
that were then subjected to anodization analyzed at three stages as shown in Figure 6.1. The
anodization process was started from four different initial aluminum thicknesses; 78+2.2,
95+1.9, 11542.8, and 149+3.1 nm. For each starting thickness, the pore size during
anodization was followed with representative SEM images outlined in Figure 6.2 for the three
stages of anodization. The mean pore size for each stage of formation (a, b, and c) was
quantified in Figure 6.3. In all cases, the pore diameter increases with anodization length of

time.
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Figure 6.2. SEM images of porous alumina surfaces from four initial aluminum thicknesses. Anodization was
conducted at 8 V'in 0.4 M phosphoric acid until stage a, b, and c.
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Figure 6.3. Mean pore diameters at the alumina surface from four sputtered aluminum thicknesses.

The mean pore diameters at each anodization stage for one aluminum thickness were
found to be significantly different regardless of the thickness (p=.000). When comparing the
pore diameters of all four aluminum thicknesses anodized to stage a (p=.129) or b (p=471),
no significant differences were documented. When anodized to stage c there was a significant
difference between the pore size of all devices (p<.017) except between those with aluminum

layers of 78 and 95 (p=.149) as well as 95 and 115 nm (p=.859). While the overall mean pore
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size increased with anodization time, the overall distribution about the mean was similar for

each of the four starting films as shown in Figure 6.4.
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Figure 6.4. Frequency of pore diameter resulting from devices with four initial aluminum thicknesses following
anodization at 8 V'in 0.4 M phosphoric acid. Plots are shown from top to bottom for anodization to stage a, b, and
c respectively.

6.3.2  Variable Angle Spectroscopic Ellipsometry

Ellipsometry from wavelengths 370 to 700 nm provided refractive indices for thin film

devices when anodized to stages b and ¢, shown in Figure 6.5.
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Figure 6.5. Optical constants in the xy plane for devices with different initial aluminum thicknesses anodized until
stage b or ¢ are shown at wavelengths of 370 and 700 nm. Extinction coefficients were zero.

A decrease in the refractive index was observed for anodization to stage b with
increasing aluminum thickness. Aluminum depositions of ~75 and ~145 nm showed
significant differences in the resulting refractive index values between anodization to stage b
and stage ¢ (p<.05 and p<.001, respectively). See Table 6.1 for details. Aluminum of ~95 and
~115 nm anodized to stage b resulted in refractive indices that showed no statistical
significance, (p=.537) whereas all other combinations of thicknesses anodized to stage b
showed refractive indices that were statistically significant (p<.05). At stage ¢ for all
thicknesses no significant differences were found between the refractive indices (p=.959).
Table 6.1 shows the statistical analysis results of the effect on alumina refractive indices with

anodization to stage b and ¢ with the same initial sputtered aluminum.

Table 6.1. Statistical analysis comparing the effect of anodization stage on the alumina layer refractive index.

(n=3)

Anodization Aluminum Thickness, and p Values
Stage Mean Refractive Index (Independent t-test)
stage b 70 nm, 1.423+0.012
t(4)=4.47, p<.05
stage c 78 nm, 1.290+0.050
stage b 95 nm, 1.342+0.004
t(2.04)=2.37, p>.1
stage c 95 nm, 1.287+0.040
stage b 120 nm, 1.337+0.002
t(2.03)=2.44, p>.1
stage c 115 nm, 1.300+0.026
stage b 145 nm, 1.327+0.003 {(4)=11.18, p<.001
stage ¢ 149 nm, 1.287+0.006 TS P
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Figure 6.6. Optical constants in the xy plane for devices with initial aluminum thicknesses from ~20 to 150 nm,
anodized until stage b are shown at wavelengths of 370 and 700 nm. Letters shown above markers categorizes
statistically significant mean values. Extinction coefficients were zero.

Letters above markers in Figure 6.6 show significant differences between the mean
refractive index values of alumina films. Slides with 36 and 60 nm, 86 and 111 nm, and
135 nm alumina generate layers with the same refractive index values. The refractive index of
slides with 14 nm alumina films were included in the mean of all groups, likely due to the
large variability shown at low aluminum thicknesses. The statistical analysis for the effect of
alumina thickness on the resulting alumina refractive index with anodization to stage b is

shown in Table 6.2.
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Table 6.2. Statistical analysis comparing the effect of alumina thickness on the alumina layer refractive index at
370 nm anodized to stage b. (Welch’s t-test, F((5,5.35)=57.65, p=.000) (n=3)

Alumina Thickness, Sales [l

Slide Mean Refractive Index, Vs. Slide t-test, p<.001)
and Mean Category
14 nm
1 1.581+0.065 2to6 [p>.05
ABC
36 nm
3 p>.5
2 1.433i0.012 4t06 |p<015
60 nm
3 1.42340.012 4to6 |p<.015
A
86 nm
4 1.34240.004 S L
6 p<.05
B
111 nm
5 1.337+0.002 6 p<.05
B
135 nm
6 1.327+0.003
C

Ellipsometry was used to assess how the alumina thickness changes with anodization as
well as quantify the formation of the tantala layer (see Figure 6.7). It was observed that the
alumina film thickness decreases the most with the 78 nm aluminum film, with progressively
smaller changes as the starting thickness increases. The tantala layer formation is generally
uniform (around 12 nm) for all starting conditions and was primarily completed by

anodization to stage b (see Figure 6.7).
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Figure 6.7. Alumina and tantala thicknesses following anodization at 8 V in 0.4 M stirred phosphoric acid until
stage a, b, and c. Sputtered aluminum thicknesses were 78, 95, 115, and 149 nm.

Figure 6.8 compares differences in alumina thicknesses measured with ellipsometry and

SEM techniques after anodization to stages a and b.
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Figure 6.8. A comparison of alumina thicknesses with oxidation to stage a and b of formation, measured with
ellipsometry and SEM techniques. Separate tests were carried out for each of the four initial aluminum thicknesses.
Letters shown above bars categorizes statistically significant means.

Variations in the sputtered aluminum thickness and anodization time altered the
resulting alumina film thickness. Statistically significant means are shown with different
letters above bars in Figure 6.8. One-way ANOVA or Welch’s t-tests were complete on the
alumina thicknesses measured from the four aluminum thicknesses depending on results of the
Levene’s tests (78 nm Al one-way ANOVA results [F(3,22)=11.967, p=.000]; 95 nm Al
Welch’s t-test results [F(3, 8.541)=350.625, p=.000]; 115 nm Al Welch’s t-test results [F(3,
7.606)=34.168, p=.000]; 149 nm Al Welch’s t-test results [F(3, 9.609)=158.707, p=.000)].

Statistical analysis results are shown in Table 6.3.
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Table 6.3. Statistical analysis comparing the effect of the measurement technique (SEM or variable angle
spectroscopic ellipsometry (VASE)) used to obtain the alumina thicknesses with anodization to stage a and b.
Separate tests were carried out for each of the four different initial aluminum films. (n=3)

Aluminum Thickness Anodization Stage and Ve T p Values (Welch's
and Measurement Tool | Alumina Thickness + SD (nm) s 1es t-test or ANOVA*)
SEM, stage b p>.5
Stage a, 61.08 + 3.82 VASE, stage a p<.001
78 nm, SEM* VASE, stage b p>.9
Stage b, 58.86 4,00 | ASE stagea p<.001
VASE, stage b p>.9
78 nm, VASE* Stage a, 74.14 +1.79 VASE, stage b p<.01
Stage b, 60.67 + 0.64
SEM, stage b p>.7
Stage a, 83.24 +4.63 VASE, stage a p=.000
95 nm, SEM VASE, stage b p<.05
Stage b, 81.22 +5.18 VASE, stage a p<.001
VASE, stage b p>.4
95 nm, VASE Stage a, 94.16 £ 0.23 VASE, stage b p<.005
Stage b, 78.40 + 0.62
SEM, stage b p>.9
Stage a, 100.48+7.5 VASE, stage a p<.01
115 nm, SEM VASE, stage b p>.1
Stageb, 101.8+4.91 | /ASE stagea p<.005
VASE, stage b p>.05
115 nm, VASE Stage a, 110.22 £ 0.50 VASE, stage b p<.05
Stage b, 93.74 +2.51
SEM, stage b p>.6
Stage a, 130.88 + 6.04 VASE, stage a p<.001
149 nm, SEM VASE, stage b p>.6
Stageb, 133.73+593  |VASE stagea p<.001
VASE, stage b p>.9
149nm, VASE Stage a, 146.29 £ 0.71 VASE, stage b p<.001
Stage b, 133.01 + 0.39

6.3.3  Alumina Etch Rates and Tantala Growth Rates

The alumina etch rates and tantala growth rates at each stage of anodization were

calculated using SEM profiles and ellipsometry scans.
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Figure 6.9. Alumina surface pore diameter etch rates (A) and tantala growth rates (B) at each stage of anodization.
Rates are shown for all initial aluminum thicknesses and anodized at 8 V in 0.4 M phosphoric acid until stage a,
b, and c. Rates were shown from the start of oxidation to stage a, from stage a to stage b, and from stage b to stage

c.

A reduction in the alumina thickness occurs at an average rate of 3.83+0.4 nm/min from
the start of anodization to stage a, from stage a to b the alumina thickness shows no significant
difference, (p>.574) and from stage b to c the etching occurs at an average rate of 0.5+0.2
nm/min. The alumina pores (see Figure 6.9A) from stage a to b were etched at 0.6+0.41
nm/min, which decreases slightly after stage b etching at an average rate of 0.4+0.15 nm/min
from stage b to c. The tantala film growth rate was altered based on the current density
applied, or the stage of anodization shown in Figure 6.9B. Oxidation to stages b and c creates
tantala film thicknesses of 12.8+2.1nm and 14.8+2.5 nm, hence anodization to stage b results
in ~87% of the total tantala thickness achieved in stage c. The average growth rate of tantala
decreased from 5.1+1.1 nm/min to 0.3+0.1 nm/min after stage b with a drop in current density

to <7.4% of the plateau value during pore formation.
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6.3.4  Visible Interference Colour Detection

Visible colours were used to determine when tuning of the alumina layer was optimal.
Thin films showed colour contrast after exposing prothrombin and anti-prothrombin solutions
to the device surfaces. The antibody was placed on the device surfaces as a negative control;
these spots were not visible. Devices with protein exposed to the surface are shown in Figure
6.10 with colour coordinates listed in Table 6.4. Images were captured through a polarizing
film to optimize interference. Control non-specific antibodies showed no visual colour change

after being exposed to the prothrombin coated surface for 15 minutes.

Initial Al
Thickness of
78 nm
95 nm
— .
115 nm
[
— /
149 nm
AP P P/AP| AP P P/AP| AP P P/AP

stage a stage b stage c

Figure 6.10. Interference colours of films after protein exposure. Initial aluminum thicknesses are shown to the
left of images and stages of oxidation as well as the protein solution exposed are shown at the bottom of the image.
Solutions consist of prothrombin (P) and anti-prothrombin (AP). The images were taken at 75 degrees from normal.
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Table 6.4. Visible colours and Yxy coordinates from the surface of anodized slides prior to and following protein
immobilization. Three different initial aluminum thicknesses were deposited and anodized at 8 V in 0.4 M
phosphoric acid until stage a, b, and c.

Stage of | Alumina Surface Initial Al of 78 nm Initial Al of 95 nm Initial Al of 115 nm Initial Al of 149 nm
Formation Composition Colour Coordinates (Yxy) Colour Coordinates (Yxy) Colour Coordinates (Yxy) Colour Coordinates (Yxy)
a light tan 91.99,0.32,0.34 |light yellow-tan  87.81,0.35,0.37 [strong tan 79.97,0.36,0.38 |light purple 53.12,0.26,0.26
Anodized Alumina
b surface yellow-tan 76.38,0.37,0.39 |gold 49.61,0.47,0.45 |orange 36.14, 0.45,0.37 |royal blue 33.88,0.21,0.21
c tan 83.66, 0.34,0.36 |yellow 72.52,0.38,0.40 |gold-yellow 50.29,0.42,0.43 |red-purple 20.55,0.29, 0.20
a light tan 90.03,0.33,0.35 |[light yellow 82.34,0.37,0.40 |lightred 71.49,0.34,0.37 |cyan 71.12,0.25,0.30
b Prothrombin yellow-tan 68.77,0.41,0.42 |orange-brown 30.26,0.52,0.39 |purple 22.39,0.28,0.26 |[cyan 59.96, 0.23, 0.28
c tan 77.48,0.36,0.38 |yellow-brown 58.40, 0.45,0.45 |magenta 19.48,0.38,0.23 |royal blue 39.34,0.21,0.23
a light tan 90.22,0.33,0.36 |light-tan 77.42,0.38,0.40 |light purple 66.06, 0.34,0.35 |cyan 73.39,0.25,0.31
Prothrombin &
b Antiprothrombin brown-tan 58.92,0.43,0.44 |magenta 25.48,0.49,0.33 |violet-blue 25.70,0.25,0.20 |light cyan 66.72,0.24,0.30
c stronger tan 75.90, 0.37,0.39 |light orange 48.48,0.47,0.44 |purple 26.13,0.39,0.23 |light blue 46.90, 0.21, 0.25
a light tan 92.69,0.32,0.34 |light yellow-tan  88.87,0.34,0.37 |strong tan 86.70, 0.35,0.37 |light purple 52.92,0.26,0.25
b Antiprothrombin |yellow-tan 76.57,0.37,0.39 |gold 51.80,0.47,0.45 |orange 42.97,0.44,0.42 |royal blue 37.89,0.20,0.22
c tan 84.44,0.35,0.37 |yellow 70.95,0.38,0.40 |[gold-yellow 73.69,0.39,0.42 |red-purple 20.63,0.28,0.18
6.4  Discussion

We address the challenges of low visible colour contrast and sensitivity in thin film

diagnostics by tuning the platform, resulting in a hand held thin film prototype that detects

biological substrates and generates colour changes within minutes. Devices generate visible

colour shifts as the alumina thickness and refractive indices vary. The tunable device allows

for the surface and protein refractive indices to be matched. The colour shift with protein

binding is a result of the OPL change and leads to the detection of specific monolayers of

biological molecules. A constant potential of 8 V was chosen to closely match the optical

constants. Preliminary work and studies at low applied potentials, where the range of 1 to 40

V was experimentally tested in various electrolytes, provided insight for this work. '83° We

found that the initial aluminum deposition and the anodization time also influence the OPL.

As the OPL difference increases, the resulting interference moves from first order to higher

order colours where colour shifts become less distinguishable. For this test first-order colours

are generated on devices with aluminum layers between 95 and 115 nm, oxidized to stage b or

¢ (OPLs between

127 and 184 nm).

When comparing the aluminum thicknesses, differences were expected with anodization

to various stages because the conversion to porous alumina takes varying lengths of time

depending on the initial thickness. Moreover, the surface pore size exhibits significant

differences at stage ¢ of formation when the aluminum thicknesses change by >34nm.

Therefore, when tuning devices to generate first order colour shifts for future applications, it
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must be considered that the change in aluminum thicknesses should be <34 nm to eliminate
changes in surface etching and pore size. Ellipsometry showed that the refractive index values
of the porous alumina changes during anodization. Values appear relatively constant within
each stage. Devices at stage a possess the highest refractive index with minimal time for
etching, however at stage a MSE values were 4 times that of stage b and ¢ indicating greater
error in the generated thicknesses and refractive indices and was excluded from Figure 6.5 for
this reason. In addition, at stage a, no anodic tantala has formed which is known to contribute
to the colour generation. The device at stage a would be hard to tune with the large error and
weak colour shifts. Prior work demonstrates that the thickness of anodic tantala barrier layers
control the surface colour as a result of the interference between the interfaces of air-oxide and
oxide-metal. *>#! Oxidation to stage b and ¢ allows for the collection of accurate refractive
index values and the generation of better colour contrast with protein binding, as >80% of
tantala is present. A tantala film >10 nm is the minimum thickness necessary for reproducible
formation and colour generation under the anodizing parameters tested. However, a
comparison of the significantly different surface pore diameters and refractive indices showed
no correlation. From this we can conclude that pore sizes at the alumina surfaces are not
representative of changes in the refractive index of the alumina layer and differ from the bulk
pore size. Alumina thickness offers a higher degree of device tunability over the alumina
refractive index. Furthermore, the acceptable threshold for the alumina refractive indices is
narrow to ensure the protein layer is closely matched.

The refractive index values of stage b films showed lower standard deviations than
those anodized to stage c. With a constant anodization time for stage c, the length of time for
pore formation is dependent on the aluminum thickness and oxidation parameters. More on
the impact of changing current density on the length of oxidation and plateau current density
can be found in Chapter 4. Films anodized to stage ¢ with thicker sputtered aluminum, showed
a decrease in variability because the oxidation period after the pores form was reduced.
Furthermore, with thicker films the anodization time to reach stage b and stage ¢ converges
and brings the alumina refractive indices closer. However, changes in the variance of alumina
refractive index impact which values are determined to be statistically significant. Even

though the thickest alumina films oxidized to stage b and ¢ show converging refractive
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indices, the difference between the two was significant. Increasing the number of samples
would provide a better representation of the population variance. A trade off exists in alumina
refractive indices at stages b and c, between obtaining lower variability and consistent values
over changing sputtered aluminum thicknesses.

Measured alumina thicknesses of stage a and b films generated with the same initial
aluminum thickness, showed a significant difference (p<.024) with ellipsometry, however
using SEM cross-sections showed no difference (p>.574). A greater error resulted in
ellipsometry models at stage a, in part to no tantalum oxide, and therefore, the precision of the
mean is farther from the actual mean. As a result, the alumina thicknesses after oxidation to
stage b, measured with ellipsometry, were applied to stage a thickness values, for the
respective sputtered aluminum devices. These thicknesses more accurately depict the alumina
thickness at the end of pore formation and were used to determine alumina thickness etch
rates.

After pore formation, devices show a decrease from the initial aluminum layer thickness
going against the notion that aluminum grows in thickness when converted to alumina. 2
However, volumetric growth depends on the electrolyte type, concentration, and anodizing
voltage. 43 Typically, anodization in phosphoric acid to achieve self-ordered pore membranes
is carried out at higher voltages. >#* With a voltage decrease the efficiency of the process is
altered, accounting for the decrease in thickness observed. > Halting anodization at three
sequential periods led to the determination of etching and growth rates and improved the
ability to tailor the device. The alumina etch rate was maximal during pore formation, up to
stage a. The alumina etch rate, from commencing anodization to stage a, varied between initial
aluminum thicknesses of 78 and 149 nm (p=.000). The change in etch rate may stem from the
large difference in thickness or changes in the power density during the tantalum deposition.
Changes in the tantalum microstructure may influence the aluminum anodization by altering
the current flow. Unlike the alumina, the majority of tantala growth occurs between stage a
and b at a rate of 5.14+1.5 nm/min, after which growth was minimal. There was no difference
in the tantala growth rate with initial aluminum thickness (p=.551). Tantalum is insoluble in
phosphoric acid and any hillock formation that resulted was not influenced by the change in

alumina film thicknesses. Growth rates from this work with anodization to stage b (J=
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0.07mA/cm?) and ¢ (J=0.02mA/cm?) were 1.60 nm/V and 1.87 nm/V, respectively. These
values fall within the range of literature findings, showing tantala barrier growth rates in
phosphoric acid range from 1.67 to 2.21 nm/V. ** The variance is likely a result of the
parameters of anodization used and the final current density achieved. Over the anodization
period, with a constant applied potential, the barrier layer continues to slowly grow as the
current density decreases until the maximum thickness is achieved. Thus, barrier formation
rates are highly dependent on the final current density and should be reported.

Optimal conditions for matching the refractive index of analyte to the effective
refractive index of alumina were achieved with anodization to stage b and c. Adsorbed
prothrombin layers have a refractive index value between 1.36+i0 and 1.55+i0.°>> The
refractive indices of protein are dependent on the structure and the hydration of the protein
following adsorption. Taking into account that the porous alumina layer is ~40% air this may
lead to a discontinuous protein layer with a refractive index slightly lower than predicted
values above, assuming the protein layer contains the same void fraction as the alumina.
Considering the protein layer may range from discontinuous to solid, the alumina properties
are near the predicted optimum that strives to match protein and alumina effective refractive
index values and minimize scatter. When tuning the alumina surface to match the refractive
indices of different protein layers, the length of anodization between stage b and ¢ will allow
for fine adjustments. We used our model system of prothrombin and anti-prothrombin to
demonstrate a tunable diagnostic device utilizing thin anodic alumina films. Little to no colour
shift occurred after exposing the antibody solution to the surface, as antibodies have
demonstrated relatively low affinity for porous alumina with weak interactions at pH 7.4. >*
We also found that OPL’s between >127 and <230 nm generate an optimal device for
prothrombin and prothrombin-antibody detection when calculated and viewed at 75° from
normal. This work demonstrates that alumina thickness is more influential than the refractive
index in terms of generating strong colour shifts, as alumina layers in devices oxidized to
stage b and ¢ shown no significant difference in their refractive indices. Initial aluminum
thickness and stages of formation that were not ideal for this prototype but provided insight to
tailor the device for the detection of other proteins. Controlling the refractive index and

thickness of the porous alumina specific to each compound can create strong visible colour
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contrast with adsorption. Additional work on changing acid type, concentration, and applied
potential may further enhance tunability and the resulting interference colours.
Other immobilization techniques for attaching biological molecules to alumina could

5336 and aminosilanes. >’% Improvement in

benefit from this work including organophosphates
detection of biological markers using tunable alumina device surfaces will dramatically
improve point-of-care diagnosis and medical treatment. Device tunability allows for
optimization based on structure; antigen-antibody, avidin-biotin, and aptamers could also be

detected with this device.

6.5 Conclusions

This work provided insight on the alumina-tantala thin film device structure, and device
colour contrast, as a function of oxidation and aluminum deposition time. The optimal
structure for strong colour contrast with the prothrombin and prothrombin-antibody complex
consists of an initial aluminum thickness between 95 and 115 nm anodized to stage b or ¢
(OPL’s between >127 and <230 nm). The final alumina thicknesses are between 72.8+1.9 nm
and 92.7+1.7 nm with a tantala thickness between 13.3+£0.8 and 16.5+0.9 nm. The porous
alumina layer effective refractive index values for these devices range from 1.27+0.04 to
1.39+0.02 over the visible spectrum. Device tunability allows for optimization based on
structure; antigen-antibody, avidin-biotin, and aptamers could also be detected with this
device.

Further conclusions from this work include:

1. Refractive index values provide a better indication of differences between
devices over pore diameter values.

2. Ogxidation to the end of pore formation (stage a) generates a large standard error
in ellipsometry models and result in low colour contrast.

3. Alumina thickness is more influential than the refractive index in terms of
generating strong colour shifts.

4. Tantalum thickness should be >10 nm to generate strong colour shifts with
protein binding.

5. Out of the three stages of formation evaluated, stage b creates devices with the

lowest standard deviation in terms of refractive index and alumina thicknesses.
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We have outlined a process for creating a point-of-care device that can be used by
frontline medical professions in either general family practice settings or in remote settings.
The colour change generated through our approach of tuning a thin film system allows for a
rapid assessment of analytes with potential applications in diagnosing and managing health

problems where target molecules are produced.
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Chapter 7 — The Impact of Layers at the Tantalum and Aluminum Interface
7.1  Introduction

Although the porous alumina, barrier tantala, and tantalum thin film device generates
visible interference colours, the contribution of layers at the tantalum and aluminum interface
are unknown. The influence of the tantalum properties and the presence of a native or anodic
tantalum oxide layer before aluminum deposition are specific areas of interest. To produce a
device with high sensitivity and create products containing tantalum and aluminum interfaces
with optimal function, further knowledge surrounding the interface is critical. Chapter 7
compares two tantalum films sputtered in different magnetron sputter systems with native and
anodic tantala barrier layers generated. Subsequently, aluminum films were sputtered on these
tantalum slides with native or anodic tantalum oxide layers and the standard anodization

process was completed.
7.1.1  Interstitial native and anodic oxide layers

Exposing a sputtered valve metal such as tantalum to the atmosphere leads to a native
oxide film that is ~2.1 nm thick, ! while anodization leads to a thicker barrier anodic oxide
film on the metallic surface with a thickness that correlates to the applied voltage (~1.7 nm/V)
(see the discussion section in Chapter 6). The resulting surfaces are uniform amorphous layers
and for valve metals this process leads to uniform interference colours. 2

When valve metals are anodized with an overlying porous layer, hillocks form. The
porous alumina overlay largely influence the geometry of the underlying metal oxide that
forms, as the hillocks extend into the pores. With the drop in current density the oxide
nucleation begins and eventually leads to the expansion of the hillock, in vertical and
horizontal directions, into the base of the pore. The shape, geometry, population density,
chemical composition, the nature of the underlying metal, electrolyte solution, and anodizing
conditions all govern the structure and characteristics of the resulting anodic oxide layer. *
Furthermore, hillocks only form when an oxide layer of higher resistivity (i.e. resistivity of
AL O3 > resistivity of Ta,Os) is superimposed on a layer with a lower resistivity. It is likely
that the system becomes electrically unbalanced during anodizing, which is relieved within the

system by the lower resistivity oxide protruding through the porous oxide layer with a higher
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resistivity. These finger-like protrusions at the interface of the two oxide films, attempts to

short-circuit the porous oxide to allow the current to flow through the protruding layer. °

7.1.2  Tantalum Oxide Reduction with Adjacent Aluminum Deposition

The first film of the multilayer device is tantalum with either a native or anodic oxide on
the surface. When the second aluminum layer is sputtered the reaction at the interface can be
foreseen with an Ellingham diagram. Ellingham diagrams show the relative affinity of various
metals for oxygen as a function of temperature by the position of the reaction line. Unstable
oxides have reaction lines closer to the top of the diagram and are easily reduced. Towards the
bottom of the diagram metals have lower formation energies and become progressively more
reactive, their oxides are harder to reduce, and they have the capability to reduce oxide layers
of all metals with reaction lines above theirs on the diagram. ¢ Figure 7.1 shows an Ellingham

diagram with aluminum and tantalum reactions highlighted.
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Figure 7.1. The Ellingham diagram outlines the stability of various metal oxides with respect to temperature.
Image from Sato et al.” with modifications to highlight the tantalum (purple) and aluminum (green) reaction lines.

Theoretically, aluminum deposition over the native or anodic tantalum oxide layer

converts the adjacent aluminum to an aluminum oxide layer and metallic tantalum remains, as
the §Al +0, = §Al2 05 reaction line is below the % Ta+ 0, = gTaz Os reaction line. 8

It is concluded that the aluminum reduces some or all of the tantalum pentoxide, which
makes up 85% of native tantalum oxide. Therefore, the reduction of tantalum oxide by the

adjacent aluminum coating occurs spontaneously. The equation below shows the reduction

reaction.

10 Al + 3Ta,05 — 5Al,05 + 6Ta Equation 7-1

When tantalum coatings are exposed to air a native oxide forms (~2.1 nm), ! the
subsequent deposition of aluminum creates a 3 to 5 nm amorphous alumina layer by reducing

the native tantalum oxide. ® With an anodic oxide layer (~13 nm) on the tantalum coating, it is
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likely that the deposition of aluminum reduced some, if not all, of the tantalum pentoxide,
leading to an increase in volume and resistivity. The standard anodization process likely
regenerates the tantalum oxide that was reduced and leads to a device structure shown in

Figure 7.2.

aluminum oxide

silicon substrate

Figure 7.2. The device structure following the standard anodization in 0.4 M phosphoric acid at 8 V, regardless
of whether a native tantalum oxide layer was present at the interface of the tantalum and aluminum layers prior
to anodization.

7.1.3  Characteristic Properties of Sputtered Thin Films

The majority of sputtered films are under stress, with total stress being comprised of
thermal stress and intrinsic stress. ® Thermal stress results when sputtered films are placed at a
temperature that differs from the deposition temperature. Thermal expansion coefficients of
the coating and substrate materials can be used to assess the resulting forces. A comparison of
thermal expansion forces to the yield strength of the coating can provide insight on the
likelihood of failure when film stresses are over the tolerable limit. Intrinsic stress is a result
of flaws in the crystal structure that can occur during the sputtering process and depend on the

deposition parameters. °
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Figure 7.3. Depicts the thermal and intrinsic stresses contributing to the total stress in a sputtered coating. Image
from Thornton and Hoffman.”’

The parameter substrate temperature, T (K), divided by the melting temperature of the
thin film material, Tm (K), aids in understanding microstructure and stress induced behaviours
of vacuum-deposited thin films. Materials with high melting temperatures and a relatively low
T/Tm ratio (i.e. tantalum) tend to contain higher levels of intrinsic stress over thermal stress.
On the contrary, materials with low melting points and a relatively high T/Tm (i.e. aluminum)
when sputtered at low temperatures lead to films where thermal stress dominates over intrinsic
stress. Bulk diffusion prevents the accumulation of internal stresses. The relationship between
thermal and intrinsic stress in a sputtered film is visually explained in Figure 7.3.

It is apparent from Figure 7.3 above that at low T/Tm the intrinsic stress is dominant
and at higher T/Tm, typically greater than 0.25 to 0.3, the thermal stress becomes dominant.
Recovery and recrystallization at T/Tm higher than 0.2 can relax intrinsic stresses and reduce
their build up in a growing film. ® Furthermore, the intrinsic stress builds in the coating during
deposition whereas thermal stress forms subsequent to deposition when the substrate has
reached room temperature.’

Further classification of microstructures is attainable by comparing the visual
appearance and parameters that correspond to different zones in the structure zone diagram.
These diagrams focus on a select few deposition parameters and illustrate the microstructural
trends on the coating structure. However, these models are basic and provide a depiction of

structural changes that require clarification for specific applications. Thornton’s structure zone
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diagram for plasma vapour deposition relates the final deposition structures that occur with

changing T/Tm and argon sputter pressure, is shown in Figure 7.4.

5 SUBSTRATE
T NPERATURE IT-Tm|

Figure 7.4. Thornton’s structure zone diagram® outlines the influence of substrate temperature and argon pressure
on the structure of sputtered coatings deposited in a cylindrical magnetron system. With the substrate temperature,
T (K), and the melting point of the deposited material, Tm (K).

Films in zone 1 consist of highly columnar structures, separated by voided boundaries.
Shadowing effects amplify peaks and valleys in this region, either from initial substrate
roughness or when the coating flux is at a large angle to the substrate. Extreme zone 1 films
are unable to withstand stresses and have poor reflectivity. Zone T (transition) regions have
dense fibrous structures with smooth surfaces and a high reflectivity. These structures are
commonly formed on smooth substrates when the coating flux arrives from normal to the
surface and shadowing effects are negligible. Significant intrinsic stress can result in a zone T
structure. Zone 2 structures are columnar with distinct separation between grains. Recovery
occurs in zone 2 structures and limits the intrinsic stress that remains in sputtered films.
Coatings with zone 3 structures encompass a range of sputter conditions that are governed by
bulk diffusion. Recovery and recrystallization occurs in zone 3 structures and limit the
intrinsic stresses that result. Thornton’s diagram provides a reference of the location and
typical structures one can expect with changing thermal and kinetic deposition parameters;
yet, alternate models exist. Extensions of prior structure zone diagram concepts can be found
in other works. !!

For strong adhesion in a multilayer device, depositions must result in a bond between

the coating and substrate that can resist the forces produced within the films. Otherwise failure
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will result as cracking, buckling, or poor adhesion. Strong adhesion is critical and in situations
where failure occurs, investigation into the deposition parameters and the substrate surface to
ensure it is free of oils and contaminates will be beneficial. The oxidation processes on
sputtered films will change material properties and can alter stresses within the multilayer
device.

The purpose of work completed in this chapter was to compare how changes at the
porous alumina and tantalum interface effect the device in terms of structure, to determine the
optimal manufacturing procedure. Firstly, this work compares the tantalum coatings deposited
in nanoFAB and NAIT sputtering systems in terms of structure, composition, crystalline
phase, and the surface colours that result with the formation of an anodic tantala layer on
tantalum films. Subsequently, the structure and colours that result after sputtering identical
aluminum coatings on the two tantalum films and anodizing will be analyzed. Lastly,
experiments comparing the resulting device structures and colours were complete for devices
with native or anodic tantalum oxide layers created on tantalum layers before aluminum
deposition and anodization processes, at varying voltages. Work in these areas has led to new
insight on the device layers and interfaces, including film microstructures and optical path

lengths, adhesion, and surface colour shifts.

7.2 Materials and Methods

7.2.1  Device Preparation

Tantalum layers were deposited using the nanoFAB and NAIT sputter systems, and
aluminum depositions were carried out in the nanoFAB system. For test samples two
anodization processes were completed, both in stirred 0.4 M phosphoric acid. The tantalum-
coated wafer was cleaved into 6 slides using the cleaving tool. Half of the tantalum slides
were exposed to a primary anodization process at 6 V, creating a tantalum oxide barrier layer
prior to the aluminum deposition. Subsequently, aluminum layers of 99.0+11.2 nm and
103.849.2 nm (~10.9 nm/min 540 and 575 seconds) were deposited onto anodized and
unanodized tantalum coatings from the same wafer simultaneously, ensuring constant
aluminum thickness. Aluminum depositions were carried out in constant power mode with a
set point of 300 W (see Chapter 3 for details). The standard anodization process was then

carried out at applied potentials of 4, 6, and 8 V. Control samples containing identical
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tantalum and aluminum thicknesses were anodized at equivalent voltages (4, 6, and 8 V)
following the standard anodization process. Following tantalum deposition two methods
created tantala films on the surface. Firstly, when the wafer was exposed to the atmosphere
and a native tantalum oxide grown, and alternatively when the primary anodization process
was used to create an anodic tantalum oxide. The multilayer thin film device with tantalum

oxide between the aluminum and tantalum layers is illustrated in Figure 7.5.

aluminum

silicon substrate

Figure 7.5. Device structure after sputtering tantalum and aluminum thin films on a silicon wafer in two separate
sputter systems with exposure to atmosphere between or primary anodization of the tantalum before aluminum
deposition.

All anodization steps were carried out in 0.4 M stirred phosphoric acid electrolyte to
stage b (current density <0.7 mA/cm?). See Chapter 3 for more details on the preparation

process (i.e. cleaving wafers and the standard anodization process).
7.2.2  Analysis

7.2.2.1 SEM

Identical aluminum thicknesses were sputtered on the contrasting tantalum surfaces and
thicknesses were confirmed using SEM images captured at 90°. Surface porosity values were

determined based on SEM topographic images.
7.2.2.2 Time Calculation of Barrier Oxide Formation

The length of time for tantala barrier layer formation was calculated from the current
density plots. A relatively horizontal line along the pore formation plateau and a second line

along the negative slope that occurs after pore formation during the barrier oxide formation.

150



The intersection point of these two lines was used as the initial time of barrier formation and
the final time was the last current density point collected. The absolute difference between

these two values was calculated and provided the time required for tantala formation.
7.2.2.3 Ellipsometry

Standard fitting procedures were used to generate an ellipsometry model for multilayer

devices using a bottom up approach.

7.2.2.4 EDS

SEM-EDS Analysis was conducted at 5 and 10 V, for generation of data shown in Table

7.1 and Table 7.14 respectively. See Chapter 3 for more details.
7.2.2.5 Sensitivity Analysis with Protein Adsorption

Protein exposure in this work used 20 pl of prothrombin (0.1 mg/ml) and anti-
prothrombin solutions (range of 0.015 to 0.05 mg/ml) from ACOA, incubated on the surface
for 15 minutes. TBS solution was exposed to the surface prior to protein work for 15 minutes
to equilibrate the slides. Solutions were exposed to the surface following protein adsorption
procedures outlined in Chapter 3.

The surface colours after protein exposure were compared across different device
structures (n=1). ImageJ was used to collect the average RGB coordinates from the spots and
an open source ColorMine library was used to perform calculations on these coordinates.
Firstly, a site (http://colormine.org/delta-e-calculator) was used to determine the AE* between
resulting RGB coordinates between prothrombin-coated surfaces and the subsequent anti-
prothrombin exposure at various concentrations. This site uses a calculation method that
ensures the difference is in regard to how the human eye perceives colours. Another site was
used to convert RGB coordinates to Yxy coordinates (http://colormine.org/convert/rgb-to-yxy)
to allow colours to be plot on a CIE chromaticity diagram for a 2D representation and visual
comparison. A just noticeable difference of ~2.3 AE*, means the colours are perceived to be

equivalent when the differences are less than this value.!?
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7.3 Results

7.3.1  As Sputtered Tantalum and Anodic Tantala Films

Metallic tantalum films deposited in nanoFAB and NAIT sputter systems demonstrate

different microstructures. Figure 7.6 shows topographic and cross-sectional SEM images of

the two tantalum films as sputtered and anodized.

Figure 7.6. SEM images at 0° (upper right) and 45° from the tantalum surfaces were captured of films deposited
in the nanoFAB system (A) as sputtered and (B) anodized films, and tantalum surfaces deposited in the NAIT
system (C) as sputtered and (D) anodized films. Anodized films were obtained by oxidation in 0.4 M phosphoric
acid at 6 V under potentiostatic conditions. All topographic and cross-sectional images have the same scales as
those shown on (C) lower left images.

The tantalum coating deposited in the nanoFAB system generated a columnar structure
with a range of circular surface grains from 10 to 30 nm. The coating deposited in the NAIT
system generated a transition structure with a fibrous surface showing elongated grains with a
constant width of ~12 nm and lengths of <80 nm. Figure 7.7 provides a representation of the

surface roughness in cross-sectional images of tantalum from both systems.
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Aluminum

Silicon

Figure 7.7. Roughness of the sputtered tantalum layers in as sputtered multilayer devices containing tantalum from

nanoFAB (left) and NAIT (right) sputter systems with subsequent aluminum films deposited in the nanoFAB system.
The scale bar is pertinent to both images.

Apparent changes in structure are notable between the two sputter systems. The
interface between tantalum and aluminum in devices with nanoFAB tantalum appear to have

increased roughness, whereas NAIT tantalum appears much smoother.

7.3.1.1 SEM with EBSD

SEM-EBSD was used to gather elemental data from tantalum surfaces from both sputter
systems, as sputtered and anodized.

Table 7.1. Elemental data and standard deviations (SD) from as sputtered and anodized tantalum layers. Elements
found were carbon (C), tantalum (Ta), oxygen (O), and nitrogen (N). (n=3, except nanoFAB as sputtered n=2)

Tantalum Film C(at%) SD | Ta(at%) SD |O (at%) SD [ N (at%) SD | O/TaRatio SD
nanoFAB as sputtered 63.2 1.0 29.7 2.7 7.1 1.7 0.0 0.0 0.2 0.2
nanoFAB anodized (6V) 59.3 1.0 26.2 0.7 145 0.5 0.0 0.0 0.6 0.1
NAIT as sputtered 52.1 2.7 419 23 4.8 0.5 1.3 0.2 0.1 0.0
NAIT anodized (6V) 548 1.1 30.1 0.7 140 04 1.1 0.8 0.5 0.6

7.3.1.2 XRD

The tantalum crystallinity from as sputtered films deposited in the two systems were
assessed with XRD. Tantalum films and tantalum with an anodic oxide layer showed identical
peaks, as the tantalum oxide is 85% amorphous, which does not develop the long-range
crystalline structure necessary for peaks. However, in all tantalum coatings prepared in the
nanoFAB system, anodization decreased the intensity of the dominant beta tantalum

crystalline peak (002). XRD scans of tantalum sputtered in the nanoFAB and NAIT systems

are shown in Figure 7.8.
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Figure 7.8. Tantalum peaks present in the XRD scans of films sputtered in the nanoFAB (left) and NAIT (right)
deposition systems. Crystallite orientations in nanoFAB and NAIT as sputtered films correspond with mixed alpha-
beta (a-p) tantalum and c-Ta, respectively.

Information on peaks is provided in Table 7.2. The nanoFAB tantalum coating showed
dominant peaks for alpha and beta tantalum, whereas NAIT tantalum showed dominant peaks
for only alpha tantalum.

Table 7.2. XRD peaks identified in tantalum slides deposited in nanoFAB and NAIT magnetron sputter systems,
and corresponding peak information.

Gzl ks || Depesien d-spacing (A) Tantalum Phase and Plane (hk®8)

26 (°) System
34 2.63 B (002)

38.6 nanoEAB 2.33 o (110) and/or B (2'02)

39.4 2.28 B (211) - overlay with 38.6° peak
65 1.43 B (304)

38.5 2.35 o (110)
55 NAIT 1.67 a (200)

68.9 1.36 o (211)

A low intensity B-Ta (410) peak may also exist at 20 of 36° in the nanoFAB scan. Films
with the anodic oxide layer showed the same peaks, some of which were broader, and the 55°

peak was not identified by the software, but still exists.
7.3.1.3 Surface Colour

The tantalum surfaces showed visible colour differences between coatings sputtered in

the two systems. At high angles of incidence, ~75° from normal to the surface, differences
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were hard to distinguish, but viewing the surface at close to normal (0°) amplified the colour

shifts along with higher anodization voltages, shown in Figure 7.9.

NanoFAB System Tantalum & NAIT System Tantalum
Anodized at: 6V, 8V, 6V, 8V

Viewing angle
75°

Figure 7.9. Tantalum thin films on silicon wafers sputtered in nanoFAB and NAIT sputter systems viewed at a high
angle of incidence (top) and perpendicular to the surface (bottom). Slides from left to right contain: tantalum
deposited in the nanoFAB system anodized at 6 V and 8 V, and tantalum deposited in the NAIT system anodized at
6 Vand 8 V. Anodization was carried out in 0.4 M phosphoric acid.

A spectrophotometer collected reflectance values of tantalum and tantalum oxide films
over the visible spectrum, as shown in Table 7.15. The data was collected at 5° from normal

and allowed for a quantitative analysis of the reflectivity.
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o
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=—=nanoFAB Ta
nanoFAB Ta anodized
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o

o
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Figure 7.10. Reflectivity off tantalum surfaces over the visible spectrum at 5° from the surface normal. Samples
were tantalum as sputtered from nanoFAB and NAIT systems and anodized tantalum samples at 6 V under
potentiostatic condition in 0.4 M phosphoric acid. The error is shown in black for each sample. (n=2)
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The tantalum deposition parameters influenced the reflectivity of the device and
ultimately the final colours observed. Table 7.3 summarizes the reflectivity findings at a

wavelength of 550 nm in the two deposition systems.

Table 7.3. Reflectivity values at 550 nm are shown for tantalum films deposited in the nanoFAB or NAIT systems.
Tantalum films were analyzed in as sputtered and anodized states. Anodization was carried out at 6 Vin 0.4 M
phosphoric acid.

Tantalum Film nanoFAB Reflectivity (%R) | NAIT Reflectivity (%R) p Value

as sputtered 53.1+0.4 47.312.1 0.008
anodized (6V) 46.0+1.7 41.0+1.7 0.022

The average percent reflectivity values were statistically different between nanoFAB
and NAIT tantalum (p=.008) and anodic tantalum oxide (p=.022) at a wavelength of 550 nm
(p=0.008). At lower wavelengths the difference in reflectivity increased and vice versa.
Ellipsometry measured values of tantalum films as sputtered and anodized are shown in Table
7.4. Differences in optical constants were apparent in films deposited in the different sputter

systems.

Table 7.4. Ellipsometry generated thicknesses and optical constants for tantalum coatings deposited in nanoFAB
and NAIT systems and anodized in 0.4 M phosphoric acid at 8 V. As sputtered and anodized tantalum films were
analyzed to generate tantalum and tantalum oxide layer data.

Tantalum Tantalum Oxide
Parameter Measured
nanoFAB NAIT nanoFAB NAIT
Mean Std. Error (MSE) 5.45 1.88 1.92 3.11
Thickness (nm) - - 13.97 12.40
n_370 1.84 2.22 2.09 2.29
n_700 2.84 2.41 1.73 1.96
k 370 2.23 2.34 - -
k_700 3.49 3.40 - -

7.3.2  Standard Anodization of Aluminum on « and Mixed o~ Tantalum Structures

The control slides, created with a single standard anodization process, were analyzed on
tantalum from the nanoFAB and NAIT systems. Devices with identical aluminum thicknesses
on nanoFAB and NAIT tantalum layers were anodized under identical parameters.
Ellipsometry was used to model the multilayer systems and investigate differences between
devices at each step of formation. Table 7.5 shows results of anodized aluminum and tantalum

devices. The optical constants of the tantalum thin films were used as a base layer in the
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model created for the anodized tantalum and subsequently the anodized aluminum and

tantalum devices.

Table 7.5. Ellipsometry generated thickness and optical constant values obtained from devices containing
aluminum and tantalum coatings, deposited in nanoFAB and NAIT systems, anodized following the standard
process at 8 V.

Alumina formed on (Initial AI=99 nm) [Alumina formed on (Initial Al=104 nm)
Parameter Measured

nanoFAB Ta SD NAITTa SD | nanoFAB Ta SD NAITTa SD
Mean Std. Error (MSE) 20.58 0.02 10.75 0.17 14.48 0.16 11.07 0.32
Alumina Thickness (nm) 84.37 0.27 95.08 0.20 9495 0.24( 101.80 0.75
Tantala Thickness (nm) 13.97 0.00 8.26 0.64 11.02 0.47 7.76  0.83
Percent Void (%) 48.20 0.60 49.00 0.70 49.40 0.64 49.00 1.05
n_370_xy 1.35 0.00 1.35 0.01 1.34 0.01 1.34 0.01
n_700_xy 1.34 0.00 1.34 0.01 1.33 0.01 1.33 0.01
n_370_z 1.46 0.00 1.46 0.01 146 0.01 145 0.01
n_700_z 1.45 0.00 1.44 0.00 1.44 0.01 144 0.01

Measurements of SEM images provide an alternate method for collecting alumina
thicknesses and surface porosity values. Topographic and cross-sectional SEM images were

measured using ImagelJ software, and the results are shown in Table 7.6.

Table 7.6. Measurements of alumina thicknesses and surface porosity values from SEM images of aluminum and
tantalum coatings, deposited in nanoFAB and NAIT systems, anodized following the standard process at 8 V.

Alumina formed on (Initial AI=99 nm) | Alumina formed on (Initial Al=104 nm)
nanoFAB Ta SD | NAITTa SD | nanoFAB Ta SD [ NAITTa SD

Alumina Thickness (nm) 84.9 8.0 92.7 7.1 89.9 7.7 97.6 6.8
Surface Porosity (%) 426 35 42.2 1.5 400 0.1 406 04

Parameter Measured

The difference between the initial aluminum thicknesses was 5 nm, which remained
after anodization. The difference between the resulting alumina thicknesses of devices with
nanoFAB tantalum was 5.1£11.1 nm and with NAIT tantalum was 4.9+9.8 nm. SEM
measurements showed no differences between the alumina thicknesses from ellipsometry for
nanoFAB (p=.953) and NAIT (p=.760) tantalum devices. Furthermore, the surface porosity
values showed no differences from ellipsometry percent void for nanoFAB (p=.448) and
NAIT (p=.100) tantalum devices.

The resulting interference colours on the two device surfaces, when viewed at low
angles, differed depending on the underlying tantalum structure. Interestingly, ellipsometry
and SEM measurements showed that the final alumina thickness differs depending on the

underlying tantalum layers present in the device. The changes in alumina thicknesses were
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thought to be the predominant cause of the colour shifts, in addition to the differences in
anodic tantalum surface colours with primary anodization. Two aluminum thicknesses of ~99
and ~104 nm were used to assess the resulting colour shifts after the standard anodization

process, as shown in Figure 7.11.

Alumina formed on (Initial AI=99 nm) (Initial Al=104 nm)
nanoFABTa NAITTa |nanoFABTa NAITTa

Figure 7.11. Slides consisting of identical aluminum thicknesses on tantalum layers from nanoFAB and NAIT
systems, anodized to stage b in 0.4 M phosphoric acid at 8 V. Images show the surfaces captured at 75° from
normal. From left to right: nanoFAB and NAIT tantalum with 99 nm aluminum followed by nanoFAB and NAIT
tantalum with 104 nm of aluminum.

A comparison of the detection limits was carried out on devices with nanoFAB and
NAIT tantalum for both aluminum thicknesses. Figure 7.12 shows images of control device
surfaces with exposing 28 picomoles of prothrombin (20 pl at 0.1 mg/ml) and subsequently 2,
3.3 and 6.7 picomoles of anti-prothrombin (20 pl at 0.015, 0.025, and 0.050 mg/ml) to the

surfaces.
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Figure 7.12. Shows the visible surface colours resulting with exposing 28 picomoles of prothrombin (20 ul at 0.1
mg/ml) and subsequently 2, 3.3 and 6.7 picomoles of anti-prothrombin (20 ul at 0.015, 0.025, and 0.050 mg/ml) to
the control slide surfaces formed on nanoFAB and NAIT tantalum. Images were taken using the custom optics
system. (n=1)

The prothrombin control spots for the thinner aluminum films created on nanoFAB and
NAIT tantalum layers were orange pink and pinkish red respectively. Subsequent shifts with
anti-prothrombin appear to be equivalent sensitivities. With highest anti-prothrombin
solutions on slides with nanoFAB tantalum shifting to red purple and NAIT tantalum shifting
to pink. Films created with a thicker initial aluminum layer showed prothrombin control spots
for slides with nanoFAB tantalum and NAIT tantalum of pink and reddish purple and move
towards reddish purple and purple with anti-prothrombin bound, respectively.

Table 7.7 shows RGB coordinates and differences between colours perceived by the
human eye (AE*). These values allow for a comparison of which colour shifts are more

sensitive with anti-prothrombin exposed to a prothrombin-coated surface.

159



Table 7.7. RGB coordinates and differences in colour between prothrombin-coated surfaced exposed to anti-

prothrombin solutions (AE*) at varying concentrations.

Protein Concentrations Initial Aluminum of 99 nm Initial Aluminum of 104 nm
Exposed to Surface and nanoFAB Control NAIT Control nanoFAB Control NAIT Control
Colour Coordinates Average SD [AE* (vsll)|Average SD |[AE* (vsll)JAverage SD |AE* (vsll)| Average SD |AE* (vsll)
R | 217.14 2.77 189.19 6.16 216.28 1.899 176.37 3.31
11 (0.1 mg/ml) G 87.24 3.34 61.65 9.65 82.42 2981 40.45 4.57
B 60.03 8.55 73.85 9.42 132.77 8.969 174.53 5.69
R 202.87 3.22 761+ 18291 5.52 927+ 216.78 4.526 6.95+ 155.55 5.20 .58+
Il & AP (0.015 mg/ml)| G 7291 6.89 4.90 54.10 8.05 307 86.97 6.525 3.05 39.11 5.35 112
B 59.47 10.08 83.57 7.02 147.53 11.958 176.93 6.90
R 216.51 2.80 2714+ 187.09 5.27 23.22+ 211.77  2.237 2552+ 149.89 4.87 15.05+
Il & AP (0.025 mg/ml)| G 74.85 4.09 6.71 50.52 6.55 201 77.18 3.069 6.67 42.14 6.53 167
B 101.96 9.62 107.46 6.53 174.65 7.892 190.26 7.02
R | 208.88 2.86 31.99+ 190.10 5.13 2717+ 192.99 4.677 30.77+ 148.39 4.68 20.38+
11 & AP (0.05 mg/ml) | G 70.60 5.05 6.13 51.54 8.21 4.02 70.42 5.288 587 51.63 4.82 1.24
B 105.66 9.22 115.86 9.07 173.11 9.176 205.60 4.65

Table 7.8 shows Yxy coordinates transformed from RGB values, to plot on the

chromaticity chart in Figure 7.13 below.

Table 7.8. Yxy chromaticity coordinates were transformed from RGB colour coordinates to plot coordinates on

the CIE chart.

Protein Concentrations Initial Aluminum of 99 nm Initial Aluminum of 104 nm
Exposed to Surface and
Colour Coordinates nanoFAB Control [ NAIT Control |nanoFAB Control [ NAIT Control
Y 21.96 14.74 22.43 13.90
11(0.1 mg/ml) X 0.53 0.51 0.43 0.32
y 0.36 0.32 0.27 0.17
Y 17.75 13.34 23.65 11.65
Il & AP (0.015 mg/ml) | x 0.54 0.49 0.41 0.29
y 0.34 0.29 0.26 0.15
Y 20.61 13.97 22.38 11.87
Il & AP (0.025 mg/ml) | x 0.48 0.45 0.37 0.27
y 0.30 0.26 0.22 0.14
Y 19.03 14.63 18.79 13.19
Il & AP (0.05 mg/ml) | x 0.47 0.44 0.34 0.25
y 0.29 0.25 0.20 0.14

Chromaticity colour coordinates from images of the prothrombin exposure and the shifts

with subsequent anti-prothrombin exposure on each of the four tantalum slides were mapped

on CIE charts in Figure 7.13.
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Figure 7.13. Colour plots showing the colours resulting with 0.1 mg/ml prothrombin (outlined shape) and
subsequently 0.015, 0.025, and 0.050 mg/ml anti-prothrombin (from top right to bottom left). Plots compare
colours on control slides with NAIT tantalum and nanoFAB tantalum layers.

7.3.3  Primary and Standard Anodization on Mixed o-f Tantalum Films

Current density plots for anodization of the two aluminum thicknesses, produced during
the standard anodization for test and control samples are shown in Figure 7.14. Test samples
underwent a primary tantalum anodization prior to aluminum deposition and following, the
standard anodization process, whereas control samples were created using the standard
anodization process. The impact of the initial tantala barrier layer, or the alumina barrier layer
formed by the reduction of the anodic tantala layer, results in changes to the current density
curves of test and control samples. The effect was more significant when the standard

potential was higher than that applied during the primary anodization process. However,
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differences are still noticeable with standard anodization potentials of 4 and 6 V.
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Figure 7.14. Current density plots show anodization curves from initial aluminum thicknesses of 99+11.2 nm (A4)
and 104%9.2 nm (B) that represent the trends shown in each set of triplicates. Curves were generated for the
standard anodization process. Test samples had the primary anodization of tantalum at 6 V prior to aluminum
deposition, followed by the standard anodization process. Control samples had one standard anodization process.
Current density curves for test (primary and standard anodization) and control (standard anodization) samples

were generated from oxidation of devices with identical aluminum thicknesses at voltages of 4, 6, and 8 Vin 0.4 M
phosphoric acid electrolyte.

Table 7.9 shows the average anodization time for the barrier oxide layer to form during
the standard anodization process for test and control slides.

Table 7.9. Average time required to form the barrier oxide layer during the standard oxidation process in 0.4 M
phosphoric acid electrolyte. The difference between oxide formation time for slides with only the standard
anodization versus slides with primary and standard anodization were compared at the respective voltages used
for the standard anodization process (4, 6, or 8 V).

Time for Tantala Barrier Layer Formation (seconds)

Samples Average SD
4V Standard 113 4
Control 6V Standard 133 5
8V Standard 189 20
6V Primary, 4V Standard 90 3
Test 6V Primary, 6V Standard 92 4
6V Primary, 8V Standard 100 10
Delta A4V Standard 23 5
(Control-Test) A6V Standard 42 6
A8V Standard 88 22

Slides with primary anodization of the tantalum layer at 6 V resulted in a shorter barrier
oxide formation period during the standard anodization process, regardless of the applied

voltage. Ellipsometry was conducted on all films with an initial aluminum thickness of 99 nm.
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Table 7.10. Ellipsometry data for slides formed with the standard anodization process or primary and standard
anodization processes. The standard anodization was carried out at 4, 6, and 8 V on devices with an initial
aluminum thickness of 99 nm.

Alumina formed on nanoFAB Ta films with the following anodization processes (Initial AI=99 nm)

Parameters Measured 6V primary, 6V primary, 6V primary,
4V standard SD AV standard SD |6V standard SD 6V standard SD |8V standard SD 8V standard SD
Mean Std. Error (MSE) 20.26 0.74 27.95 5.24 20.48 0.53 33.62 0.38 20.40 0.14 31.69 1.52
Alumina Thickness (hm) 88.93 1.26 71.10 7.81 86.94 0.19 80.25 0.70 84.57 0.13 81.78 0.69
Tantala Thickness (nm) 5.33 0.45 15.94 0.19 9.69 0.23 18.07 0.58 13.20 0.49 19.03 0.16
Percent Void (%) 52.05 0.45 49.00 0.30 48.70 0.60 44.65 0.35 47.60 0.90 41.40 1.00
n_370_xy 1.32 0.01 1.35 0.00 1.35 0.00 1.38 0.00 1.36 0.01 1.41 0.01
n_700_xy 1.31 0.00 1.34 0.00 1.34 0.00 1.37 0.00 1.34 0.00 1.40 0.01
n_370_z 1.43 0.00 1.46 0.00 1.46 0.00 1.49 0.00 1.46 0.00 1.52 0.01
n_700_z 1.42 0.00 1.44 0.00 1.44 0.00 1.47 0.00 1.45 0.01 1.50 0.01

SEM topographic and cross-sectional images were captured of test and control slides.

Topographic and cross-sectional images were measured to generate aluminum surface

porosity and thickness values using an alternate method to ellipsometry.
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Figure 7.15. Topographic and cross-sectional images of a slide formed with the standard anodization process (left)
and a slide formed with primary and standard anodization processes (right). The standard anodization was carried

out at 8 V and the initial aluminum thicknesses for both slides were 99 nm. All scale bars show 100 nm.

One set of SEM images was shown, as all alumina films were visibly indifferent.

Measurements of alumina thickness and porosity are shown in Table 7.11.
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Table 7.11. Measurements of alumina thicknesses and surface porosity values from SEM images of aluminum and
tantalum coatings, deposited in the nanoFAB system, anodized following the primary and 8 V standard processes
for test samples or with the standard process at 8 V for control samples.

Alumina formed on (Initial AlI=99 nm) [ Alumina formed on (Initial AI=104 nm)
nFAB control SD [nFABtest SD |nFABcontrol SD |nFABtest SD

Alumina Thickness (nm) 849 80 88.5 6.5 89.9 7.7 96.3 6.2
Surface Porosity (%) 42.60 3.50 41.60 0.90 40.00 0.10 39.10 1.30

Parameter Measured

Comparing the alumina thicknesses of devices formed on nanoFAB tantalum for control
and test slides, showed no significant difference regardless of the initial aluminum layers
(p=.428). Furthermore, surface porosity between control and test slides showed no statistical
difference either (p>.754). The final method used to evaluate the interface and confirm the
oxide layer thicknesses was SIMS. Figure 7.16 shows the result of SIMS scans of control and

test samples formed with 99 nm of aluminum on nanoFAB tantalum.
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Figure 7.16. SIMS scans of control (left) and test (right) samples formed with the standard anodization processes
completed at 8 V.

All aluminum and aluminum oxide species confirmed that the alumina layer was thicker
in the test sample versus the control sample. The tantalum oxide species (TaO- and Ta205-)
showed a greater FWHM in the control sample and showed a lower slope for tantala species,
increasing at an earlier sputter time than in the test sample scan. For TaO- the signal began
increasing at 27% of the way through the AlO- signal in the control slide versus an onset at
61% of the way through the AlO- in the test slide. The TaO- signal showed a gradual increase
and decrease in the tantala signals on the control slide in comparison to the test slide making

the FWHM harder to measure. Correlating TaO-/AlO- to the known alumina thickness
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measured from SEM images showed a tantala thickness of ~29 nm for both control and test
slides respectively.

Visible surface colour shifts shown in Figure 7.17, further indicated changes between
the test and control devices. An increase in the optical path length caused the visible colour to
shift further into the first order region and towards second order colours. The only parameters
that lead to an increase in the optical path length are increasing the distance travelled through

the film or the refractive index of the layers.

Alumina formed on nanoFAB Tantalum
4V Test, 4V Control, 6V Test, 6V Control, 8 V Test, 8 V

Initial Al
99 nm

Figure 7.17. Images show slides in order of (left to right): 4 V test, 4 V control, 6 V test, 6 V control, 8 V test, and
8 V control. The test samples were prepared by primary anodization of the tantalum layer at 6 V and subsequently,
aluminum deposition and the standard anodization process at 4, 6, or 8 V. The anodization of control samples,
containing aluminum and tantalum, were carried out at 4, 6, or 8 V.

Differences were apparent between control and test surfaces formed at the same
standard anodization process applied voltage. A comparison of the detection limits was carried
out on devices with nanoFAB tantalum for control and test slides. Figure 7.18 shows images
of control and test surfaces formed with a standard anodization process at 8 V. Surfaces were
exposed to 28 picomoles of prothrombin (20 pl at 0.1 mg/ml) and subsequently 2, 3.3 and 6.7
picomoles of anti-prothrombin (20 pl at 0.015, 0.025, and 0.050 mg/ml).
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Figure 7.18. Shows the visible surface colours resulting with exposing 28 picomoles of prothrombin (20 ul at 0.1
mg/ml) and subsequently 2, 3.3 and 6.7 picomoles of anti-prothrombin (20 ul at 0.015, 0.025, and 0.050 mg/ml) to
the control and test slide surfaces formed on nanoFAB tantalum. Images were taken using the custom optics system.

(n=1)

nanoFAB Test

€ ~89 nm Alumina
~100 nm Alumina =

The prothrombin control spots for the thinner aluminum films created on control and
test slides were orange pink and purple respectively. Subsequent shifts with anti-prothrombin
appear to be equivalent sensitivities. With highest anti-prothrombin solutions on control slides
shifting to pink and test slides shifting to bluish purple. Films created with a thicker initial
aluminum layer showed prothrombin control spots for control and test slides of pink and
bluish purple, and move towards reddish purple and purplish blue, respectively.

Table 7.12 shows RGB coordinates and differences between colours perceived by the
human eye (AE*). These values allow for a comparison of which colour shifts are more

sensitive with anti-prothrombin exposed to a prothrombin-coated surface.
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Table 7.12. RGB coordinates and differences in colour between prothrombin-coated surfaced exposed to anti-

prothrombin solutions (AE*) at varying concentrations.

Protein Concentrations Initial Aluminum of 99 nm Initial Aluminum of 104 nm
Exposed to Surface and nanoFAB Test nanoFAB Control nanoFAB Test nanoFAB Control
Colour Coordinates Average SD |AE* (vsll)|Average SD |[AE* (vsll)JAverage SD |AE* (vsll)| Average SD [AE* (vsll)
R 163.52 3.77 217.14 2.77 119.12 3.85 216.28 1.90
11 (0.1 mg/ml) G 33.82 2.13 87.24 3.34 58.97 3.41 82.42 298
B 175.76 4.81 60.03 8.55 216.93 4.05 132.77 8.97
R | 168.23 4.40 202.87 3.22 100.06 5.53 216.78 4.53
9.80+ 7.61% 8.27+ 6.95+
Il & AP (0.015 mg/ml)| G 39.09 1.87 331 7291 6.89 4.90 67.00 5.13 0.62 86.97 6.53 3.05
B | 198.21 4.78 ' 59.47 10.08 ) 212.88 5.00 ' 147.53 11.96 '
raspoosmemy| 6| soos s7a| 28 | Tass aos| 79 | Jog  7ss| WO | iy 3o| Bk
025 meg/mi) : : 0.95 : . 6.71 : : 2.75 : : 6.67
B 199.93 5.36 101.96 9.62 231.05 3.85 174.65 7.89
R 142.00 3.54 2141+ 208.88 2.86 31.99+ 87.44 4.86 1721+ 19299 4.68 30.77+
Il & AP (0.05 mg/ml) | G 66.23 3.22 70.60 5.05 88.46 4.52 70.42 5.29
0.81 6.13 1.63 5.87
B 221.31 2.04 105.66 9.22 231.70 3.79 173.11 9.18

Table 7.13 shows Yxy coordinates transformed from RGB values, to plot on the CIE

charts in Figure 7.19.

Table 7.13. Yxy chromaticity coordinates were transformed from RGB colour coordinates in order to plot
coordinates on the CIE chart.

Protein Concentrations
Exposed to Surface and

Initial Aluminum of 99 nm

Initial Aluminum of 104 nm

Colour Coordinates nanoFAB Test [nanoFAB Control] nanoFAB Test [nanoFAB Control

Y 12.10 21.96 12.06 22.43

I1(0.1 mg/ml) x 0.30 0.53 0.22 0.43

y 0.16 0.36 0.12 0.27

Y 13.89 17.75 11.52 23.65

Il & AP (0.015 mg/ml) | x 0.28 0.54 0.20 0.41
y 0.14 0.34 0.12 0.26

Y 12.88 20.61 14.08 22.38

Il & AP (0.025 mg/ml) | x 0.26 0.48 0.20 0.37
y 0.14 0.30 0.12 0.22

Y 14.91 19.03 14.91 18.79

Il & AP (0.05 mg/ml) | x 0.24 0.47 0.19 0.34
y 0.13 0.29 0.13 0.20
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Figure 7.19. Colour plots showing the colours resulting with 0.1 mg/ml prothrombin (outlined shape) and
subsequently 0.015, 0.025, and 0.050 mg/ml anti-prothrombin (from right to left). Plots compare colours on control
and test slides with nanoF AB tantalum layers.

7.3.4  Primary and Standard Anodization on o Tantalum Film

When completing the standard anodization on tantalum films formed in the NAIT
system failure of the thin film occurred. Initially delamination of slide surfaces became visible
during the standard oxidation process of test samples, but subsequently showed occasional
delamination on control samples also. Midway through the pore formation region, the current
density plot showed a peak at the same time as visible spots appeared on the anode surface in
the electrolyte bath. Figure 7.20 shows the current density plots of 5 devices with apparent

delamination during anodization.
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Figure 7.20. Current density curves for samples that lead to areas of delamination following the standard

anodization process. The legend provides sample information on which anodization processes were carried out
with the applied voltages.

When viewed perpendicular to the surface, effected regions appeared lighter in colour
than the fully anodized alumina and tantala, but when viewed at a high angle (~75°) they were

colourless and appeared to be similar in colour to a metallic film.

B

6V Pri. 8V Std

6V Pri. 8 V Std. 6V Pri. 8 V Standard
6V Std. a 8V Std. b c

T

Figure 7.21. Images of slides showing delamination captured at incident angles of (A) 0° and (B) 75°. Samples
were prepared with primary (Pri.) anodization at 6V followed by standard (Std.) anodization at 6 or 8 V, or
standard (Std.) anodization at 8 V. Anodization processes used are labelled above the corresponding slides. These
films correspond with current density plots shown in the figure above.

Test slides with primary and standard anodization processes showed significantly more

delamination.
7.3.4.1 NAIT Tantalum Surfaces

Prior to aluminum deposition, wafers with tantalum films sputtered in the NAIT system

were viewed in a bright light box to check for fine particulate or contamination on the surface
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that may affect the aluminum adhesion. Figure 7.22 shows 4 tantalum wafers sputtered in the

NAIT system.

Figure 7.22. Wafers viewed in a bright box to examine tantalum coatings deposited in the NAIT sputter system.

Particulate was found on the surface of all wafers. Wafer tweezer marks were

noticeable, close to notches, on 3 out of the 4 tantalum wafers viewed.
7.3.4.2 Analysis of Film Failure

SEM images of slides showing delamination were used to interpret the surface interface

when adhesion issues presented.
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Figure 7.23. A sample with delamination after primary anodization at 6 V, aluminum deposition, and standard
anodization at 6 V. The image shows porous alumina on the left of both images and removal of this layer on the
right.

EDS confirmed the composition of films remaining on delaminated sections of the slide,
with a shiny metallic colour after anodization, as opposed to typical surface colour. Results of
the map scan are shown in Figure 7.24 and location sites for the point analysis. Results of the

point analysis are shown in Table 7.14.
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Figure 7.24. EDS map scan and sites used for point analysis on the alumina (left side) and a region where
delamination occurred (left side). Individual elements were mapped for tantalum (Ta), aluminum (Al), and oxygen
(O), which are shown alongside the SEM map scan.

Table 7.14. Elemental point analysis data collected from the locations depicted in Figure 7.24. Elemental
compositions of the porous alumina and the to-be-determined (TBD) locations are shown with standard deviations.

Material Sites |C (at%) SD |N (at%) SD [O (at%) SD |Al (at%) SD |Si (at%) SD [Ta (at%) SD |O/Al Ratio SD

Alumina 1,35 1.1 0.1 0.7 0.6 8.8 0.3 2.7 0.1 0.7 0.0 86.0 0.3 32 0.1
TBD 2,4,6 0.0 0.0 0.0 0.0 24 01 0.0 0.0 0.8 0.1 96.6 0.3 undefined

Based on the elements detected, the main composition of the TBD material was
tantalum with a small amount of oxygen, either native or anodic tantala. The TBD region

contained no aluminum, and thus the porous anodic alumina was fully removed in the
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electrolyte solution during anodization. Minor amounts of silicon were found on the surface of
both regions. Note that elemental values in the table above cannot be compared to EDS data in
Table 7.1 because the probing voltage was changed from 5 kV to 10 kV.

Additional SEM images of surfaces provided insight on the failure mechanism leading
to delamination. Figure 7.25 shows SEM images of a sample (8 V Standard-b in Figure 7.20)
containing aluminum on NAIT tantalum coatings that was anodized following the standard
process at 8 V. The bright areas in the images show porous alumina where numerous electrons

contact the surface and return to the detector. Darker regions show tantalum, a conducting

layer, from which lower levels of electrons are reflected back to the detector.

Figure 7.25. A sample with delamination shows a larger field of view and allows for the observation of failure
lines. The device had tantalum and aluminum thin films with exposure to atmosphere between sputtering and the
standard oxidation process was complete at 8 V'in 0.4 M phosphoric acid electrolyte. Bright regions are alumina
and darker regions are tantalum.

Failure lines and regions of delamination are visible in these images. Figure 7.26
showed the visible “worm-tracks” in the SEM images from the same sample shown in Figure

7.25.
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Figure 7.26. Delamination that resulted during the standard oxidation process, completed at 8 V in 0.4 M
phosphoric acid electrolyte. “Worm-tracks” are visible where delamination and rolling of the porous alumina
layer results. Bright regions are alumina and darker regions are tantalum.

Cross-sectional images of a sample at 45° from the surface, showed the transition from
porous alumina to where film delamination occurred. On the right side of the image porous

alumina was present and on the left side none remains.

Figure 7.27. Delamination of the alumina layer shown at 45° from normal to the surface. The sample contains
tantalum and aluminum thin films, exposed to atmosphere between film depositions, and the standard oxidation
process was complete at 8 V in 0.4 M phosphoric acid electrolyte. Bottom images at a higher field of view show
from left to right: complete alumina delamination, the transition point where there is both no alumina and alumina,
and the alumina layer.
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In Figure 7.28, images on the left were captured moving from the top of the film
towards the remaining alumina layer. Images on the right show a higher field-of-view of select

locations.

1pm

Figure 7.28. SEM images of the top area of an anodized sample showing delamination. Images in the left column
start at (4) the electrolyte line and (B and C) move down towards an area with less delamination. The right column
shows select areas at an increased field-of-view.
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Various structures are visible in these SEM images, none of which look like the typical
porous alumina surface, except a central region of the bottom right image (C1). Similar to
Figure 7.28 (A, B, and C) above, Figure 7.29 (A, B, and C) shows SEM images with EDS
mapping. Tantalum, aluminum, and oxygen were the three highest elements present, and in

some cases phosphorous. A breakdown of the composition was shown for Figure 7.29 (A).
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Figure 7.29. SEM with EDS map scans of the top portion of an anodized sample showing delamination. Images
from top to bottom show the non-uniform region at the electrolyte line and move towards the area where porous
alumina remains.
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Comparing the SEM and SEM-EDS images shown in Figure 7.28 and Figure 7.29
allowed for a better understanding of the surface structures. From the individual element
maps, it is apparent where porous alumina exists from the element distribution of aluminum,
oxygen, and phosphorous. Furthermore, in Figure 7.28 (A2) the aluminum and tantalum
grains were visible. Some of the non-uniform portion near the electrolyte line was tantalum
with little oxide present. Porous alumina sections were visible in Figure 7.28 (C and C1) and
Figure 7.29 (A and C). As you continue to move further down the slide these fragments
become larger and eventually connect in areas where failure did not result. Structures in many

areas along the top of the slide were unrecognizable and likely result due to delamination.

7.4 Discussion

7.4.1  As Sputtered Tantalum and Anodic Tantala Films

From visual observation, tantalum films formed in the nanoFAB system created a zone
1 structure and films formed at NAIT created a Zone T structure. The nanoFAB tantalum
films were highly columnar with circular grains and occasional voids. NAIT tantalum films
showed a dense structure with a smooth fibrous surface. The difference in power densities,
and in turn deposition rates, likely resulted in the alternate tantalum microstructures. The
higher power density in the NAIT system leads to a deposition rate more than 6 times that of
films sputtered in the nanoFAB system. With increased deposition rates, higher energy and
temperatures can be expected. Ad atom diffusion is a function of energy and thus occurs more
readily in the NAIT tantalum thin films. Furthermore, a large sputter target was used
perpendicular to the substrate in the NAIT system and thus no shadowing results and the
sputtered coatings are smoother than those formed in the nanoFAB system which uses a target
smaller than the substrate at a slight angle to the substrate. Deposition parameters in the two

sputter systems differ, as shown in Table 7.15.
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Table 7.15. Deposition parameters used for tantalum deposition in the nanoFAB and NAIT sputter systems.

Sputter |Base Pressure | Power Density Ar Pressure | Flow Rate Working | Deposition Rate
. Current (A) [ Voltage (V) . .
System (Torr) (W/cm?) (mTorr) (sccm) |Distance (cm) (nm/min)
nanoFAB 10 to 107 6.6] 0.61t00.8|375 to 440 7 10 12 9
NAIT 10°t010° 1.54 1.7 200 to 300 10 135 7 60

Using the structure zone diagram as a model, tantalum deposition at 40°C have a T/Tm
ratio of 0.1 and are a zone 1 structure. The microstructure of tantalum coatings deposited at
temperatures between 56 and 715°C (329 K and 988 K) theoretically shifts from a zone 1 to
zone T. However, the two tantalum films created in this work should not be compared as if
they are on the same structure zone diagram, as the zone trends of each deposition system are
unknown. Figure 7.4 provides an outline of the microstructures expected for a sputtered
coating deposited using a cylindrical magnetron sputter system. Variance in the deposited

coatings will result with different types of sputter systems and from one system to the next.
7.4.1.1 SEM with EBSD

Elemental data from as sputtered and anodized tantalum films provide another method
for film analysis. Oxygen values in as sputtered tantalum films produced in the nanoFAB and
NAIT systems were statistically different (p=.066), however, after anodization no significant
difference in the oxygen content remained (p=.238). As shown in Table 7.15, the argon flow
rate in the nanoFAB system was low compared to the NAIT system and may have contributed
to larger amounts of oxygen throughout the tantalum layer. The increased oxygen and carbon
content in the nanoFAB films can be explained by the longer shelf time prior to analysis. With
longer periods of exposure to atmosphere after sputtering the native oxide continues to
thicken. Nitrogen was present in NAIT tantalum as sputtered and anodized films, which has
been linked to an intermittent leak in the process chamber. Additionally, the base pressure in
the NAIT system was slightly higher than that achieved in the nanoFAB system, meaning the
chamber may contain more residual gasses during the deposition system. Contamination of
residual gas in the process chamber during sputtering may further alter the colour of the
deposited film due to the integration of contaminants into the structure.

A study with reactive sputtering showed that changes in the nitrogen concentration
present during sputtering demonstrate phase changes that were dependent on the sputtering

voltage. Small amounts of nitrogen, 2-3 at%, were found to alter the phase and lead to
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reflectance changes in the sputtered films. 3 It is possible that alternate sputter conditions such
as temperature also influence the solubility limit of nitrogen in the coating and the tantalum

phase that results.
7.4.1.2 XRD

Following XRD it was determined that not only are the zone structures different, but the
crystal peaks differ as well. Deposition in the nanoFAB system created a mixture of alpha and
beta tantalum. Deposition in the NAIT system generated an a-Ta structure. The beta structure
is a tetragonal or hexagonal subcell and the alpha structure is body-centered-cubic (bcc).

The nanoFAB tantalum film showed 4 -Ta peaks and 1 «-Ta peak. The first peak was
beta (002), reported in the majority of studies with B-Ta sputtered films as the preferential
orientation with a distance between crystal planes (d-spacing) of 2.627 A.'* The second peak
(not visible) was beta (410), located between the beta (002) and a-Ta (110) peaks.
Additionally, the c-Ta (110) main peak overlaps with another B-Ta peak oriented in the (202)
plane. Hence why the peak at ~39° appears wide and has a jagged top. With oxidation the
peak becomes wider and the combination of beta and alpha phases becomes more apparent
and was distinguishable with the analysis software. The NAIT tantalum film showed 3 a-Ta
peaks with crystal orientations of (110), (200), and (211). In the mixed phase, the ratios of
alpha to beta tantalum cannot be determined because overlapping peaks prevent identification
of peaks in the 20 region of 38 to 40° with certainty (see Table 7.2). A technique to accurately
confirm these peaks can be found in the literature. !>

In sputtered tantalum thin films two phases exist, a stable alpha (bcc) phase with needle
shaped grains and a metastable beta (tetragonal) phase with circular grains. The deposition
energy has shown to be highly influential to the phase and structure that results, with higher
energy leading to the growth of a-Ta.!7-!8With typical deposition in magnetron sputter
systems a [3-Ta crystal structure results. The a-Ta phase can be achieved by transforming -Ta
to a-Ta with heating above 750 °C"or heating during deposition.?°

Surface morphology of B-Ta has been shown to change with sputter parameters such as
pressure. The topographic structures and XRD peaks in samples sputtered at 5 mTorr in work

by Navid and Hodge, validated that the phase formed in the NAIT sputter system was o-Ta.
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2IThe NAIT system employed a deposition rate 10 times greater than Navid and Hodge’s
work, hence why the beta structure had enough energy to form at a slightly higher pressure
(10 mTorr).

Changes in the crystal structure have proven to generate differences in the resulting film
residual stress. %! Clevenger et al. showed heating a film during deposition demonstrated an
increase in tensile stress. !° Furthermore, his work showed that elastic and plastic deformations
are methods of stress relief that occur at low and medium temperature ranges, and beta to
alpha transformation at high temperatures. Lower intrinsic stress resulted in films deposited
with lower rates of ion bombardment, due to the open microstructure. Lower stresses within
sputtered films allow larger elastic deformation before the yield stress is reached and plastic
deformation begins. '° Navid and Hodge showed residual stresses that were tensile for f-Ta
(202) and (002) and high compressive stresses for a-Ta (211) and (110). 2! Lower stresses are
shown to result in B-Ta structures, which allows for a reduced chance of failure and ultimately
better film adhesion with sputtering and oxidizing. In addition, tantalum films containing both
alpha and beta phases may have increased adhesion due to the complex dislocation structure
of the mixed phases.??

The nucleation of o and B-Ta phases has shown to be decisive in the resulting structure.
23 Increasing substrate temperature increases the alpha phase formation. Temperatures
between (177 to 327 °C) 450 and 600 K showed nucleation of both tantalum phases, and
(>327 °C) >600 K showed only a-Ta. *

7.4.1.3 Surface Colour

The surface reflectivity off tantalum films created in the nanoFAB and NAIT systems
was statistically different for both as sputtered and anodized tantalum. The anodization
process was required to alter the metallic surface and generate surface colours, and in doing so
the reflectance off the surface decreased. The higher the anodic tantala thickness the greater
the visible difference between tantalum and anodic tantalum surfaces. Tantalum surface
colours were more dominant when viewed at 0°. The change in optical constants between
nanoFAB and NAIT provides additional confirmation that the surface colours and intensities

between films formed in the two sputter systems vary.
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Work by Thornton et al. looked at reflectivity of tantalum thin films with various
microstructures by altering the deposition pressure. ® A cylindrical magnetron sputtering
system was used which are different from the planar magnetron sputter systems under
consideration. In Thornton’s work the deposition rate was between 45 to 60 nm/min, which is
comparable to that of films generated in the NAIT system. Reflectance was measured at a
wavelength of 550 nm as ~52 %R, for a film deposited at working pressure of 10 mTorr in the
cylindrical sputter system. The reflectivity of the tantalum deposited in the NAIT system at
10 mTorr was measured at a wavelength of 550 nm as 47.3+2.1 %R. A cylindrical sputter
system has an increased angular flux of incoming atoms, increasing the roughness and
decreasing the surface reflectivity from films produced in a magnetron sputter system at the
same pressures. Therefore, the comparison to Thornton’s work shows comparable values, yet
considering only the change from cylindrical to planar magnetron sputtering one would
predict higher reflectance values at identical pressures to those used by Thornton. It is likely
that other changes between deposition systems exist that account for the lower reflectivity.

Thornton’s work also stated that a Zone 1 structure would have a decreased reflectivity
with a greater number of voids present in the film leading to scattering whereas, zone T
structures contain dense fibrous films, with increased reflectivity. With the nanoFAB mixed
alpha and beta tantalum a zone 1 microstructure and NAIT alpha tantalum coating resulting in
a zone T structure, one would expect that the zone T structure to generate a higher reflectance.
However, with tantalum formed in different sputter systems the percent reflectance values
cannot be compared as if structures exist on the same diagram. Furthermore, other sputtering
parameters such as power density, deposition rate, and film thickness among others, can
influence a films reflectivity. In order to compare the reflectivity of a zone T and zone 1
structure, the use of one sputter system to produce coatings in both structural regimes must be
carried out.

The optical constants of the tantalum films were measured and showed a significant
difference. Alpha tantalum films showed higher refractive index and extinction coefficients in
this work. Work by Muth, supported that differences in optical constants exist between the
two tantalum phases, however, he demonstrated that beta tantalum values were higher than

alpha (B -Ta: n=3.43-3.66i, a-Ta: n=2.90-2.41i collected at A=546 nm). 2* The anodic tantala
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layer showed (n=2.22) by Muth is similar to the values obtained on both tantalum layers in
this work. It is possible that changes in the sputtering conditions between these two

experiments have allowed for the alpha optical constants to become larger than beta.
7.4.2  Standard Anodization of Aluminum on « and Mixed o~ Tantalum Structures

Multilayer structures of aluminum and tantalum from the different sputter systems
resulted in different and visible surface colours. Structures formed on the nanoFAB tantalum
resulted in thinner final alumina layers and thicker tantala layers following oxidation than
films generated on the NAIT tantalum. The slides with thicker alumina on NAIT tantalum
shifted towards higher colour orders. It is possible that the changes in tantalum structures and
properties effect the conversion of aluminum to alumina and hence the resulting layer
thickness. The a-Ta layers are 13 to 50 uQcm and B-Ta layers are 170 to 220 pQcm. 423
Different resistances in situ and various barrier thicknesses or complex oxide layers could all
effect the device formation and surface colour. The tantalum layer surface roughness may
further influence hillock integration into the overlying pores during formation, making it
difficult for the ellipsometry model to decipher between alumina and tantala. The MSE values
are higher for slides with nanoFAB tantalum, further supporting this theory. Current density
plots showed no significant changes between oxidation of slides containing different tantalum.

Changes to the alumina thicknesses for constant aluminum thickness deposited on
nanoFAB and NAIT tantalum layers, were confirmed with ellipsometry and SEM
measurements of cross-sectional images. Therefore, changes in the surface colours likely
result from a change in optical path length of the tantala or composite tantala and alumina
oxide (i.e. thickness or refractive index) and/or the variance in the porous alumina film
thicknesses. The sensitivity of prothrombin-coated surfaces exposed to anti-prothrombin
solutions was compared using AE* values. Antibodies generally showed larger visible colour
shifts on nanoFAB tantalum devices, however a greater deviation was found on these devices
in comparison to devices with NAIT tantalum layers. Work demonstrates that there are
differences in the apparent change in anti-prothrombin sensitivity on beta and alpha tantalum
coatings, although increasing the number of samples would allow for a statistical analysis to
be complete on the coordinates. Therefore, changing the tantalum base layer influenced the

resulting device structures (i.e. tantala and alumina properties or the oxide composition at the
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interface) and the protein detection limit. All colours generated with protein incubation and
adsorption, were within the first and second order regions of high sensitivity, however tests
should be redone with prothrombin control spots on each device of the same colour.
Although the a-Ta layer with a bee crystal structure and a deposition rate 6 times
greater than the deposition rate required to obtain the mixed a-p-Ta layer, devices with the
mixed a-B-Ta layer appear to have a greater colour shift when anti-prothrombin solutions are

exposed to the prothrombin-coated surface.
7.4.3  Primary and Standard Anodization Processes on Mixed a-f Tantalum Films

A primary anodization of the tantalum layer to generate an anodic tantalum oxide
barrier film on the surface prior to aluminum deposition produces an oxide more than 4 times
thicker than that of the native oxide at the interface. The creation of an oxide layer without an
overlying porous alumina layer eliminates the hillock structure that results when the anodic
tantala was formed under the porous alumina. However, sputtering the aluminum layer on the
tantala surface results in some unknown amount of tantalum oxide reduction by the adjacent
aluminum, before the second standard anodization process is completed. The aluminum has a
higher affinity for the oxide layer, as demonstrated in the Ellingham diagram (see Figure 7.1).
With the oxide layer formed at 6 V having a thickness of ~10 nm it was not resolved in SEM
images and was measured using ellipsometry and SIMS techniques. Visible surface colours
for test samples anodized twice showed higher colour orders than control samples, regardless
of the standard applied potential or the initial aluminum thickness. Therefore, an increase in
the optical path length, meaning either the thickness or refractive index, occurred. Only
tantalum deposited at the nanoFAB was examined in this set of experiments. When the
process was carried out on tantalum deposited in the NAIT system, adhesion issues became
apparent during the anodization process, see the following section.

Deposition of aluminum on a 3 to 5 nm tantalum native oxide layer fully reduced the
tantala layer. 8 Reduction of the tantala layer creates oxygen vacancies and a disordered
tantalum surface under tension. >> Whereas, the alumina layer that forms under the deposited
aluminum would be in compression with a larger alumina lattice than aluminum.

When samples undergo a second anodization process, a steeper negative slope occurs

during the formation of the barrier oxide layer due to the current pushing through a dielectric
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layer, with a higher resistance, that already exists. Regardless of the complex oxide structure,
the presence of these dielectric layers will reduce the amount of tantala oxide that forms
during the standard oxidation process to reach the final current density. The primary
anodization process creates a dielectric layer that acts as a barrier for the current and oxygen
species, making it harder to move into the multilayer device. The time of barrier layer
formation was used as a measure and was always larger for control standard anodization than
for tests slides at the same applied potential. The difference in time of formation increased
with increasing standard anodization applied potential.

Ellipsometry values from slides showed that the oxidation process efficiency and
volume expansion increase at lower voltages for the standard anodization process, with the
thickest alumina film resulting at 4 V (see Chapter 4). The ellipsometry method showed that
test slides had thinner alumina layers than control slides; the opposite trends were showed
using SEM, SIMS, and visual surface colour analysis techniques. The test samples showed
MSE values 1.5 times higher than the control samples, regardless of the standard oxidation
applied voltage. It is known that a rough interface exists between the tantalum and aluminum
layers initially and with test samples having two anodization processes it is possible that the
complex oxide layers that result at the interface, lead to an increase in error for ellipsometry
values.

Various equations and layer parameters were applied to the ellipsometry model in
attempts to best fit the experimental data, and generate a low MSE value, without creating a
model with highly correlated parameters. Applying an EMA layer at the interface with
alumina and tantala, led to a 100% tantala layer and grading the porous alumina EMA layer,
to determine if the refractive index had a gradient, resulted in only one slice. Only one change
from the standard fitting procedure for test slides on nanoFAB tantalum showed lower MSE
values and decreased correlation in the fit parameters. The method consisted of using a tantala
layer with material properties in the software, instead of the previously fit tantala optical
constants. When using this method on test slides the alumina thickness increases up to 5 nm
and the tantala thickness decreases up to 5 nm. When applied to control slides the MSE
showed no major improvement and the layer thicknesses fluctuated by <2 nm for alumina and

tantala.
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The change in tantalum oxide (increase) and alumina (decrease) thicknesses measured
with ellipsometry from the actual thicknesses in the test slides are likely a misinterpretation of
a composite layer containing tantala and alumina with either a solid or porous structure and
thus may have a different refractive index combining both the porous alumina and barrier
tantala layers. A study by Muth, showed the formation of an alumina and tantala layer with a
refractive index of 2.12 and a different dielectric constant than tantala only. >* SIMS work
showed ~29 nm for both control and test samples tantala thicknesses. Taking into account that
the material was likely detected through the pores prior to sputtering the entire alumina layer,
the tantala layer was likely similar in thickness in each device structure (<29 nm). Matching
the control and test tantala thickness and adding the difference to the alumina thicknesses
from the ellipsometry model creates alumina thicknesses that are similar to the SEM alumina
thickness measurements. Furthermore, based on the observed colour the test slides have a
significant increase in OPL over the control slides.

The presence of tantala hillocks may introduce an issue for device sensitivity, as
increased light scatter will occur at a rough tantala-alumina interface. Use of the primary
anodization process on the tantalum layers was thought to be a method to prevent the
formation of hillocks and create a uniform anodic tantala layer prior to aluminum deposition.
However, it was determined that this makes it difficult to measure device parameters and tune
the layers. More work is needed in this area to determine if tantala was more uniform than in
control slides. Current tests revealed that antibodies showed similar visible colour shifts on
control and test slides with nanoFAB tantalum, however a greater deviation was found on
control slides regardless of the alumina thickness of the device. The change in structure
brought on with completing primary and standard anodization processes alters the structure
and reflectivity, making detection of colour shifts after exposing anti-prothrombin solutions

less dominant.
7.4.4  Primary and Standard Anodization Processes on a Tantalum Films

SEM images, EDS compositional data, and visible interference showed that
delamination of films during the standard anodization on NAIT tantalum, leads to removal of
the porous alumina film. Problems with film adhesion became apparent when spot formations
became visible on the device surfaces during the standard anodization step. Films that failed
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were on a-Ta coatings deposited in the NAIT system with the majority containing a tantala
barrier layer prior to the aluminum deposition and standard anodization process. Partial
delamination of the aluminum layer occurred during the anodization process, due to poor
adhesion that results from contamination or changes in the thin film structures.

Adhesion problems generally appeared on device surfaces between the middle and end
of alumina pore formation (see Figure 7.20). Typically, an increase in current density resulted
at the oxidation time when affected areas became visible. The spike in current density likely
resulted when oxidation reached the interface between the aluminum and tantalum coatings
where an oxide layer existed. Micro-cracks in the alumina barrier layer result in increased
surface area and decreased resistance, ultimately causing the current to increase. In slides
where a primary oxidation process was carried out, the oxide layer at the interface was thicker
than a native oxide layer and showed an increase in current density. Most devices that
underwent only the standard anodization process did not result in delamination; however,
abnormal curves and delamination occurred on a few slides and conditions could not be
replicated.

It is likely that the introduction of the anodic tantalum layer induced failure by lowering
the manageable stress threshold of the tantala and tantalum films. The few slides showing
delamination with only the standard anodization process may have grown a thicker native
oxide film on the tantalum surface, prior to aluminum deposition and oxidation, than other
slides. The NAIT tantalum layer was unable to contain the stresses that resulted in the porous
alumina layer, whereas nanoFAB tantalum showed no delamination issues. Prior evaluation of
the two tantalum films in section 7.4.1 showed differences in the composition, grain shape,
zone structure, and crystalline phase. With anodic tantala layers on the NAIT tantalum films,
it was found that aluminum deposition onto the dense, zone T structures, commonly resulted
in failure during subsequent oxidation. The zone T structure can form with a large amount of
intrinsic stress. It is likely that zone 1 microstructures with voids and a rough surface from the
nanoFAB system, have increased adhesion. More finger-like protrusions may exist at the
Ta/Al interface over those that form at the smooth and dense NAIT tantalum surfaces. The
increased roughness and surface area at the tantalum surface may improve stress relief that

can occur and prevent delamination.
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Other work carried out under galvanostatic (constant current) oxidation in phosphoric
acid, found anodization generates stress in the oxide and at the metal-oxide interface. 2 Stress
was linked to changes in the interfacial volume (due to reactions and transport processes). In
this work the alumina, which was generated from reducing the tantalum oxide formed in the
primary anodization is likely under compressive stress and the tantalum layer would be under
tensile stress. Anodization of aluminum in phosphoric acid showed that porous oxide
formation at current densities of <3 mA/cm? generate a tensile force in the oxide and at higher
current densities a compressive force. 2 Compressive stress build-up in the oxide has been
used to explain the formation of self-ordering pores by flow-assisted mechanisms. 26-2°
Therefore, stress alone does not explain failure, as it is common occurrence during pore
formation.

An alternate source of stress in thin films occurs with oxidation, as the resulting oxide
has a larger volume than the original metal and increases lattice distortion and compression of
the film. Pure aluminum coatings typically contain low stresses under the sputter conditions
used in this work, 3° which explains why failure was not visible until anodization of the
aluminum layer and conversion to alumina. In the oxidized, porous thin film, further
contamination by impurities including water vapour, hydrogen, and oxygen can occur. 3!
Intrinsic stresses increase with coating thickness. Therefore, a maximum coating thickness
exits that can be tolerated by the coating-substrate bond before adhesion fails.

It is common that interface shear stress concentrates at the film edges, ° explaining why
some slides in Figure 7.21 showed spots along the edges. If the coated film experiences poor
adhesion at some surface point, then redistribution is necessary for substrate and coating
strains to rematch. If redistribution of stress does not occur, it often leads to failure of the
coating adhesion. In all slides, areas of delamination showed no interference colours at low
viewing angles but had a shiny metallic surface at high viewing angles, as shown in Figure
7.21.

The oxygen to aluminum ratio for the porous alumina region was ~3 times greater than
1.5 for A,Os (see Table 7.14). This high ratio of oxygen to aluminum was due to the tantalum
oxide signal contributing to the total oxygen detected. Assuming a ratio of 1.5 for the alumina
layer, the remaining 4.7 at% of oxygen signal would be from the underlying tantala film. The

unknown region where failure occurred was determined to be mainly tantalum, containing
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approximately half of the oxygen present in the tantalum oxide coating under the porous
alumina. From this it can be said that only a portion of native or anodic tantala remains on the
substrate.

It is important that the silicon wafer substrate is clean, as well as the tantalum surface, to
achieve strong adhesion between device layers. It is possible that delamination occurs where
some contaminant was on the tantalum surface prior to the aluminum depositions. However,
no trends were observed on slides from the same wafers or in the area of delamination.
Furthermore, wafer surfaces with tantalum coatings showed minimal particulate (see Figure
7.22). Additional work is required to determine if the silicon wafer was contaminated.
Alternate suppliers could be used to obtain silicon wafers of higher consistency and
cleanliness, or an initial wafer cleaning process used. Depositions of the tantalum and
aluminum coatings without an intervening air-exposure or using a tantalum nitride layer
would ensure that no oxide layer exists between the aluminum and tantalum interface prior to
anodization.

SEM images of surfaces showed a variety of structures after failure. Combinations of
straight and circular failure lines were visible in Figure 7.25. “Worm-tracks” were a common
observation surrounding areas of porous alumina that remained on the device surface (see
Figure 7.26). The cross-sectional images of an area where delamination begins, further
confirmed alumina films were released from the underlying tantalum layer with a thickness
decrease visible (see Figure 7.27). All slides with delamination during anodization showed a
build-up of material along the electrolyte line of the slide. SEM-EDS analysis on this region
starting at the electrolyte surface where the non-uniformity begins and moving down the slide
toward the homogeneous oxide film with normal interference showed a wide variety of
structures and compositions (see Figure 7.28).

The build-up at the top of the device showed unique structures and little porous alumina.
In the EDS maps high levels of oxygen, phosphorous, and aluminum were visible as a result
of aluminum oxidation in the phosphoric acid electrolyte. Areas with only high aluminum
signal and no oxygen or phosphorous show unanodized aluminum. These compositional
images were helpful in identifying the alumina in areas where structures were abnormal. As
small areas of anodic alumina become more apparent in areas of delamination, “worm-tracks”

were commonly visible around these sections. Compressive stress in sputtered films often
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leads to relief by buckling and, with isotropic stress, the generation of “worm-tracks”. 32 The
creation of “worm-tracks” relieved stress from within the thin film device and resulted in

delamination and ultimately areas of non-uniform interference colours.

7.5 Future Work

Future work may delve into alternate colour generating films that allow for a smooth
interface in attempts to minimize light scattering. The alumina and tantala interface plays a
critical role on the interference colours that result.

Tantalum deposition with various parameters would create a zone structure diagram in
one sputter system and aid in the understanding of alpha and beta tantalum structures (i.e. the
optical constants and reflectivity) and how to prevent failure. To determine the exact transition
temperature for these tantalum coatings, sputtering over a range of argon pressures and
deposition temperatures (T/Tm), in each sputter system, would be required. It is possible that
changing the tantalum structure to a zone 2 or 3 could reduce the stress in tantalum coatings
prior to or following the aluminum deposition. The know-how of creating a zone 2 or 3
structure should be revealed from the structure zone diagram or may require heating during
deposition or a post-annealing step.

The tantalum microstructure and tantalum oxide layer require further investigation to
select the optimal structure and phase of tantalum for future work. An irreversible
transformation of tantalum to a stable bcc structure with heating in vac to ~725 °C may be
beneficial in the future to ensure consistent device parameters and colour shifts. '* In addition,
the tantalum surface oxide, native or anodic, could be removed with RF sputtering prior to
aluminum deposition, or the two metals may be sputtered in the same system eliminating
exposure to atmosphere in between depositions. The use of RF etch back prior to aluminum
deposition may eliminate film delamination by improving the adhesion to the surfaces.
Furthermore, the use of a valve metal lower than aluminum on the reaction line of an
Ellingham diagram should maintain a flat barrier oxide structure with primary oxidation
followed by aluminum deposition and oxidation. A uniform oxide at the interface may
increase sensitivity by eliminated scatter off the hillocks.

Measuring the stress in each layer of the multilayer device during formation would

provide further confirmation into the reason for failure. Lastly, TEM scans has the ability to
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show the composition changes between the aluminum and tantalum layers and contribute to

the composition and structure at the interface in various samples.

7.6 Conclusions

The preparation of different tantalum structures prior to aluminum deposition revealed

new information about the multilayer device. Although additional work is necessary, the

findings are critical for manufacturing a thin film device with strong adhesion between layers.

The following conclusions were made for work completed in this chapter.

1.

Changes in the deposition energy generate different crystalline tantalum
structures. In the nanoFAB sputter system a low deposition energy formed a
mixed a-B-Ta and in the NAIT system a high deposition energy formed a-Ta
structures.

Differences in reflectivity and optical constants were apparent on these mixed o-
B-Ta and a-Ta films. As a result, slight changes can be expected in the surface
interference colours that are generated on these different tantalum films.
Aluminum and tantalum prepared devices showed differences in the resulting
visible surface colour. Alumina was thinner on devices with mixed a-B-Ta than
on devices with a-Ta. The colour shifts with anti-prothrombin on prothrombin-
coated surfaces were larger on nanoFAB tantalum (mixed a-B-Ta) however,
values overlapped with NAIT tantalum (a-Ta).

Whether an anodic tantala layer was formed prior to or after the aluminum
deposition, changed the surface colour generated. The creation of an anodic
tantalum layer on mixed a-B-Ta, followed by aluminum deposition and
anodization, resulted in a greater OPL (i.e. visible surface colour) than when no
anodic tantalum layer was created prior to aluminum deposition. The resulting
test devices had thicker alumina than control devices.

The tantala oxide detection in SIMS commenced closer to the alumina surface in
control samples, formed with only the standard anodization, than in test samples,
formed with two anodization processes, which may indicate test samples showed

less dominate hillock structures in the interfacial oxide film.
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6. The colour shifts with anti-prothrombin on prothrombin-coated surfaces were
larger on nanoFAB tantalum (mixed a-f-Ta) control slides than test slides.
Values overlapped between the two types of samples, however the number of
samples should be increased, as the standard deviation on the control slides were
large.

7. The creation of an anodic tantalum layer on a-Ta resulted in delamination. In a
few instances, even control slides on NAIT tantalum showed failure. Hence, the
a- Ta structure is likely under a higher stress or unable to relieve the multilayer

stresses during the standard oxidation process.

191



Chapter 8 — Detection of Vitamin K-dependent Proteins

8.1 Introduction

The vitamin K-dependent protein, prothrombin, has been used extensively in the
development of this thin film technology. It has been found that vitamin K-dependent proteins
have an unusually high affinity for the aluminum oxide surface. ! Vitamin K-dependent
proteins are unique in that they contain a y-carboxyglutamic acid (Gla) domain, where post-
translational modification converts glutamic acid residues to Gla residues by the process of
carboxylation. ? These Gla domains require vitamin K for the synthesis and are dependent on
divalent metal ions to achieve membrane binding. > There are several vitamin K-dependent
proteins including: clotting factors involved in the coagulation cascade (Factor II or
prothrombin, VII, IX, X), anticoagulants (protein C, S, and Z), matrix Gla protein (MGP) and
some proteins for hard and soft tissue mineralization (osteocalcin or bone Gla protein (BGP)).

3 Figure 8.1 shows a schematic of the structure of some vitamin K-dependent proteins.
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Figure 8.1. Depicts the structural domains of vitamin K-dependent proteins prothrombin (PT), factor IX (FIX),
factor X (FX), factor VII (FVII), protein C (PC), protein S (PS), matrix Gla protein (MGP), and bone Gla protein
(BGP). The legend identifies protein components. Proteolytic cleavage sites are shown with thin arrows when
cleaving occurs to create the mature protein structure, and cleavage sites are indicated by thick arrows when
linked to enzymatic activation. Images from Furie and Furie (1988).%

The structure of vitamin K-dependent proteins contains a Gla domain, at least two
epidermal growth factor (EGF) domains — except prothrombin which has two kringle domains

instead of EGF domains®>—, and a catalytic or serine protease domain — except for protein S
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which has a unique carboxy-terminal structure. * A greater understanding of these domains
comes from analyzing regions individually and in combination. For instance, in the clotting
process prothrombin is cleaved into various fragments and thrombin components (see Figure

8.2), making it an ideal protein to demonstrate domain binding and functional differences.
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Figure 8.2. An image from the literature® depicts prothrombin activation with cleavage at Arg320 (R320 in FASTA
sequence) and Arg271 (R271) which leads to fragment 12 (F12) and thrombin (Ila). F12 contains the Gla and both
kringle domains (Gla-K1-K2). Further cleavage at Argl55 (R155) separates F12 into fragment 1 (F1) and
fragment 2 (F2). It is possible to remove the Gla domain with cleaving at Tyr43 (Y43). Other components of
prothrombin can be found in the literature.®’

To predict protein binding on the porous alumina surface, the Gla domain position and
protein structure are likely the leading indicators. Prothrombin, factor IX, and protein S were
compared due to differences in protein composition, dissociation constants, isoelectric points,

and the number of Gla residues.
8.1.1  Vitamin K-dependent Proteins

Investigation of molecular size, dissociation constants, isoelectric points, and mass-to-
charge ratios was conducted to select different proteins to determine if immobilization and
sensitivity on the alumina surface changes. Table 8.1 shows tabulated parameters; however,
other dissociation constants of vitamin K proteins for phospholipid layers were found in the
literature.3A broad base support was deemed ideal for stable adsorption of protein to the
surface and to ensure the protein regions without exposed carboxyl groups do not contact the
surface and bind or degrade. These factors are important to achieve consistent optical path

length changes and the resulting visible colour shift on the device surface.

193



Table 8.1. A comparison of vitamin K-dependent proteins involved in the coagulation cascade. Blank spaces indicate
parameters that are not present in some proteins and * represents a value that was not present in the literature.

Plasma Dissociation . Carboxy- Other metal

Protein Mqlecular concentration | constant, kq Isqelectnc lutamic acid | ion bindin Refs.
weight (kDa) 2 point, pl g . &

(umol/L) (umol/L) residues sites
Il 70 to 72 1.4 1.04 47t04.9 |10 13
FIX 52t0 55 0.09 <1.0 40t04.5 |12 12 81518
FX 59 0.17 0.19 49t05.2 11 15,1921
FVII 50 0.01 15 4.81t05.1 10 8,15,22-25
PC 62 0.08 0.23 4.4104.8 9 15,2629
PS ~75 0.14 0.005 5.0t0 5.5 11
PZ 62 0.05 0.32 * 13 15,27,30-36

The large Gla domains in vitamin K-dependent proteins will enable them to bind to the
device surface at a relatively constant orientation and generate a consistent optical path length
and visible colour shift. Prothrombin, factor IX, and protein S were chosen for these
experiments. These proteins range in sizes from 52 to 75 kDa, and the number of y-
carboxyglutamic acid residues varies, with prothrombin containing the lowest carboxyl-to-mass
ratio and factor IX containing the largest. The dissociation constants range from 5 nM to 1 uM, 2
with protein S showing a significantly lower dissociation constant than prothrombin, which may
influence the binding at lower concentrations, assuming that binding to the phospholipid
membrane is similar to the alumina surface. The reported binding affinity of each protein was in
association with phosphatidyl-serine-phosphatidylcholine membranes, and the lower the
dissociation constant the higher the affinity. Protein S shows a significantly (five-fold) higher
affinity than other coagulation proteins. Protein C and factor X also show very high affinities for
the protein-membrane interactions. Typically, a lower dissociation constant suggests that a
molecule will have a higher affinity to a metal substrate. 3

Consideration was also given to the isoelectric point of proteins, which influence the net
charge. The amphoteric nature of protein allows a positive, negative, or neutral net charge based
on the pH of the surrounding environment. The pH where net zero charge result is known as the
isoelectric point (pI). When pH>pl the protein exhibits a net negative charge and when pH<pl a
net positive charge. Together the solution pH and pl influence the mobility of proteins, regarding
magnitude and direction of migration. Proteins with a range of pl values were selected to test the

influence of this parameter at a pH of 7.4.
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8.1.2  Gla Domain Metal Ion Binding Sites

Each vitamin K-dependent protein contains a Gla domain at the amine terminus,
containing 9 to 12 Gla residues. >’ These regions of proteins are membrane anchoring domains
with an affinity for metal ions. *® Two classes of metal binding sites have been identified in the
Gla domain with different affinities and specificities for metal ions, as well as varying effects on
the protein tertiary structure and functional roles. >4 Mg?* and Ca?" interact with vitamin-K
dependent proteins in physiological solutions, depending on the type and concentration of each
ion in the solution. ** These metal binding sites are commonly classified as high and low affinity
sites. A high affinity site requires an intact disulphide bond that stabilizes the protein and results
in multiple Gla residues in close proximity. These sites bind to metal ions reversibly and create
an intramolecular bridge; however, if unoccupied, the high affinity Gla residues repel one
another, and significantly change the tertiary structure. ** Low affinity sites result when one or
two Gla residues bind a metal ion. Studies show that these metal binding sites may bridge
proteins to other proteins or membrane surfaces.

Exterior sites on the protein structure are likely to be the direct contributor to the

45,46

phosphatidylserine binding, with two or more of the three external divalent metal binding
sites containing Mg?* when Ca?" and Mg?" are present. !°-2* The number of sites containing Mg
ions is dependent on the ion concentrations and the vitamin K-dependent protein. 47->2 Models
suggest that Ca ions have two distinct roles based on location. The four central ions are highly
influential in achieving the proper conformation of the protein for binding, and the outer ions
help directly fasten the protein to the lipid membrane. ¢ Although the influence of metal ions on
the Gla domain has been studied with respect to phospholipid membrane binding, the mechanism
of binding remains unclear. Figure 8.3 depicts metal ions binding to the Gla domain of factor

VlIla. Metal ion binding to all Gla domains in vitamin K-dependent proteins is thought to be

similar, as the position and number of y-carboxyglutamic acid groups are nearly identical.
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Figure 8.3. Images from Ohkubo and Tajkhorshid (2008) provide a detailed outline of the Gla domain of vitamin K-
dependent proteins. *° (4) Shows the typical structure of vitamin K-dependent proteins. (B) The Gla domain structure
of FVIIa with the backbone of the structure shown as tubing and the Ca’" ions as numbered spheres. (C) The first 46
amino groups of the Gla domain sequence have y-carboxyglutamic acid groups depicted as gamma (y) and the bound
Ca’* are positioned under the residue(s) that bind them to the Gla domain.

Modelling the Gla domain interaction with a phospholipid membrane shows that Ca ions
bound to the protein to interact with the negative lipid membrane. Work by Kromis>supported a
‘Ca?" bridging” mechanism to aid in understanding the binding of prothrombin fragment 1 to
lipid membranes with Ca ions present. Throughout the simulation ionic bonds were retained
between the Ca ions and phosphatidylserine molecules with up to 8 Ca ions. >* Rodriguez et al.
determined two binding sites connecting prothrombin to the phosphatidylserine membrane
secure the protein by electrostatic interactions. The first binding site includes Cal, Gla30, and
Lys11 and the second Ca5, Ca6, Ca7, Lys3, and Argl0. In this model the Gla loop was ~0.7 nm
inside the membrane (see w-loop label in Figure 8.3).34

The roles of each Gla residue with metal ion binding were determined by substituting one
glutamic acid residue at a time from the prothrombin molecule. Little impact on the prothrombin
function was noticed with removing the carboxyl group at residue 6, as it binds two Ca ions but

has no importance to the structure or function of the Gla domain. Functionality and phospholipid
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binding were attributed to Ca interactions with prothrombin residues 7, 14, 19, 20, 25, and 32.
Stabilization of the Gla domain was linked to Ca interactions with residues 16, 26, and 29 and
was crucial for protein function. > For a visual depiction refer to Figure 8.3 of Factor VIIa Gla
domain. The main difference between Factor VIla and prothrombin is that the carboxyl group in
residue 35 of prothrombin is removed and a carboxyl group at residue 32 of prothrombin is
added. Tai et al. * indicated that structural changes brought on by metal binding were localized
to the Gla domain (1-42 residues). However, Armstrong et al. showed the opposite, indicating
that structural changes with the presence of metal ions extend beyond fragment 1 to thrombin.*®

Although work has examined the binding of vitamin K-dependent proteins to phospholipid
membranes, the adsorption of these proteins to alumina surfaces, with the presence of low metal
1ons in solution, is novel.

The purpose of this study was to assess the influence of binding different vitamin K-
dependent proteins and the exposure of prothrombin solutions containing metal ions. Visible
interference colours on the device surface were analyzed to measure the relative sensitivity and
changes in the optical path lengths of different protein solutions. In future operation, the
immobilized protein layer may act as a cross-linking agent for other antigens or antibodies, to
achieve specific protein detection. Hence the immobilized layer is crucial for the successful
operation of this point-of-care test. Improving the protein adhesion or the efficiency of binding
and activity has the potential to increase the limit of detection. Furthermore, improved
understanding allows for tailoring the visible colour shifts to achieve optimal sensitivity. It was
predicted that the negative charged Gla region and the protein conformation were the main

factors governing protein immobilization.

8.2 Materials and Method

8.2.1  Device Preparation

Multilayer devices were prepared with tantalum deposition in the NAIT sputter system and
subsequent aluminum deposition in the University of Alberta NanoFAB, Floyd magnetron
sputtering system (see Chapter 3 — General Materials and Methods). Sputtered tantalum films
were 225 nm and aluminum films ranged from 100 to 120 nm. SEM cross-sectional images,
profilometry, or sputter rates were utilized to determine thicknesses of the resulting aluminum

layers for each test. Individual slides or full wafers were anodized at 8 V under potentiostatic
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conditions in 0.4 M phosphoric acid. Anodization was carried out at 20°C£2°C until the end of
alumina pore formation and tantala barrier layer growth, also known as stage b. Stage b was
reached when current density was <0.07 mA/cm?. Typical procedures were followed for cleaving
and anodizing unless otherwise stated. See Chapter 3 — General Materials and Methods for

additional details.
8.2.2  Protein Modelling

I-TASSER (Iterative Threading Assembly Refinement) was used to model and predict
various 3D protein structures and biological functions from amino acid sequences. >’ Federal
Acquisition Streaming Act (FASTA) format of amino acid sequences were input into the online
server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Additional templates without
alignment were input with Protein Data Bank identification (PDB ID) and the chain
identification (Chain ID) to guide modelling. For prothrombin, factor IX, and protein S the PDB
IDs and chain IDs of P00734!° and SEDM: A, ¢° P00740'¢ and INLO: G, ®! and P07225°° and
INLO: G were used. I-TASSER collects the PDB structure and generates the target-template
alignment with an in-house alignment tool called Multi-Sources ThreadER (MUSTER). For
more information on this threading algorithm see work by Wu and Zhang 2008. %

Running I-TASSER led to an output of the top five models. The predicted models were
analysed based on their C-score, a quantitative measurement of confidence, and the local
structure error profile that shows the estimated accuracy in the distance deviation between
residue positions in the model and the native structure. Typically, the first model is the highest
quality with the greatest C-score; however, in rare cases lower ranked models have highest C-
scores, and the local structure error profile needs to be analyzed to select the optimal model. The
model with the best fit and typically the highest C-score (a confidence score used to estimate the
accuracy of the predicted models) was selected. A typical C-score value is in the range of -5 to 2
with a higher value indicating a model with greater confidence. All models had scores within this
range.

The model with the best fit was visualized using the Molsoft ICM-Browser
(http://www.molsoft.com/icm_browser.html). Results provided annotated 3D images depicting a
potential position of the Gla domain within each vitamin-k dependent protein selected. The

longest plausible dimensions of the models were obtained by choosing two atoms, one from the
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Gla domain to the farthest atom. Dimensions of protein widths were measured at the widest point
of the molecule. For the three proteins chosen the broadest part was at the opposite end of the
protein from the Gla domain.

To calculate the volume of the highly charged Gla domain, this region was selected, and
others hidden. Under the display settings, the option to measure the distance between two atoms
was selected. Two points were then chosen to generate length, width, and height dimensions for
the area of interest. The product of these dimensions equals the volume of the Gla domain or

charged region depending on the molecule.
8.2.3  Protein Adsorption

Protein adsorption was completed following the procedure outlined in the General
Methods section. All experiments below followed the same processes for exposing proteins or
wash solutions to the device surface, however the solutions and in some cases time of exposure
were varied. Sharpie markers were used to describe hydrophobic 1 cm diameter circles. The
alumina area inside these regions was re-equilibrated by exposing a 20 pl spot of TBS at pH 7.4
for 15 minutes. TBS solution was removed with a pipette and slides were rinsed and dried.
Immediately following vitamin K-dependent protein solutions of 20 pl were exposed for 15
minutes (see specific tests below for details). After this period the liquid was removed with a
pipette from the surface, rinsed with deionized water, and subsequently dried with oil free
compressed air. All protein tests solutions were mixed and diluted in Eppendorf® LoBind micro-

centrifuge tubes (Sigma-Aldrich, St. Louis, MO) unless otherwise stated.

Part A — Detection of Vitamin K-dependent Proteins

8.2.3.1 Prothrombin Loss in Ordinary Micro-centrifuge Tubes

Initial prothrombin adsorption was tested with concentrations of 0.001, 0.01, 0.03, 0.06,
0.08, 0.1, and 1 mg/ml. Solutions were prepared in ordinary 1.5 ml micro-centrifuge tubes and
mixed thoroughly after dilutions to ensure uniform distribution of the protein in the TBS.
Solutions were exposed to the alumina surface following steps outlined in section 8.2.3 Protein

Adsorption.
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8.2.3.2 Sensitivity of Vitamin K-dependent Proteins

Tests looking at prothrombin, factor IX, and protein S on the surface, employed initial
prothrombin concentrations that were converted into molar concentrations to expose the same
number of moles to the surface for each protein solution. Prothrombin concentrations of 0.007,
0.015, 0.025, 0.035, 0.05, 0.08, and 0.1 mg/ml were exposed to the surface. The equivalent molar
concentrations were determined to ensure the same molar concentration was exposed to the
surface for each of the three vitamin K-dependent proteins, with different molar masses (n=3).
The varying concentrations and picomoles exposed to the surface for prothrombin solutions are
shown in Table 8.2.

Table 8.2. Outlines the prothrombin concentrations, moles present in 20l spots, and the number of times this quantity
can cover the nominal surface area within a 1 cm diameter spot with short and long side molecule binding. The
effective alumina surface area has a porosity of ~50% of the nominal are, not taking into account surface roughness.

Prothrombin | Prothrombin | Times the Nominal Surface |Times the Effective Surface
Concentration in 20 pl Area Covered with Area Covered with

(mg/ml) (picomoles) | short side long side short side long side

1 286.00 35.10 96.60 70.10 193.80

0.1 28.60 3.50 9.60 7.00 19.30

0.08 22.30 2.73 7.52 5.47 15.04

0.06 15.70 1.93 5.30 3.86 10.60

0.03 9.43 1.16 3.18 2.31 6.36

0.01 2.86 0.40 1.00 0.70 1.90

0.001 0.29 0.04 0.10 0.07 0.19

Anti-prothrombin polyclonal and anti-influenza B virus nucleoprotein monoclonal
(MyBioSource, San Diego, CA) antibodies were each exposed to spots where 28 picomoles of
prothrombin, factor IX, and protein S had been exposed to the device surface (0.1 mg/ml of
prothrombin). Antibody solutions of 0.1 mg/ml were utilized and 20 pl were exposed to each
spot for 15 minutes. Further details on the procedure for exposing protein solution to the surface
are outlined in section 8.2.3 Protein Adsorption.

Initial prothrombin control solutions and prothrombin solutions exposed to the alumina
surface 0.035, 0.05, and 0.1 mg/ml for 15 minutes, were collected for liquid chromatography
mass spectrometry (LCMS) by the Department of Chemistry (Lab EB-38, University of Alberta,

AB). Samples were stored in low-bind tubes at 4°C until analyzed.
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8.2.3.3 Time Dependence of Vitamin K-dependent Proteins

Constant molar concentrations of each vitamin K-dependent protein were exposed to an
alumina surface of one thickness for 45, 50, and 55 minute periods (n=3). Solutions contained 3
picomoles, equivalent to a prothrombin concentration of 0.01 mg/ml. Calculations of total
protein charges were completed online at ProteinCalculator v3.4
(http://protcalc.sourceforge.net/) to aid in analysis and solutions were exposed to the alumina

surface following steps outlined in section 8.2.3 Protein Adsorption.

Part B — Detection of Prothrombin with Metal Ions in Solution

8.2.3.4 Binding of Prothrombin from Solutions Containing Metal Ions

Reagents used included calcium chloride dihydrate, and magnesium chloride hexahydrate
(Sigma-Aldrich, Oakville, ON). Solutions of Ca** (1 mM to 10 mM), Mg?" (1 mM to 5 mM),
and Ca?*/Mg?" mixes were made with the respective reagents listed above in 1X TBS (see Table
8.3). The TBS buffer solution contains 50 mM Tris-Cl and 150 mM NaCl with a pH of 7.4 at
room temperature.

Table 8.3. Concentrations of various metal ion solutions applied to the alumina surface with other constituents,
typically prothrombin.

Metal ions in solution | Ca* Mg2+ Ca™'/ Mg2+
1 1/1
Concentrations (mM) | 2.5 1 2.5/1 2.5/5
10 5 10/1 10/5

The solution pH levels were measured and adjusted to 7.4 using small volumes of HCI or
NaOH. A final concentration of 0.1 mg/ml prothrombin was achieved by adding 0.01 ml of 1
mg/ml prothrombin solution to 0.09 ml of the metal ion solutions. Solutions were incubated at
room temperature with periodic mixing for 30 minutes before surface exposure. Solutions were
exposed to the alumina surface following steps outlined in section 8.2.3 Protein Adsorption.

Anti-prothrombin volumes of 20 pl at increasing cumulative concentrations of 0.015,
0.025, 0.05, and 0.1 mg/ml were exposed to select prothrombin-coated spots for 15 minutes to

test for active binding sites and changes in the detection limit. Spots coated with prothrombin

201



and prothrombin mixtures containing 5 mM Mg, 1 mM Ca, and 1 mM Mg/Ca ion solutions were

exposed to anti-prothrombin.
8.2.3.5 The Effect of Metal Ions and Chelators in Solution

A metal ion solution of 1 mM Mg ions and 2.5 mM Ca ions was created in TBS. The
device surface was coated with a prothrombin solution of 0.1 mg/ml and subsequently exposed
to the mixed Mg and Ca metal ion solution. Control solutions exposed to the slide for visual
comparison included; the metal ion mixture, prothrombin control, and prothrombin with metal
ions. All metal ion solutions and prothrombin dilutions were complete in 1X TBS at pH 7.4.

Prothrombin and metal ion solution mixes were created using the same procedure
previously outlined, with the additional step of adding 1 mM EDTA to the solution prior to the
incubation period. Control solutions exposed to each surface included prothrombin control and
Ca ions and EDTA for visual comparison. The final concentration of these constituents in all
solutions was 0.1 mg/ml of prothrombin, 1 mM Ca ions, and 1 mM EDTA. See section 8.2.3 for
more information on exposing the protein solution to the device surface and preparing metal ion

solutions.
8.2.4  Characterization
8.2.5  Liquid Chromatography Mass Spectrometry

For protein molecular weight determination reverse phase high-performance liquid
chromatography followed by detection using ultraviolet absorption and mass spectrometry (RP-
HPLC-UV-MS) was performed. An Agilent 1200 SL HPLC System was used with an Aeris™
WIDEPORE XB-C8, 3.6 um particle size, 200 A pore size, 50x2.1 mm column (Phenomenex®,
Torrance, CA), with a guard trap cartridge, and thermostatic at 40°C. A buffer gradient system
composed 0.1% formic acid in water as the mobile phase A and 0.1% formic acid in acetonitrile
as the mobile phase B was used. A sample volume between 15 and 20 ul was chosen and kept
constant for prothrombin unexposed and exposed solutions at each initial concentration to allow
for a comparison of intensity in data. The sample was loaded into the column at a flow rate of
0.50 ml/min and an initial buffer composition of 90% mobile phase A and 10% mobile phase B.
After injection, the column was washed using the initial loading conditions for 2 minutes to

remove salts. Elution of the proteins was completed using a linear gradient from 10% to 30%
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mobile phase B over a period of 3 minutes, 30% to 38% mobile phase B over a period of 10
minutes, 38% to 98% mobile phase B over a period of 1 minute, held at 98% mobile phase B for
3 minutes and back to 10% over 1 minute. UV absorbance was monitored at 210, 214, 254, and
280 nm. Mass spectra were acquired in the positive mode of ionization using an Agilent 6220
Accurate-Mass time-of-flight HR-LC/MS system (Santa Clara, CA) equipped with a dual sprayer
electrospray ionization source with the second sprayer providing a reference mass solution. A
mass correction was performed for each spectrum using peaks at mass-to-charge ratios (m/z) of
121.0509 and 922.0098 from the reference solution. Mass spectrometric conditions consisted of;
drying gas 10 L/min at 325°C, nebulizer 20 psi, acquisition rate of ~1.03 spectra/sec, fragmentor
275 V, skimmer 65 V, capillary 4000 V, and instrument state 4 GHz high resolution. Data
analysis was performed using the Agilent MassHunter Qualitative Analysis software package

version B.03.01 SP3 (Agilent, Santa Clara, CA).

8.3 Results

8.3.1  Protein Modelling

A 3D structure of prothrombin in Figure 8.4 and Figure 8.5 illustrate the localization of the
Gla domain. The FASTA sequence for prothrombin contains 622 amino acid residues. The signal

peptide and propeptide (groups 1 to 43) were ignored. '°
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Figure 8.4. The 3D structure of prothrombin generated using I-TASSER. The 10 Gla residues (red) are
located at sites 49, 50, 57, 59, 62, 63, 68, 69, 72, 75 on the protein (excluding signal peptide and propeptide
sites: 6, 7, 14, 16, 19, 20, 25, 26, 29, and 32).

Figure 8.5. A 3D structure of prothrombin (left) and surface charge map (right) in same orientation. The 10
Gla residues form an 8.3 nm’ carboxyglutamic domain at the base of the structure where binding to the alumina

Figure 8.6 and Figure 8.7 show the 3D structure generated for factor IX and the Gla

domain containing 12 y-carboxyglutamic acid residues and 12 other metal binding sites on
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varying amino acids. The protein sequence consists of 461 amino acids. The prepeptide and

propeptide (groups 1 to 46) were ignored. 61:63:64

Figure 8.6. The 3D structure of human coagulation factor IX generated using I-TASSER. The 12 Gla residues
(red) are located at sites 53, 54, 61, 63, 66, 67, 72, 73, 76, 79, 82, and 86 on the protein (excluding signal peptide
and propeptide sites: 7, 8, 15, 17, 20, 21, 26, 27, 30, 33, 36, and 40). Additional metal binding sites (purple) are
47, 48, 93, 94, 96, 110, 111, 281, 283, 286, 288, and 291 (excluding signal peptide and propeptide sites: 1, 2,
47, 48, 50, 64, 65, 235, 237, 240, 242, and 245).

Figure 8.7. The 3D structure of human coagulation factor IX (left) and surface charge map (right) in same

orientation. The 12 Gla residues form an 17 nm’ carboxyglutamic domain at the base of the structure where
binding to the alumina substrate occurs.
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Figure 8.8 and Figure 8.9 show the modelled 3D structure of protein S with the charged
residues. The structure was built from 676 amino acid residues and the signal peptide and

propeptide (groups 1 to 41) were ignored. 3°

-
- -~

-
,

Figure 8.8. The 3D structure of protein S generated using I-TASSER. The 11 Gla residues are located at
sites 47, 48, 55, 57, 60, 61, 66, 67, 70, 73, and 77 (excluding signal peptide and propeptide sites: 6, 7, 14,
16, 19, 20, 25, 26, 29, 32, and 36).%°

Figure 8.9. A 3D structure of protein S (left) and surface charge map (right) in the same orientation. The 11
Gla residues form a 12.3 nm’ carboxyglutamic domain at the base of the structure where binding to the alumina

substrate occurs.
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8.3.2  Protein Adsorption to Alumina
Part A — Detection of Vitamin K-dependent Proteins
8.3.2.1 Prothrombin Loss in Ordinary Tubes

Figure 8.10 shows the alumina surface after prothrombin solutions between 0.001 and 1

mg/ml were exposed.

Figure 8.10. The alumina surface after prothrombin exposure. Spots on (4) show concentrations from left to right of
0.001, 0.01, 0.1, and 1 mg/ml and (B) shows concentrations from left to right of 0.03, 0.06, 0.08, and 0.1 mg/ml.

Figure 8.11 outlines the dimensions of micro-centrifuge tubes used to dilute and store
proteins prior to exposure to the alumina surface.

@ 9.03 mm

=

Figure 8.11. The dimensions of polypropylene micro-centrifuge tubes used for mixing and storing proteins.

The inner surface area was calculated to be 8.8 cm?. Based on the available surface for
protein loss, as well as the maximum adsorption of prothrombin based on the size, the final

concentration of the exposed solution was determined and is shown in Table 8.4.
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Table 8.4. The initial concentration and molarity of prothrombin in solution were used along with a maximum
adsorption value of 570 ng/cm? and the centrifuge tube internal surface area of 8.8 cm’ to determine the moles
adsorbed and the final concentration exposed.

Initial Concentration | Molarity |Moles in 200 pl | Moles of Protein Adsorbed | Final Concentration
(mg/ml) (moles/l) | (picomoles) to Tube (picomoles) (mg/ml)

1.00 1.4E-05 2857 72 0.975

0.10 1.4E-06 286 72 0.075

0.08 1.1E-06 223 72 0.053

0.06 7.9E-07 157 72 0.030

0.03 4.7E-07 94 72 0.008

0.01 1.4E-07 29 29 0.000

0.001 1.4E-08 3 3 0.000

In tubes with initial concentrations of 0.010 and 0.001 mg/ml, no protein remains.
Therefore, not enough protein remained in solution to create a monolayer on the thin film
surface. Under the same conditions for prothrombin solution at 0.033 mg/ml, the concentration
of the solution pipetted onto the surface contained enough protein to form a monolayer on the

centrifuge tube surface while reducing the prothrombin solution to ~8 pg/ml.
8.3.2.2 Sensitivity of Vitamin K-dependent Proteins

Figure 8.12 depicts the visible colour changes that resulted from exposing protein solutions
of I, FIX, and PS containing 0.1, 0.2, 0.3, 0.5, 0.7, 1.1, and 1.4 uM to the surface of the thin
film. This is equivalent to 1, 4, 6, 9, 13, 22, and 27 picomoles of prothrombin.
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Prothrombin (Il)

Factor IX (FIX)

Protein S (PS)

Figure 8.12. Prothrombin, factor IX, and protein S solutions exposed and adsorbed to the device surface are shown
from top to bottom. Spots on each slide show molar concentrations from left to right of 0.1, 0.2, 0.3, 0.5, 0.7, 1.1, and
1.4 uM.

Spots with 0.1 uM exposed show the colours resulting after exposing protein solutions of
the lowest molar concentration to a device with a different alumina thickness and base surface
colour than the devices used for all other concentrations. Therefore, a comparison of the three
spots with 0.1 uM can only be carried out between the three proteins. Colour shifts varied
slightly after exposing larger concentrations of the three vitamin K-dependent proteins at

constant molar concentrations.
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8.3.2.3 Time Dependence of Vitamin K-dependent Proteins

Protein migration is a function of the molecular weight, shape, and overall net charge.
Correlations were helpful to predict the diffusion coefficients of proteins ranging in size and
shape, along with the radius of gyration and molecular weight. The radius of prothrombin, factor
IX, and protein S were found in the literature and used to calculate if any significant change in
diffusion time from the outermost region of the drop to the alumina surface was expected.

Protein diffusion coefficients were calculated with the following equation.

= % Equation 8-1

In the above equation, the constant of 6.85 x 108 is from fitting past literature, T is the
temperature in K, vis the solvent viscosity in cP, M is molecular weight in g/mol, R is the
radius of gyration in A, and D is the diffusion coefficient in cm?/s. ®® For all calculations, a
temperature value of 21°C was utilized and a water solvent with a viscosity of 0.98 cP. % With
the solvent containing buffer constituents an increased viscosity would result and extend the
diffusion time slightly. For PBS at 19°C the viscosity equals 1.05 cP but drops to 0.70 cP at
37°C. % TBS is assumed to be very close to both water and PBS solvent viscosities. In TBS at
21°C, the prothrombin radius of gyration is 35.5 A without metal ions in solution and 39.5 A
when Ca ions are in solution. % The radius of gyration for factor IX without metal ions present is
34.5 A while with metal ions in solution and bound to the protein the value is 32.8 A. ¢°
Literature for protein S was incomplete and hence proven trends between the molecular weight
and radius of gyration of globular proteins were used to estimate an approximate radius of
gyration. 7% Except for prothrombin, all vitamin-K dependent proteins are globular proteins. !
Therefore, taking into consideration that the globular structure results in a slightly larger radius
of gyration at the same molecular weight, a radius of gyration value of 40.0 A was approximated.

The maximum diffusion distance from the air-surface interface of the spot to the alumina
surface was measured to be ~0.8 mm. Using the obtained values and assuming the underlying
mechanism was momentum transfer, generates time for the maximum net displacement (i.e.

protein to move from the outermost surface of the droplet to the alumina surface)

2
t= TZ—D Equation §-2
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Where d is the net distance of diffusion in time t with units of cm (the maximum distance),
D is the diffusion coefficient in cm?/s, n is the dimension of diffusion (associated with 1D

diffusion), and t is the elapsed time in seconds. ’* Table 8.5 shows input and output values from

the two equations above.

Table 8.5. Protein molecular weight and radius of gyration values were used to calculate diffusion coefficients in
water at 21°C and the length of time for diffusion from the surface of a 20 ul spot to the alumina surface.

. molecular Rg with | Rg without | average Rg diffusion . .
proteins X X X A time (min)
weight (g/mol) [ metal ions | metal ions (A) coefficient (cm?/s)

Prothrombin 71,000 39.5 35.5 37.5 5.22E-07 51
Factor IX 53,000 32.8 34.5 33.6 5.79E-07 46
Protein S 75,000 40.0 5.01E-07 53

Average 50

SD 3 min 41 sec

Little change in the calculated diffusion time resulted between the three proteins. The
diffusion coefficient and diffusion time calculation do not take the protein and alumina charges
into consideration. Table 8.6 shows the net negative charges and mass-to-charge ratios for
prothrombin, factor IX, and protein S. With a low m/z ratio, proteins are expected to reach the
alumina surface and bind more quickly.

Table 8.6. Shows the calculated net charges and mass-to-charge ratios for the vitamin k-dependent proteins of interest.

Mass-to-Charge
Molecule Net Charge Ratio (m/z)
Prothrombin -13.7 5182
Factor IX -14.9 3557
Protein S -15.7 4777

Figure 8.13 shows the device surface after exposing a prothrombin solution containing
0.007 mg/ml and with equivalent moles of factor IX and protein S to the surface for longer than
15 minutes. Figure 8.13 shows the colour shifts present after solutions of prothrombin, factor IX,
and protein S containing 0.1 uM of protein were placed on the alumina surface for 45, 50, and 55

minutes. The purpose was to observe the influence of protein diffusion with different mass-to-

charge ratios.
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Figure 8.13. Colour shifts resulting when 2 picomoles of prothrombin, factor IX, and protein S solutions are in contact
with the surface for periods of 45, 50, and 55 minutes.

Part B — Detection of Prothrombin with Metal Ions in Solution

8.3.2.4 Binding of Prothrombin from Solutions Containing Metal Ions

To test the effect of EDTA on protein binding to the alumina, prothrombin, from solutions
with various concentrations of metal ions and EDTA, was immobilized and the resulting visible

colour shifts were observed to assess differences.

Figure 8.14. Alumina surface with exposure to (left to right) Ca and EDTA, prothrombin with Ca, prothrombin with
Ca and EDTA, prothrombin control, and prothrombin with EDTA. All solutions of prothrombin were at concentrations
of 0.1 mg/ml with constituents of 1 mM Ca and 1 mM EDTA.

The buffer solution consisting of Ca ions and EDTA had no influence on the bare device
surface colour. A buffer solution with Ca ions and EDTA showed no colour shift. Figure 8.15
and Figure 8.16 show two slides containing six spots each with varying metal ion and
prothrombin solutions. Each slide surface contains a prothrombin control spot for the comparison

of resulting colour shifts.
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Figure 8.15. Colour shifis (left to right) from solutions of: prothrombin and 1 mM Mg, prothrombin and 5 mM Mg,
prothrombin control, prothrombin and 1 mM Ca, prothrombin and 2.5 mM Ca, prothrombin and 10 mM Ca. All
solutions contain a final prothrombin concentration of 0.1 mg/ml.

Y}

Figure 8.16. Colour shifts (left to right) from solutions of: prothrombin and 5/2.5 mM Mg/Ca, prothrombin and 5/10
mM Mg/Ca, prothrombin control, prothrombin and 1/1 mM Mg/Ca, prothrombin and 1/2.5 mM Mg/Ca, prothrombin
and 1/10 mM Mg/Ca. All solutions contain a final prothrombin concentration of 0.1 mg/ml.

Measuring the Yxy coordinates from the protein spots and the bare surfaces images and
plotting on a CIE chart makes colour shifts more apparent. Figure 8.17 shows three colour plots
that outline shifts when Ca ions, Mg ions, and combinations of the two ions are mixed with
prothrombin prior to surface exposure. Coordinates of the bare surface and prothrombin control

solution are shown on each plot.
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Figure 8.17. Colour coordinates shown on each plot show the average surface coordinates (solid black) and the
prothrombin control solution (black outline). Plots from left to right show prothrombin with Ca ions (blue),
prothrombin with Mg ions (green), and Ca/Mg ions (purple). The marker outlines provide information on the ion
concentration in the protein solutions with white indicating the lowest, grey the middle value (if one exists), and black
the largest. Solutions containing both Ca and Mg ions show coordinate averages of the lowest and highest Mg ions
with all Ca concentrations.

Work on prothrombin has shown that binding 2 or 3 metal ions were necessary for
prothrombin membrane binding. "> When 2 to 3 multivalent metal ions were bound a higher
stability protein with a different conformational state results. ''7+7> Occupancy of 4 or 5 metal
ion binding sites allows prothrombin to bind securely to phospholipid membranes that have a net
negative charge. The metal ion binding sites are specific for calcium ions, however other alkaline
earth and lanthanide metal ions can substitute with lower efficiency.’s”’

Images captured of cumulative antibody solutions on prothrombin with different metal ions
are shown in Figure 8.18 and Figure 8.19. Similar to images showing prothrombin solution
subsequently exposed to the metal ion solution, images with multiple antibody solutions appear

to have less homogeneous surface colours.
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Il control 2 3 7 13 picomoles AP

Il with 1 mM Ca added

| Il'in buffer

Il with 5 mM Mg added

Figure 8.18. Anti-prothrombin visual detection sensitivity with exposed cumulative concentrations from left to right
of no anti-prothrombin solution, 2, 3, 7, and 13 picomoles (20 pl of 0.015, 0.025, 0.05, and 0.1 mg/ml). Solutions were

exposed to surfaces initially coated with 28 picomoles prothrombin solutions containing various amounts of Ca or
Mg ions for 30 minutes.
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Il control 2 3 7 13 picomoles AP

Il with 1 mM Ca and 1mM Mg

Il'in buffer

Figure 8.19. Anti-prothrombin visual detection sensitivity with exposed cumulative concentrations from left to right
of no anti-prothrombin solution, 2, 3, 7, and 13 picomoles (20 pl of 0.015, 0.025, 0.05, and 0.1 mg/ml). Solutions were

exposed to device surfaces coated with 28 picomoles of prothrombin solutions with 1 mM Ca and ImM Mg ions for
30 minutes.

Regardless of the protein and metal ion mixture on the surface, the anti-prothrombin led to
an increase in the colour shift with larger concentrations. Anti-prothrombin sensitivity on each

surface appears to be the same.
8.3.2.5 The Effect of Metal Ions and Chelators in Solution

Figure 8.20 shows an anodized slide with spots exposed to (left to right) the metal ion
buffer solution, prothrombin control, prothrombin bound with subsequent exposure to a metal

ion buffer solution, and prothrombin with metal ions in solution.
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Figure 8.20. The alumina surface exposed to (left to right) Mg/Ca ions in solution, prothrombin with Mg/Ca ions,
prothrombin control, and prothrombin followed by Mg/Ca ion solution. All prothrombin solutions were at 0.1 mg/ml,
Mg ion solutions were at 1 mM, and Ca ion solutions were at 2.5 mM.

Exposing the metal ion solution to the slide surface for 15 minutes results in no colour
shift. Furthermore, no colour shift was apparent between the prothrombin control and the spot of
immobilized prothrombin with subsequent exposure to the metal ion solution, although the

surface colour appears less homogenous after removal of the second solution.
8.3.3  Liquid Chromatography Mass Spectrometry

Figure 8.21 shows an overlay of low mass areas of the 0.1 mg/ml prothrombin control

solution (red) and the solution after exposure to the alumina surface (black).
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Figure 8.21. An overlay of the low mass regions (counts vs mass-to-charge) obtained from LCMS where the polymer
is detectable. The prothrombin initial solution (orange) and the solution after exposure to the alumina surface for 15
minutes before examination (black) are shown to outline differences between the two.

Deconvoluted plots of the control and exposed prothrombin solutions with an initial

concentration of 0.1 mg/ml are shown in Figure 8.22.
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Figure 8.22. Deconvoluted plots show the 3 sets of peaks in a prothrombin control solution (top) and the solution after
exposure to the alumina surface (bottom) with an initial concentration of 0.1 mg/ml. Set 1 was in the 72100 amu range,
set 2 was in the 72400 amu range, and set 3 was in the 73100 amu range.

All prothrombin solutions produce curves with three sets of peaks regardless of the
concentration under evaluation. The average shift between peak sets 1 and 2 was calculated to be
29142 amu and between set 2 and 3 was 657+1 amu. These shift values were present in all
prothrombin solutions regardless of exposure to the alumina surface or initial concentration. The
maximum peaks in set 1, 2, and 3 were consistently 72181%1, 72472+1, and 73128+1 amu for
the control solution and 72153+2, 72444+1, and 73101+1 amu for the alumina exposed
prothrombin solution, respectively. Between the control and alumina exposed prothrombin
solutions the peak positions shifted ~28 amu.

Figure 8.23 shows set 2 for prothrombin solutions before and after exposure to the device

surface for initial prothrombin concentrations of 0.035, 0.05, and 0. Img/ml.
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Figure 8.23. Deconvoluted plots show peaks from set 2 for the initial prothrombin solution (red) and the prothrombin
solution exposed to the porous alumina surface for 15 minutes (black). The initial prothrombin concentrations were
(4) 0.1, (B) 0.05, and (C) 0.035 mg/ml for plots shown. The main peaks are labelled 1 to 6.

An average shift of 26+2 amu was calculated between peaks in set 2 of all prothrombin
solutions run. Table 8.7 shows a comparison of peak intensities resulting from the control
solution and the alumina exposed prothrombin solution was completed for concentrations of
0.035, 0.05, and 0.1 mg/ml. The average intensity of each sub-peak in set 2 was determined
relative to the maximum peak intensity of the control prothrombin solution.

Table 8.7. Average peak intensity of prothrombin control solutions and prothrombin solutions exposed to the alumina
surface as a percentage of the maximum control peak intensity (bold). Average percentages and standard deviations
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were achieved from solutions of 0.035, 0.05, and 0.1 mg/ml. Standard deviations (SD) and coefficient of variations
(CV) were shown for peak percentage values of control and exposed solutions.

. X Peak Intensity in Prothrombin .
X Peak Intensity in Prothrombin . . Decrease in Peak
Peak Regions i Solution Exposed to Alumina (% of .
Peak Label Control Solution (% of Max Peak) Intensity (%)
(amu) Max Control Peak)

Average SD (@Y Average SD CcV Average SD

1 72359 to 72370 21 1 0.04 4 1 0.05 17 1
2 72391 to 72392 31 10 0.33 22 6 0.08 9 12
3 72416 to 72421 94 4 0.04 39 11 0.05 55 8
4 72444 to 72448 71 9 0.12 42 10 0.00 29 7
5 72468 to 72473 100 0 0.00 38 9 0.01 62 9
6 72493 to 72501 65 7 0.11 33 6 0.05 33 1

The largest peak intensity decreases were found to be 62 and 55% with exposure to the

alumina surface for peak regions of ~72416 and ~72468 amu respectively (peaks 3 and 5).

8.4 Discussion

8.4.1  Protein Modelling

Although the membrane anchoring domain of all vitamin K-dependent proteins are similar,
generating models for the three proteins selected allowed for a visual depiction of how the
structure could influence binding to the alumina. Prothrombin binds to the alumina surface at the
Gla domain because the numerous carboxyglutamic residues have a high affinity for metal
oxides such as alumina. ° With the high concentration of Gla residues at the base of the molecule,
it is likely that vitamin K-dependent proteins will bind to the surface through the Gla domain, at
a particular orientation. !° Reliable binding is crucial for the device operation as it results in
consistent optical path length and visible colour shifts on the surface. The prothrombin I-
TASSER generated models are shown between Figure 8.4 and Figure 8.9.

Prothrombin is a unique vitamin K-dependent protein as it contains two ‘kringle’ domains.
39 These domains exist in other proteins in the blood coagulation process but not in other vitamin
K-dependent proteins. It has been proven that the kringle domains contain no sites participating
in the protein and membrane binding. ' The predicted binding orientation of factor IX to the
alumina substrate is similar to prothrombin through the Gla domain. In the I-TASSER models,
the protein appears to have a broad base and was expected to generate a thinner monolayer than
prothrombin based on the lower molar mass. A reproducible orientation was expected; however,
the width and curvature of the protein may allow portions of the structure to fold and contact the

alumina surface and cause protein denaturing or instability. Seven of the additional metal ion
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binding sites exist within the Gla domain which may or may not benefit binding to the alumina
surface, and the remaining 5 are at the opposite end and may hinder binding to the surface.

No documents unveil the detailed structure of protein S. However, -TASSER was
employed to use the amino acid sequence and the same chain alignment as for factor IX to
generate a structure based off the folding of similar protein sequences (see Figure 8.8 and Figure
8.9). The stability of a narrow base is undetermined and may allow flexibility in the upper
portion of the protein, exposing it to the surface and potentially denaturing or becoming unstable.

Prothrombin, factor IX, and protein S models had C-scores of -1.05, -1.67, and -2.74, with
the range of C-score values for low to high quality being -5 to 2. The 3D models provided
visualization for assessing protein-surface interactions such as interpreting the colour generation
and stability of the Gla domain on the alumina surface. Optimal molecules for linking additional
proteins, and building the detection platform, should contain a high charge density region to

orient molecules and ensure stable positioning on the surface and reproducibility.

Table 8.8. Gla residue density of vitamin K-dependent linker molecule.

Number of Gla Domain |Gla Residue Density

Molecule ) . . 2
Gla residues |Volume (nm®) [ (Gla Residues/nm?)
Prothrombin 10 8.3 1.20
Factor IX 12 17.0 0.71
Protein S 11 12.3 0.89

A consistent binding orientation of the initial protein monolayer is necessary for
reproducible colour shifts on the surface of the slide and subsequent cross-linking to create a
detection platform for different analytes. Further experimental testing is required to confirm the
exact protein structure including the location and orientation of the Gla domain (see more on

orientation in Chapter 9).

8.4.2  Protein Adsorption to Alumina

Part A — Detection of Vitamin K-dependent Proteins
8.4.2.1 Prothrombin Loss in Ordinary Tubes

Initial work carried out to determine the approximate sensitivity of the device, exposed
Prothrombin solutions between 0.001 and 1 mg/ml (0.3 to 285.7 picomoles). The resulting

visible colours observed showed different hues of purple with protein solutions of 1 and 0.1
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mg/ml exposed and no visible colour change with <0.01 mg/ml. Exposing higher concentration
solutions resulted in a colour shift towards the blue region, demonstrating an increase in the
optical path length with more protein binding to the surface. Additional concentrations between
0.1 and 0.01 mg/ml showed visible colour changes until solutions <0.3 mg/ml. The drop-off in
protein adsorption may be due to the proteins in solution adsorbing to the centrifuge tube that
protein dilutions are carried out in or the pipet tip. A decrease in the concentration changes the
diffusion coefficient and absorption coefficient of proteins within the droplet toward the surface.
It is also possible that when the concentration becomes too low, diffusion towards the surface is
the rate-limiting factor and prevents significant adsorption in the allotted period. If this is the
case, increased time should result in increased binding and sensitivity.

From the literature, the amount of protein that adsorbs to a hydrophobic surface is in the
range of 100 to 1000 ng/cm? depending on the binding orientation and dimension of the protein.
879 A geometrical maximum of prothrombin binding to the surface in one layer with short and
long sides of the protein was determined. Prothrombin was modelled as an ellipsoid based on its
globular structure with dimensions of 4.5x5x11 nm. 3° The densest packing of these molecules in
long side and short side binding positions led to the determination that the maximum amounts of
prothrombin that can bind to the surface are 207 and 570 ng/cm? respectively. Work completed
by Esser provides a demonstration of these calculations. 8! The centrifuge tube (see Figure 8.11)
was divided into three components and the inner surface area available to bind protein was
determined to be 8.8 cm?. The maximum amount of protein that could adsorb to the surface of
the centrifuge tube allowed for adjustments of the protein concentration accordingly and showed
the importance of using low-bind tubes. A maximum geometrical adsorption value of 570 ng/cm?
for a monolayer of prothrombin was employed for calculations, leading to a maximum
adsorption of 5 pg (72 picomoles). Table 8.4 outlines the initial concentration and molarity of
prothrombin, the moles in a dilution volume of 200 pl within the centrifuge tube, the moles
adsorbed to the tube surface, and the final concentration of the solution exposed to the surface.

The pipet tip inner surface area contacted by 20 ul of solution, was 1.03 cm?. With close
packed order of prothrombin this can result in an additional 0.59 pg of protein adsorption.
Decreasing the 20 pl solution by 29 pg/ml if the tip was filled once and potentially decreasing
the 0.2 ml solution in the centrifuge tube by 2.9 pg/ml if the tip was filled and released multiple
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times. The theoretical mass adsorbed by a pipet tip is an order of magnitude less than a
centrifuge tube. Furthermore, filling and releasing of protein solution from the pipette tip
multiple times before pipetting, ensures saturation of the tip and reduces the impact on
concentration. Adsorption to the pipet tips was assumed to be zero for these calculations.

These results confirm that the lack of a visible colour below 0.03 mg/ml was due to protein
being removed from solution during the dilution process. Solutions containing <5 pg (72
picomoles) loose the majority of protein in solution during the formation of a monolayer on the
tube surface leaving no protein in solution. The actual sensitivity was closer to ~15 pg/ml, which
aligns with the sensitivity of prothrombin determined with low bind tubes (see section 8.4.2.2)
To increase the precision of the protein concentration in solution, it is essential to mitigate
protein adsorption to the micro-centrifuge tube surface. Options include using an alternate
protein solution (e.g., BSA) to coat the tube surface before diluting the protein solutions or using
a pre-coated or special tube to minimize protein adsorption to the surface. Alternatively, the
dilution could be carried out on the alumina surface by pipetting the necessary volume of TBS
and subsequently the small volume of protein at a higher concentration than desired to achieve
the final concentration with a greater accuracy. For remaining tests low binding micro-centrifuge
tubes will be used to mitigate adsorption during mixing and diluting. In cases when ordinary
micro-centrifuge tubes are used for prothrombin solutions, or protein of a similar mass, a protein
loss of ~5 pg should be accounted for. Accurate concentrations are crucial when examining

colour shifts on device surfaces, at low concentrations, shown in chapter 9 and 10.
8.4.2.2 Sensitivity of Vitamin K-dependent Proteins

Applying the same number of moles for prothrombin, factor IX, and protein S allowed
proteins with different molar masses, charges, and structure to be compared base on the resulting
colours generated and sensitivity. The dimensions measured from these [-TASSER models of
prothrombin, factor IX and protein S were 10 by 4.4 nm, 6.2 by 4 nm, and 11.8 by 5 nm,
respectively. Protein thicknesses showed a stronger indication of colour shift than charge density
explaining why factor IX generated a less distinguishable colour than prothrombin and protein S
and was ultimately less sensitive for detection by eye. The Gla domain binds to the membrane
surface on the short side of the molecules and thus with protein binding the colour shift and

thickness of protein monolayers would be expected to increase in the order of factor
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IX<prothrombin<protein S. It was expected that protein S would be ~2 nm thicker than
prothrombin and shift slightly further into higher colour orders, however, they appeared similar.
It is plausible that the structure of protein S was less stable, and binding created a layer that was
thinner than that generated by prothrombin binding. Consistent colour shifts were observed and
led to the conclusion that binding of proteins to the surface is reproducible. With molar solutions
of each protein showing different colour shifts with immobilization, it is difficult to determine if
diffusion and binding occur at the same rate. The sensitivity, or visual detection limit, for molar
concentrations of prothrombin, factor IX, and protein S equate to 0.2, 0.3, and 0.2 uM
respectively.

Anti-prothrombin and influenza B antibodies were exposed to each protein spots to
confirm device specificity. Anti-prothrombin generated a colour shift when exposed to
immobilized prothrombin spots, but no colour change when exposed to factor IX or protein S
spots. The influenza B antibody showed no colour shift on any of the three immobilized vitamin

K-dependent protein spots, interpreted by eye.
8.4.2.3 Time Dependence of Vitamin K-dependent Proteins

Prothrombin solutions at a concentration of 1 mg/ml contain over 35 times the amount of
protein required to saturate the nominal alumina surface of a 1 cm diameter spot with a
monolayer of protein, regardless of the binding orientation. With similar dimensions for factor
IX and protein S, concentrations of ~1 mg/ml solutions likely contain significantly more protein
than that required for a monolayer as well. Table 8.2 shows the amount of prothrombin present in
solutions at different concentrations to cover the surface. For prothrombin solutions, the number
of molecules present in a 20 pl spot of 0.007 mg/ml (1 picomole) covers the nominal surface
between 0.2 and 1.3 times. The nominal surface area differs from the actual porous alumina layer
due to porosity and roughness, however, this provides a rough indication of short and long side
binding to the alumina. Calculations were completed using dimensions from Lim et al. ?*

At lower concentrations it was thought that the orientation of binding and diffusion to the
surface may be more influential to the resulting colour shift. Lower concentrations and increased
exposure time of the protein solution, was carried out to determine if differences in diffusion or
mass-to-charge ratios change the sensitivity of the protein solutions. An average diffusion time

for the vitamin K-dependent proteins of 50 minutes+3 minutes and 41 seconds was calculated.
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With similar diffusion times it was expected that stronger colour shifts would result from the
exposure of protein solutions containing a lower mass-to-charge ratio (m/z). Mass-to-charge
ratios are in order of prothrombin>protein S>factor IX and were expected to better represent the
impact of the charged Gla region on the molecule. However, the net negative charges are in order
of protein S>factor IX>prothrombin. Theoretical calculations showed that prothrombin solutions
between 0.2 and 0.5 uM (see Table 8.2) must be exposed to the surface for 15 minutes to create a
colour shift. Loss in the low bind tubes showed that the actual exposed protein was ~ 0.1 M (see
Table 8.4).

The surface colour change increased with longer exposure periods for all protein solution.
However, in the protein m/z ratios did not appear to impact binding differently with increased
exposure time, as factor IX with the lowest mass-to-charge ratio had the weakest colour shift.
These results further demonstrate the importance of thickness change and protein conformation
for colour shifts and indicate that the density of Gla residues in each molecule between the
vitamin K-dependent protein testes was not influential to the protein binding.

When selecting a base protein layer to build an antigen-antibody detection test low
concentration of the linking protein are not likely to be used. The exposure of high concentration
solutions would saturate the surface and minimize the necessary exposure time period. However,
the greater the affinity of the protein for the alumina surface, the better to achieve high device

stability.
Part B — Detection of Prothrombin with Metal Ions in Solution

8.4.2.4 Binding Effects of Prothrombin Solutions Containing Metal Ions

This work tested various concentrations of Ca and Mg ions individually and in
combinations to determine how the addition of metal ions to prothrombin solutions influenced
the binding, and ultimately the colour shifts on the surface. Metal ion solutions shown in Table
8.3 create mixtures of prothrombin solutions with a final concentration of 0.1 mg/ml. Images of
spots are shown in Figure 8.16 and Figure 8.17 and visual differences were observable by eye.
However, CIE chromaticity diagrams were useful for assessing the colour shifts in these images,
which were otherwise difficult to interpret by eye. Colour interpretation by eye leads to a

perceived reduction in the protein layer thickness with the 10 mM Ca ion protein solution.
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However, mapping the coordinates showed that a shift towards a higher optical path length did
occur; it was just not an easy change for our eyes to detect.

Protein solutions with added Ca and Mg ions resulted in greater colour shifts than the
prothrombin control by increasing in optical path length. The most significant colour shifts were
observed after protein solutions with 2.5 and 1 mM Ca ions were exposed to the surface. A close
second were solutions with mixtures of Mg at | mM and any of the Ca concentrations tested (1,
2.5, and 10 mM) followed by Mg at 5 mM and Ca concentrations of 2.5 and 10 mM with smaller
colour shifts from the prothrombin control. The protein solution with 10 mM Ca ions resulted in
a colour very close to the prothrombin control.

Altering concentrations of calcium and magnesium ions has demonstrated changes in
prothrombin binding to the alumina surface and was thought to be caused by the number of ions
bound to sites in the Gla domain. 32 Assuming that the Gla domain of all vitamin K-dependent
proteins interact similarly with metal ions and binding to a membrane or alumina surface, the
well-researched proteins can be used to interpret the effect on prothrombin and other proteins
with less available background. Solutions employed for this work were close to what exists in
normal human plasma. The prothrombin concentration was 0.1 mg/ml and the midpoint of Ca
and Mg ions used were 2.5 and 1 mM, respectively. Whereas the native concentration of
prothrombin ranges from 0.05 to 0.15 mg/ml®* and contains ~1.25 mM free Ca?* and ~0.5 mM
Mg+

Prothrombin has high and low affinity metal binding sites that bind a single metal ion with
a single or multiple Gla residues. ** A study on factor X, identified classes of metal binding sites
in the Gla domain unique to Ca ions. With Gd(III), one high affinity metal binding site was
found (K4=0.55 uM) and between four and six low binding sites (K¢=4 to 8 uM). *>”” The
affinity of each binding site in the prothrombin molecule is unknown, yet the intermolecular
bridge that results from two high affinity sites is known to stabilize the tertiary structure of
prothrombin. °-6°

Studies showed that vitamin K-dependent proteins require calcium ions to configure in a
way that allows them to bind to membranes. At supraphysiologic concentrations of Ca?*, Gla
domains in factors VII, IX, and X are known to bind 7 to 9 Ca®>" when no other metal ions are
present. 2228586 Supraphysiologic Ca?* concentrations of 2.5 to 5mM Ca?" were employed in

clotting studies to ensure saturation of the Gla domains for maximal enzymatic activity and
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membrane binding. 8 However, based on the visible colour shifts this work showed binding of
prothrombin with 2.5 mM and 1 mM Ca ions were nearly identical, whereas at 10 mM Ca ions
showed, almost no change from the prothrombin control solution colour shift. If a greater
number of sites contain Ca ions the structure differs and binds less preferentially to the alumina
surface.

At plasma ion levels, between 2 and 4 of the metal binding sites in Gla domains of factor
VII (inactivated or VIIa) and X are filled by Mg?*.#%87 The addition of Mg ions to protein
solutions with Ca ions at physiological levels was found to enhance membrane binding to FVIIa
and activated protein C.3° Solutions with 1 mM Mg ion concentrations were found to show
slightly greater colour shifts than solutions with 5 mM Mg ion concentrations, regardless of the
Ca ion concentrations. Even solutions with Mg and 10 mM Ca ions result in a greater optical
path difference than solutions containing only 10 mM of Ca ions. This change demonstrates an
improvement in protein stability and/or conformation. In previous work the occupancy of Mg?*
improved the stability of binding sites in the Gla domain compared to when only Ca®* is
present.®8

Exposing anti-prothrombin to spots where prothrombin was bound demonstrates
immobilization and that metal ion solutions did not denature binding sites. Colour shifts were
notable on all spots, and therefore the assumption can be made that prothrombin receptor sites
remain intact. The sensitivity of anti-prothrombin detection was tested on each of the spots by
exposing initially low concentrations of antibody to the surfaces. The increase in cumulative
concentrations (0.015, 0.025, 0.05, and 0.1 mg/ml) ensured visible detection (see Figure 8.19).
Preliminary work compared the colour shifts of anti-prothrombin on prothrombin with the
exposure of cumulative antibody solutions versus a single solution and found no visible
differences.

With noticeable differences in the prothrombin colour shifts, it is likely that ion mixtures
altered the conformation or binding efficiency of the molecules resulting in a thicker or denser
protein layer and increasing the colour change. However, with antibodies showing equivalent
colour shifts, the assumption was made that the prothrombin layer density remains constant and
that colour differences result from a change in the protein layer thickness. The sensitivity of anti-
prothrombin appeared to be equal on surfaces with all prothrombin solutions regardless of the

metal ions combined in solution.
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Exposing multiple antibody solutions and in some cases prothrombin and metal ion
solution leads to less homogenous colour shifts or lines within the exposed area. It is possible

that these visible inhomogeneities are a result of contaminants or multiple protein layers.
8.4.2.5 The Effect of Metal Ions and Chelators in Solution

Additional tests were run to determine if bound prothrombin molecules are influenced by
the exposure of metal ions in a buffer solution and how the addition of metal ions and a chelator
impact the visible colour changes on the device surface. A buffer solution containing metal ions,
near physiological levels, was placed on the surface with immobilized prothrombin to determine
the influence on the colour shift. Furthermore, the influence of metal ion solutions on the
alumina surface tests whether ions interact with the surface and lead to colour shifts. A study by
Natishan and O’Grady showed that chloride ions interact with aluminum hydroxide and can lead
to corrosion. % If any oxidation of the alumina occurs from Ca and Mg ions reducing the
alumina, it is extremely minimal and caused no noticeable colour shift. After prothrombin has
bound to the surface, the metal ion solution had no visible influence on the protein. The mixture
of prothrombin with metal ions demonstrates the resulting colour shift on the same slide, which
was slightly different from the original prothrombin solution as expected.

Introducing a chelator, EDTA, to protein solutions and exposing these solutions to the
alumina surface, reduced the visible colour shifts that result. It was expected that EDTA would
bind to metal ions in solution or, in solutions with low free ions, from ions initially bound to the
protein molecules changing the conformation of the protein and potentially influencing binding.
It is known that the Gla domain becomes unstable with the addition of EDTA because the Ca?*
dependent folding is disrupted, > hence supporting that resulting colour changes were not from
metal ions interacting with the alumina surface.

A comparison of the surface colours showed that protein solutions with equal ratios of Ca
ions and EDTA generated the same visible colour shift as the prothrombin control solution
whereas, prothrombin solutions with Ca ions resulted in an increased OPL and stronger colour
shift than the protein control solution. Prothrombin solutions with EDTA led to a decrease in
OPL and a less significant colour change than the prothrombin control solution. Solutions with
balanced EDTA and Ca ions resulted in no visual difference from the prothrombin control

surface. Equal ratios likely completely mitigate any impact of the Ca ions, as EDTA is a
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chelating agent with a high affinity for metal ions. The use of EDTA reduces the prothrombin
binding when no additional or free metal ions exist in solution, likely removing metal ions from
the Gla domain. The change in structure creates a layer with a reduced OPL, decreasing either
the refractive index or thickness.

Based on the literature two possibilities exist for in situ binding of prothrombin. Firstly, the
Gla residue maybe the binding mechanism or secondly, the metal ions positioned in the Gla
domain expose some other binding site on the prothrombin molecule that is otherwise not
exposed. ** A combination of these two mechanisms is also possible. Work by Mann et al. *°
supports that the y-carboxyglutamic acids bind to the membrane surfaces through the bridges
containing calcium whereas Borowski et al. °! demonstrated that the protein structure was altered
adjacent to the Gla domain, exposing a site that binds directly to the membrane.

In addition to the carboxyl groups binding with hydroxides at the alumina surface, it is
possible that higher valence Al ions at the device surface may displace Ca and Mg ions from the
Gla domain or bind to available sites due to a higher charge and binding affinity. However, it
was demonstrated that removing the Ca and Mg ions with EDTA was detrimental to the
prothrombin structure and reduced the OPL from that of the prothrombin control solution. If
immobilization occurred through only carboxyl groups, then less ions bound to the Gla domain
would leave more sites for membrane binding with the addition of EDTA, hence a structural

change in the protein molecule that prevents efficient binding seems more likely.
8.4.3  Liquid Chromatography Mass Spectrometry

HR-LC/MS provided mass data in the range of 100 to 100,000 amu. Polymer
contamination was observed in the low mass region of prothrombin samples shown in Figure
8.21. Polyethylene glycol (PEG) and other ethoxylated polymers — detergent residues and
surfactants — demonstrate a 44 amu ion mass series with some number (n) of repeat units
(OCH2CH2)n. The polymer was likely some non-ionic surfactant such as tween, triton,
polyethylene glycol or some ethylene oxide with a repeating group. The deconvolution of this
region was unattainable, and therefore exact polymer masses are unknown. The most probable
cause is that the polymer was an additive to the protein solution for a stabilizing agent. However,
the polymer may be from plastic ware/silicon coatings, organic solvents, calibration solution,

sample detergents, glassware or cleaning solutions used during manufacturing. °> Analysis of the
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low mass region between prothrombin control solutions and those exposed to the alumina
surface, showed lower intensity signals from protein solutions after exposure to the alumina
surface (see Figure 8.21). It is likely that some polymer remains immobilized on, or trapped in,
the porous alumina film. The polymer may remain on the alumina film or may rinse off
following the removal of the protein solution. When testing immobilization of different protein
solutions in future work, LCMS may be a useful tool to confirm the approximate amount of low
mass fragments that are present and binding to the surface to ensure the amount is minimal and
has no contribution to the thickness increase and colour shift. Future tests could expose the
device surface to an intentionally high amount of polymer contamination to see if any colour
shift results.

In the higher mass region near prothrombin (~72000 amu) deconvoluted plots show three
distinct peak sets in all prothrombin solutions tested. Each set of peaks is labelled as 1 to 3 from
lowest to highest mass for this work with set 2 consistently displaying a significantly higher
intensity than other sets (see Figure 8.22). The max peak shifting between control and exposed
solutions is thought to be from preferential adsorption. Analysis of monosaccharide residue
masses provides a viable explanation for the fragments of prothrombin leading to three sets of
peaks. As previously mentioned from set 1 to set 2 peaks a consistent increase 29142 amu was
measured and between set 2 and 3 peaks an increase of 6571 amu. The ~291 amu difference
was likely from the addition or subtraction of one SA, N-acetylneuraminic acid (NeuAc), bound
at a glycan region. The ~657 amu shift is likely a result of HexNAc — specifically N-
acetylglucosamine — with a mass of 203 amu, NeuAc with a mass of 291 amu, and Hex — either
fructose, galactose, glucose, or mannose — with a mass of 162 amu added at glycan regions.
Therefore, accounting for a total mass increase of 656 amu. °* Calculations employed
underivatized monoisotopic monosaccharide residue masses. Prothrombin is a glycoprotein with
three N-linked glycans at amino groups of asparagine 121, 143, and 416. '6°4% Theses N-linked
glycans are complex (UnitProt Consortium 2017). This purified protein contains by weight
~90% amino acid residues with the remaining ~10% consisting of carbohydrates present include
2.8 to 4.1% Hexose (Hex), 2.3 to 3.4% sialic acid (SA), and 2.4 to 3.1% N-acetyl hexosamine
(HexNACc). 339697 Optimization of the LCMS parameters may reduce fragmentation of glycan

groups off prothrombin molecules if these losses occur prior to or during analysis. It is also
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possible that the prothrombin solution was non-homogeneous, contributing to the three sets of
peaks.

Within the three peak sets, sub-peaks were observed. Set 2 was selected for sub-peak
analysis as it contains the majority of protein and provides the most distinguishable shifts, shown
in Figure 8.23. The mass spectrometry tool used to collect data assigns masses with an accuracy
of 0.001 amu®® and therefore, this shift between sub-peaks was deemed significant. The available
databases provided no insight on the spacing within sets. In all protein solutions between 7 and 9
sub-peaks were visible within peak sets. Sub-peaks showed an average shift of 26+2 amu for all
prothrombin concentrations run. The number of sub-peaks correlates with the number of metal
ion binding sites that exist in the Gla domain. The explanation is that ions or molecules (i.e., Ca
and Mg ions) are bound to areas of localized charge in the Gla domain during the isolation
process. Changes in the type and number of ions bound to the Gla domain of a vitamin K-
dependent protein are known to alter the conformational structure. When comparing peaks from
the mass spectrometry data of all prothrombin solutions, preferential binding of prothrombin to
the alumina surface took place at peaks in the range of 72416 to 72421 and 72468 to 72473 amu
(see Table 8.7). It is likely that the Gla domains of these molecules contained optimal
combinations of metal ions for binding to the alumina surface to occur. The coefficient of
variation values for the normalized intensities of initial solutions and wash solutions were <0.33,
demonstrating low variance. For improved accuracy, the area under each curve should be
compared to account for the total intensity, however using the normalized intensity data provided
a method to highlight the observed trend. An important concept that remains unknown is whether
the optimal presence of metal ions bound to prothrombin allows these ions to be replaced more
easily by aluminum ions at the surface, or if changes in the protein conformation with ion

binding unmask membrane binding sites.

8.5 Future Work

Work conducted in this chapter looks at the adsorption of three vitamin K-dependent
proteins; prothrombin, factor IX, and protein S. Numerous other vitamin K-dependent proteins
exist and may reveal a device with greater sensitivity due to different protein-surface interactions
and binding. Furthermore, exposing the corresponding antibody solution after the immobilized
vitamin K-dependent protein may show differences in the limits of detection. Testing subsequent
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wash solutions on surfaces coated with protein maybe indicative of changes in protein charge
and stability based on protein removal, but this was outside the scope of this work.

With various metal ions in solution any changes to the pH of the solution may provide
valuable insight on the protein-surface interaction. Both parameters would allow for
conformational change of the protein including the sites exposed and net charge. However, it was
excluded from this work because biologics on the device surface will be at a pH of ~7.4 and
proteins are stable at this value. The use of radiolabelling with prothrombin solution containing
metal ions would confirm if the change in OPL resulted from a change in the protein layer
density or thickness. The first would show an increased radioactivity whereas the second would
show no change in radioactivity.

A continuation of the protein modelling work has the potential to show protein interactions
with the porous alumina layer. However, the theoretical models may not accurately depict the
protein structure; let alone how it interacts with the surface.

Inductively coupled plasma mass spectrometry (ICPMS) may confirm that the mass
spectrometry sub-peaks occurring at 26 amu increments result from metal ions and the type (e.g.
Ca, Mg, Na, or Al), if amounts were above the detection limit. Solution preparation would be
necessary to ensure a high purity solution initially and following steps to separate the protein
from any attached ions.

Future work could apply Triton X-100, a non-ionic detergent that shows minor disruption
of protein-protein interactions, to the affected areas in attempts to remove protein-proteins
interactions. The binding of antigen and antibodies are typically unaffected. *° If unsuccessful in
achieving surface homogeneity stronger detergents of sodium deoxycholate and sodium dodecyl
sulphate (SDS) could be used. These solutions have a greater ability to disrupt protein-protein
interactions and may denature proteins. Antigen and antibody interactions are typically preserved
but work by Herrmann et al. showed this is not always the case, as deoxycholate was found to
reversibly change the antigen structure and did not bind to the corresponding antibody. %

Protocol details for exposing these detergents can be found in the literature.”

8.6 Conclusions

1. This work compared the binding properties and sensitivities of three vitamin K-
dependent proteins to the alumina surface. It was apparent by visible detection that
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larger proteins of prothrombin and protein S had sensitivities of 0.2 uM, whereas
factor IX had a sensitivity of 0.3 pM.

2. Tests exposing prothrombin solutions to the surface after mixing and diluting
concentrations in ordinary micro-centrifuge tubes, showed a detection limit
between 10 and 30 pg/ml (0.1 to 0.4 uM). However, a loss of 5 ug to the tube
surface must be accounted for when ordinary tubes are used. Low bind tubes
should be used for all sensitivity work.

3. When metal ions were introduced to prothrombin solutions prior to exposing to the
alumina surface, larger colour shifts resulted from conformational changes. The
strongest colour shifts were present with prothrombin solutions containing 2.5 and
1 mM Ca ions, closely followed by the ImM Mg and 2.5 mM Ca mixed ion
solution. The binding efficiency may have been impacted as well but further work
is needed to confirm this.

4. The addition of near physiological Mg ion concentrations to a protein solution with
10 mM Ca stabilized prothrombin and generated a greater OPL and higher order
colour than compared to protein solutions with only 10 mM Ca.

5. Prothrombin solutions showed one main set of peaks with 7 to 9 distinguishable
sub-peaks separated by ~26 amu. The mass shift was likely from metal ions bound
in the Gla domain, as the number of peaks correlates with the number of metal ion
binding sites. Preferential adsorption of prothrombin to the alumina surface was
noticeable in molecules containing 3 or more ions, where conformation was

optimal.

Overall, this work demonstrates that the protein structure and thickness change were the
most influential factors of the sensitivity and colour generation. The molecule size is self-
determining however; the type and number of metal ions bound could be adjusted to produce

larger shifts in the OPL, and ultimately the colour.
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Chapter 9 — Prothrombin Surface Density and the Effect of Wash Solutions on the

Alumina/Tantala Device
9.1 Introduction

Porous alumina membranes have been used in numerous biological applications' such
as sensors, >3 protein separation, *° and drug delivery. ¢ The biocompatibility of alumina varies
in the literature; 7* however aluminum and aluminum oxide biomaterials typically undergo
surface modifications to increase biocompatibility and chemical stability, ? or alter the
structure. ** The surface area of the alumina controls the amount of protein binding to the
device, and pore size determines the ability of protein to bind within the porous film. !° The
alumina pore shape, dimension, and distribution can also influence how biologics interact with
the surface. 13

Methods to immobilize specific proteins to aluminum and aluminum oxide include
exposing anions that have a high affinity and react with alumina (i.e. sulphates and

18-21 and reduce future reactions,

phosphates). 417 Phosphates bind to reactive alumina sites
increasing the film stability. Furthermore, studies using silanization and physical adsorption
polyethyleneimine immobilization chemistries where polyethylene glycol (PEG) coatings
were bound to the alumina surface showed significant improvements in anti-biofouling
properties of the membrane. >>?* For this device it is important to keep protein off the surface

as alumina is catalytic and has demonstrated proteolytic degradation?*2

resulting in the loss
of biological activity. >”-?® Biomaterial implantation, or exposure to blood, is known to coat a
surface with proteins almost immediately. 2°-32 Therefore, bridging molecules will not only
coat the surface but also act as a spacer between target proteins and the potentially catalytic
surface. ¥ Vitamin K-dependent proteins will be used as the bridging molecule to create stable
binding and a consistent change in path length. Prothrombin, once immobilized on alumina, is
stable due to the polyanionic nature of the Gla domain with a relatively high charge density
that allows for binding at the N-terminus end while positioning the rest of the protein off the
alumina surface (see Chapter 2 and Chapter 8 for more on the Gla domain and alumina
binding mechanisms). The charged region of prothrombin binds to alumina through exposed

surface hydroxyl groups or unorganized aluminum atoms exposing high-energy edge or defect

sites. **3% Exposing a prothrombin solution, that creates a monolayer on the surface, is
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expected to minimize protein degradation and non-specific binding to the alumina. Future
work will require crosslinking to immobilize receptor proteins to the bridging molecules, and
subsequent detection of the target protein by exposing the prepared surface to the biological
sample of interest.

The purpose of this work was to better understand how prothrombin functions as a
bridging molecule on the alumina surface. Radiolabelled prothrombin studies measured the
surface density after slides were exposed to prothrombin solutions at various concentrations
and times. The prothrombin concentration in solution that is required to form a monolayer on
the surface was determined from adsorption isotherms along with the surface density. The
experimental monolayer surface density was compared with the theoretical surface density
values for short side and long side binding, to determine the binding orientation. Additionally,
biological wash solutions were exposed to prothrombin-coated slides to determine the
radioactivity that remains and gain insight into how biological solutions may impact the
resulting device. Lastly, the colour shifts resulting after the exposure of different prothrombin
concentrations to the alumina surface for 15 minutes were analysed. Colour coordinates were
used to quantify the colours and a statistical analysis was carried out to determine if
significant differences between the coordinates exists.

Understanding protein-surface interactions are critical to ensure non-specific proteins in
the detection sample do not adhere to or remove the initial protein layer and result in a false

positive or false negative, respectively.

9.2 Materials and Method

9.2.1  Device Preparation
9.2.1.1 Gold Conjugated Anti-prothrombin

The standard procedures for thin film device preparation were employed with
anodization to stage b (see Chapter 3 — General Materials and Methods). Aluminum
deposition was completed in the nanoFAB system for 610 seconds leading to a thickness of

~120 nm.
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9.2.1.2 Radiolabelled Prothrombin

Tantalum thin films of 225 nm and aluminum films between 90 and 110 nm were
sputtered onto silicon wafers. Anodization of the multilayer device was completed in 0.4 M
phosphoric acid at a constant potential of 8 V until the aluminum layer was converted into
porous alumina and the majority of tantala had formed. Growth of the tantala barrier layer
results in a decline in current density to <0.7 mA/cm?, where the anodization was stopped.

Hydrophobic 1 cm diameter outlines were created. Surfaces were equilibrated prior to
conducting the test to ensure relatively consistent hydration. A 20 pl volume of TBS solution
was pipetted within each 1 cm diameter circle and spread to the edge using the pipette tip.
After 15 minutes the spots were removed with a pipette tip, rinsed with deionized water, and
dried with oil free compressed air. Individual spots were placed in wells of BioLite 6 well
plates (Fisher scientific company, Ottawa, ON) with TechniCloth® (Texwipe, Kernersville,

NC) covering the bottom of each well. The cloth was then saturated with water (~0.5 ml).
9.2.2  Anti-prothrombin Gold Conjugation

The anti-prothrombin polyclonal antibody solution (ACOA, Aniara, West Chester, OH)
was dialyzed to remove glycine from the solution and ensure the gold particles bind to
proteins and not non-protein amino groups. Spectra/Por 6 Dialysis Membrane (Spectrum
Labs, Rancho Dominguez, CA) with a molecular weight cut off of 10 kDa was used along
with fresh dialysate solution of 0.1 M sodium phosphate at pH 7.4. A sodium phosphate
solution was used for conjugation to ensure the solution was free of amino acids, protein
additives (i.e. bovine serum albumin (BSA)), EDTA, primary amine containing buffers or
components, (i.e. Tris) and strong buffers that might change the pH.

The gold nanoparticle kit contained: 10 nm NHS-activated gold particles, quenching
solution, reaction buffer, and protein resuspension buffer. A storage buffer was made of 20
mM Tris at pH 8.0, 150 mM NacCl, 1% (w/v) BSA, and 0.025% (v/v) Tween20. Reagents
were equilibrated to room temperature. The supplied protein resuspension buffer was used to
dilute protein to a final concentration of ~1 mg/ml. The protein solution, 48 pl, was combined
with 60 pl of reaction buffer. A portion of the protein mix from the previous step, 90 ul, was

transferred to one of the vials containing gold nanoparticles and immediately mixed well by
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pipetting up and down. The vial was incubated at room temperature for 2 hours. For some
tests an incubation time between 4 and 6 hours was used for increased conjugation efficiency.
Next, 10 pl of the quenching solution was added to the vial to stop the reaction and the vial
was placed in a microcentrifuge for 1 hour using 17000g. The transparent supernatant was
removed, typically 70-80 ul, and 100 pl of gold conjugate storage buffer was added to the
vial. UV-VIS spectrums of the anti-prothrombin solution prior to and following conjugation
were measured using a spectrophotometer. The control and conjugated anti-prothrombin
spectrums were compared to ensure a ~3 nm shift occurred with the gold conjugation. The
protein conjugate solution was stored at 4°C until use.

To confirm gold conjugation to antibodies the following procedure adapted from
Moeremans et al. was completed. 3¢ Spots of 1 pl prothrombin dilutions, between 100 pg/ul
and 10 ng/pl in PBS with 0.05 pg/ul of BSA, were placed on the nitrocellulose membrane
(Bio-Rad Laboratories Inc., Hercules, CA) and was left to dry. The membrane was blocked
for 30 minutes using 1% (w/v) dry milk (Smuckers Foods of Canada Corp., Markham, ON) in
1X PBS at room temperature and then incubated for at least 2 hours at room temperature with
gold conjugate antibody diluted 1:10 with 0.2% dry milk in PBS. Blocking solution was used

to wash 3 times for 5 minutes. The membrane was dried and observed.
9.2.3  Prothrombin Radiolabelling Materials

The chelator 2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid
(p-SCN-Bn-NOTA) (Macrocyclics Inc., Plano, TX) was purified on RP-HPLC (H-0, 0.2%
trifluoroacetic acid (TFA)/acetonitrile (CH3CN)) yielding p-SCN-Bn-NOTA-3TFA. The
protein concentration was determined by using a Beckman Coulter DU 730 (Beckman
Coutler, Brea, CA) to obtain A»go measurements with a percent solution extinction coefficient
of £!%=13.8 (g/100ml)'¢cm™ for prothrombin. *” Amicon Ultra 0.5 ml 50k spin filters
(Millipore Ltd., Etobicoke, ON) were used. The sodium bicarbonate (NaHCO3), TBS, and
sodium acetate (NaOAc) buffers were pre-treated with Chelex 100 resin and prepared freshly
using trace metal grade salts. Econo-Pac 10DG (PD10) desalting columns (Bio-Rad
Laboratories Inc., Hercules, CA) and thin layer chromatography (TLC) silica gel 60 F2s4
plates (Merck KGaA, Darmstadt, DE) were used. Radio-TLC plates were analyzed using a
Bioscan AR-2000 TLC scanner. Miniprotean TGX precast 12% polyacrylamide gels with 50
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ul wells (Bio-Rad Laboratories Inc., Hercules, CA) were used for sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Gels were evaluated on a BAS-IP
MS 2025 phosphor imager plate (Fuji), which was read on a molecular dynamics Typhoon
9400. Radioactivity was measured on a Biodex Atomlab 400 dose calibrator. The gamma
counter used for measuring radioactivity of the plates and the washings is a PerkinElmer
Wizard? 2480 Automatic Gamma Counter (PerkinElmer, Woodbridge, ON). A %4CuCl,
molecule in 0.1 N HCI (Mallinckrodt Institute of Radiology, St. Louis, MO) was used to label
the prothrombin. The labelled protein solutions for the adsorption experiments were handled

in Eppendorf® LoBind microcentrifuge tubes.
9.2.3.1 NOTA Conjugation

Prothrombin was conjugated to the macrocyclic chelator NOTA via isothiocyanate
bioconjugation reaction with lysine residues of the protein. The prothrombin solution (TBS,
100 pl, 10 mg/ml) (ACOA, Aniara, West Chester, OH) was subjected to spin filtration to
achieve buffer exchange into NaHCOs3 (0.15 M, pH 8.8). The resulting solution (500 pl, 852
pg, 1.7 mg/ml) was reacted overnight with p-SCN-Bn-NOTA-3TFA (0.112 mg, 141 nmol, 12
eq.) as a NaHCOs3 buffer solution at 37°C and 300 rpm. The solution was purified using a size
exclusion column while achieving buffer exchange into TBS (pH 7.4). The solution
containing the conjugate was split. A portion was aliquoted and used /) for LCMS analysis to
establish the number of bound chelators and 2) for assessing the device colour change of the
modified protein.

The remainder was subjected to spin filtration into NaOAc (0.25 M, pH 5.5) suitable for
4Cu labeling. The solution was aliquoted (100 pg in 61.4 ul buffer) and stored at —78°C.

9.2.3.2 %Cu Labeling

The prothrombin labelling was complete with Cu-64 (Mallinckrodt Institute of
Radiology, St. Louis, MO). 126-163.8 MBq [**Cu]CuCl; in 20 ul NaOAc buffer was added to
the NOTA-prothrombin solution (100 pg, in 61.4 pl NaOAc). The reaction mixture was
shaken for 1 hour at 30°C at 550 rpm. Next, 10 pl of an EDTA solution (50 mM) was added.
After 10 minutes, the incorporation was determined using TLC (SiO2, 50 mM EDTA,
Ry(Protein)=0, Ry(®**Cu-EDTA)=1). The solution was purified using size exclusion
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chromatography while achieving buffer exchange into TBS pH 7.4. The fraction containing
the highest amount of radioactivity was used for the following experiments. The purity was

determined using TLC and SDS-PAGE.

9.2.4  Protein Adsorption
9.2.4.1 Gold Conjugated Anti-prothrombin

Pipette 20 pl prothrombin solution (ACOA, Aniara, West Chester, OH) at 1 mg/ml onto
the alumina surfaces for 30 minutes, remove excess, and rinse. Next pipette 20 pl gold
conjugate anti-prothrombin on the same locations for 1.5 hours, remove excess, and rinse. For
control, pipette 20 pl gold conjugated anti-prothrombin onto the surface for 1.5 hours, remove
excess, and rinse. Examine surface using SEM to locate the conjugated nanoparticles on the

device surface.
9.2.4.2 Radiolabelled Prothrombin

Prothrombin solutions were created in TBS at pH 7.4 with the desired final
concentrations and ~100-1000 kBq of %*Cu-NOTA-prothrombin. The final concentration of
protein was adjusted using the specific activity. Pipette 20 pl of the protein solution onto the
surface within the 1 cm diameter hydrophobic outline and incubate at room temperature
(20£2°C) in a 100% relative humidity environment for the indicated time. After the indicated
times the solution was removed by pipette and plates were washed three times with TBS
buffer. The liquid and the alumina surfaces were transferred into separate scintillation vials
and the associated radioactivities were measured. The formula below was employed to
calculate the adsorbed protein surface density based on the radioactivity measured. The

radioactivity of the combined wash solutions and the plates were counted separately.

(ap) [B4]
__ aptaw [Bq]
A= s [em?]

X100xm [pg]

Equation 9-1

Where A is the resulting adsorbate surface density, a,, is the radioactivity bound, a,, is
the radioactivity in the washed solution, m is the mass of protein in solution, and s is the

surface area over which protein was exposed. All studies were done in triplicate.
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9.2.4.3 Radioactivity Variation

The amount of radiolabelled prothrombin was varied in a starting 0.1 mg/ml
prothrombin concentration and exposed to the device surface for 15 minutes. Solutions
contained 2.3, 4.6, 9.2, 12.2, and 13.4 pg/ml of radiolabelled prothrombin, equivalent to 2, 4,
8, 11, and 12% modified prothrombin in solutions, respectively. The following adsorption
isotherm was used to compensate for the slight increase in surface density with increasing

concentration.
9.2.4.4 Adsorption Isotherm

The total prothrombin concentration in solution was varied from ~0.009 to 1 mg/ml.
Incubation time on the device surface was fixed to 15 minutes. Curve fitting and graphics

were done using Origin 2016.
9.2.4.5 Time Variation

The effect of changing the protein exposure time was determined for prothrombin
concentrations of 0.105 and 1 mg/ml. The two prothrombin solutions were exposed to the
device surface at separate locations, for incubation periods ranging from 5 minutes to 2 hours.

After removal the radioactivities were measured and compared.
9.2.4.6 Protein Competition

A binary protein solution of 0.017 mg/ml labelled prothrombin and an increasing
concentration from 0 to 1 mg/ml of human serum albumin (HSA) was exposed to the device
surface. The incubation time was fixed to 15 minutes and the human serum albumin was not
labelled. Salt-free lyophilized human serum albumin (Millipore Ltd., Etobicoke, ON) with a
PI of 4.7 was used.

9.2.4.7 Wash-out of Radioactivity

Different wash solutions and incubation times were selected to expose the prothrombin-
coated device to different protein solutions.

Human serum albumin and fetal bovine serum (FBS) — 1 hour
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The prepared alumina surfaces were exposed to a total prothrombin concentration of
~0.02 or ~0.1 mg/ml for 30 minutes. The surfaces were then incubated with human serum
albumin (5 mg/ml) or FBS for 1 hour. The same human serum albumin source for the protein
competition test was used and FBS (Life Technologies, Grand Island, NY) was used at
physiological concentrations with a pH of 7.2.

Human serum (HS) and Prothrombin — 1 and 12 hours

Alumina surfaces were exposed to a total protein concentration of ~0.1 and ~1.0 mg/ml
incubated on the surface for 30 minutes were subsequently incubated with solutions of
prothrombin (5 mg/ml) or human AB serum (Corning™, Manassas, VA) for 1 hour. Next,
~0.1 mg/ml prothrombin was exposed for 30 minutes, followed by wash solutions of

prothrombin (5 mg/ml) or human AB serum for 1 and 12 hours.
9.2.5  Protein Analysis

UV-VIS spectrophotometer and bicinchonic acid protein assay (BCA) were used to
determine the total concentration of protein in the solution following the purification step. A
SDS-PAGE to check that one dominant band remained following modification as well as after

the HS wash removed prothrombin.
9.2.6  Surface Analysis

FESEM in-lens detector and the EBSD were used to gather information on samples
exposed to the conjugated anti-prothrombin. Variable angle ellipsometry (J.A. Woollam Co.,
Inc., Lincoln, NE) provided information on the alumina layer and the prothrombin binding.
See Chapter 3 General Materials and Methods for details on SEM and ellipsometry techniques
and parameters applied.

Images of visible surface colours were taken at 15° from the surface with an s-polarizing
filter under controlled lighting parameters. Measuring colour coordinates from the surface
images allowed for placement of colours on a CIE plot and a quantitative evaluation of the
resulting colour shifts with varying concentrations. Using ImagelJ software to analyze the
colour coordinates over the full protein spot versus analyzing the colour at five locations

provided coordinates with no significant difference (p>0.4). The method for analyzing
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coordinates measured and compared the coordinates over five locations. Statistical analysis

was complete on the chromaticity coordinates of x and y individually.

9.3 Results

9.3.1  Gold Conjugated Anti-prothrombin

The standard immunogold blotting protocol on a nitrocellulose membrane showed
visible colours from strong pink to slight pink with pipetting and drying 1 pl drops of
prothrombin solution between 100 pg/ul and 10 ng/pl. Furthermore, spectrophotometer results
showed a peak shift after conjugation. Proving the conjugation was successful. Figure 9.1 to

Figure 9.4 show SEM images of the porous alumina surfaces with and without a series of

protein layers. Images were captured using the SEM with the in-lens detector and the EBSD.
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Figure 9.1. SEM in-lens image (left) and EBSD image (right) of the bare anodic alumina surface.

Bright and dark specks are visible in the backscattered detector images of the bare

anodic alumina surface.
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Figure 9.2. SEM in-lens image (left) and EBSD image (right) of the anodic alumina surface exposed to a
prothrombin solution at 1 mg/ml for 15 minutes.

No differences in the surface images are present after prothrombin solution was
immobilized. A complex was created with prothrombin immobilization and subsequently

exposing gold conjugated anti-prothrombin, shown in 9.3.
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Figure 9.3. SEM in-lens image (left) and EBSD image (right) of the anodic alumina exposed to a prothrombin
solution at 1 mg/ml for 15 minutes and following an anti-prothrombin solution with gold conjugated antibodies at
~0.6 mg/ml for 1.5 hours. A greater magnification was used for images shown in the bottom row to locate the gold
nanoparticles. Gold nanoparticles are outlined with circles and bright specks are outlined with squares.

The negative control consisted of exposing only the gold conjugated anti-prothrombin to

the alumina surface, shown in Figure 9.4.
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Figure 9.4. SEM in-lens image (left) and EBSD image (vight) of the anodic alumina exposed to a gold conjugated
anti-prothrombin solution at ~0.6 mg/ml for 1.5 hours. Gold nanoparticles are outlined with circles and bright
specs are outlined with squares.

Immobilization of the conjugates anti-prothrombin to the bare alumina surface was
apparent.

9.3.2  Characterization of Prepared Devices

Figure 9.5 shows the bare anodic surfaces of prepared slides used in radioactivity
variation, adsorption isotherm, and time variation tests. Having a similar bare surface colour

was important for quantifying colour shifts after protein exposure.

Figure 9.5. Prepared bare anodic slides used for radiolabel tests.

Ellipsometry results in Table 9.1 shows details of the bare surfaces that were exposed to
radiolabelled prothrombin or the repeat tests with the original, unmodified, prothrombin

solutions.
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Table 9.1. Parameters of the bare anodic multilayer slides that were exposed to radiolabelled or original
prothrombin solutions.

Radiolabelled Prothrombin Original Prothrombin
Measured Parameter Bare Slides £ SD Bare Slides £ SD
MSE 14 2 23 5
Alumina Thickness (nm) 94.8 0.1 94.0 0.3
Tantala Thickness (nm) 9.9 0.6 9.4 0.7
Percent Void (%) 459 1.1 47.6 0.4
n.370 nm 137 0.01 136 0.01
n.700 nm 136 0.01 135 0.01

A change in the mean standard error values was noted along with slight changes in the

porous alumina percent void and refractive indices.
9.3.3  Prothrombin Radiolabelling

Mass spectrometry results of the modified prothrombin with p-SCN-Bn-NOTA chelator
groups attached were confirmed by peak shifts corresponding to the chelator molecular weight
(~450 Da), shown in Figure 9.6. The original prothrombin solution contains one main peak at

~72397 Da (see Chapter 8 for LCMS scans of control prothrombin solutions).

x10 4 | +ESI Scan (8.6919-14.2646 min, 351 scans) Frag=275.0V 17041104.d Subtract Deconvoluted (Isotope Width=17.3)
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2.54 25483 74199
205 22036
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14 9691
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72022 76728
0.25 1717 75161 75604 76065 1671
385 94 659 A
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Figure 9.6. LCMS scan of prothrombin modified with a chelator, NOTA, bound to the protein for radiolabelling.

Prothrombin exposed to chelator groups show that the original prothrombin mass
increases by a factor of ~450 Da with each group that binds. Four sets of distinguishable
prothrombin masses were visible at 73298, 73748, 74199, and 74702 Da indicating successful
modification. The last peak was measured from a different sub-peak than others, making it
appears to shift >450 kDa in Figure 9.6. Prothrombin was bound to chelator groups, which

then captured the ®*Cu radioactive label. Figure 9.7 shows the gel run to assess the purity and
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mass of the modified prothrombin solution after binding the active label and completing the

purification step.

Figure 9.7. The resulting bands from an SDS-PAGE of the labelled prothrombin solution.

One predominant band from the labelled prothrombin solution exists between 75 and

85 kDa and implies little or no impact on size resulted with labelling.

9.3.4  Adsorption of Radiolabelled Prothrombin

9.3.4.1 Radioactivity Variation

Figure 9.8 compares the affinity of radiolabelled prothrombin and original prothrombin
for the surface. All solutions had a total protein concentration of ~0.1 mg/ml, however the

percent of %*Cu labelled prothrombin differed in each.
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Figure 9.8. Prothrombin surface density with exposed solutions of 2, 4, 9, 11, and 12% modified prothrombin in a
~0.1 mg/ml prothrombin solution. Plot (A) shows the slope and intercept with standard deviations and plot (B)
shows 2o standard error lines from the mean.

Solutions in the range of 2 to 12% modified prothrombin in solution showed no
significant difference in the resulting surface density. The slope and intercept standard
deviations are inclusive of all data points and lie within 2c from the mean. These results are

indicative of the experimental error that can be expected from this procedure.
9.3.4.2 Adsorption Isotherm

The prothrombin surface density resulting from concentrations of 0.009, 0.014, 0.019,
0.024, 0.034, 0.045, 0.06, 0.1, 0.5, and 1 mg/ml exposed to the surface for 15 minutes is

shown in Figure 9.9.
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Figure 9.9. The adsorption isotherm for modified prothrombin on the alumina surface for 15 minutes shown as a
standard (A) and log (B) plot.

Langmuir-Freundlich (LF) and Guggenheim-Anderson-de Boer (GAB) equations were
used to model the adsorption data shown in Table 9.2. These equations led to determining

when a monolayer of prothrombin forms on the surface, among other parameters.
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Table 9.2. Parameters determined with fitting LF and GAB equations to the adsorption isotherm data. Adsorption
data was collected using varying prothrombin concentrations exposed to the surface for 15 minutes

. . Guggenheim-Anderson-de

Measured Parameter Langmuir-Freundlich (LF) Boer (GAB)
R? 0.959 0.980
Monolayer Surface Density and | 1.32+0.17 ug/cm?, 1.49+0.35 pg/cm?,
Exposed Concentration 0.2 mg/ml 0.25 mg/ml

12.76
K(L/g) 17.314.3 weak K=0.38
Parameters in Equation 2 3

Ellipsometry data was used to model the multilayer slides and changes with protein
immobilization on the surface. Radiolabelled prothrombin slides were evaluated as well as
replicated slides using the original, unmodified, prothrombin solutions. The mean standard
error and combined alumina and prothrombin thickness of devices with radiolabelled and
original prothrombin solutions exposed are shown in Table 9.3. The assumption that alumina

and prothrombin have the same refractive indices was made.

Table 9.3. Ellipsometry values with radiolabelled and original prothrombin solutions exposed to slide surfaces. It
was assumed that alumina and prothrombin have the same refractive index for data generation.

Radiolabelled Prothrombin Slides Original Prothrombin Slides
Exposed Il MSE £ SD Alumina & Il Exposed Il MSE £ SD Alumina & Il
Concentration (mg/ml) = Thickness (nm) + SD | Concentration (mg/ml) = Thickness (nm) + SD
0.000 14 2 948 0.1 0.000 23 5 94.0 0.3
0.003 19 5 97.0 1.0
0.005 13 1 96.5 04
0.009 21 3 976 0.8 0.010 15 2 97.6 0.6
0.014 21 6 97.7 0.8 0.015 17 3 98.6 1.0
0.019 24 3 98.8 1.2
0.024 24 5 999 0.7 0.025 22 5 100.0 1.2
0.034 40 6 1029 0.9 0.035 25 6 100.0 1.2
0.040 47 0 104.1 0.3
0.060 43 12 104.8 0.5 0.050 34 3 1025 1.1
0.100 59 10 106.7 0.6 0.100 55 4 106.2 0.7
0.500 84 13 1099 23 0.500 73 2 109.7 0.5
1.000 84 11 112.2 0.9 1.000 81 11 111.2 1.7

Greater MSE values were found when modelling the slides used for the original
prothrombin solution compared to the slides used to collect radiolabelled data. However, after
protein solutions were exposed, the radiolabelled prothrombin solution consistently led to
slide models with greater error. Due to lower MSE values on slides exposed to the original
prothrombin solution, the colour analysis was completed on these slides and correlated with

the surface density measured on the radiolabelled prothrombin slides. Table 9.4 shows the
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thickness increase from the bare device alumina with radiolabelled prothrombin and original

prothrombin solutions exposed.

Table 9.4. The thickness increase and change in mean standard error (MSE) from the base device with various
radiolabelled prothrombin and original prothrombin solutions exposed.

Radiolabelled Prothrombin Slides Original Prothrombin Slides
Exposed Il Thickness Increase Exposed Il Thickness Increase
Concentration (mg/ml) (nm) £ SD (AEIZESE Concentration (mg/ml) (nm) = SD (EHFESD
0.003 30 11| 42 7.6
0.005 25 05 93 55
0.009 29 0.8 7.8 35 0.010 35 0.6 7.4 5.6
0.014 29 09 70 6.2 0.015 45 1.0 6.0 6.3
0.019 4.0 1.2] 108 35
0.024 51 0.7] 10.0 5.8 0.025 6.0 1.2 08 7.7
0.034 8.1 1.0] 26,5 6.0 0.035 6.0 1.3 23 8.2
0.040 9.3 0.3]| 329 138
0.060 10.0 0.5| 29.8 121 0.050 85 1.1] 11.7 64
0.100 119 0.6] 45.5 10.2 0.100 12.2 0.7] 326 6.6
0.500 15.1 2.3| 70.0 13.0 0.500 15.6 0.6] 50.1 5.9
1.000 174 0.9] 703 11.1 1.000 171 1.7] 58.5 12.6

The measured thickness increase of the surface layer provides an indication of how the
protein layer changes. Note slight difference in the exposed prothrombin concentrations in
Table 9.3 and Table 9.4.

Changes in the total alumina and protein thickness measured with ellipsometry were
compared after exposing radiolabelled prothrombin and original prothrombin solutions at

varying concentrations.
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Table 9.5. Results of statistical analyzes on the effect of radiolabelled vs the original prothrombin solution exposed
to slides on the change in thickness measured. Statistically significant results are in italics.

Exposed Il . .
c - Test Alumina and Protein Test Val AMSE £ SD
oncentration es Thickness {nm) £ SD vs. Tes p Value +
(mg/ml)
0.000 Radiolabelled Il 94.8+0.1 Original Il | t(4)=3.801, p=.019 9+6
) Original Il 94.0+0.3
i + igi = = +
0.009/0.010 Rafilplabelled 1] 97.6+0.8 Original Il | t(4)=0.126, p=.905 6+3
Original Il 97.6+0.6
Radiolabelled Il 97.7+0.8 Original Il [t(4)=-1.201, p=.296 46
0.014/0.015 Original Il 98.6+1.0
i + igi = = +
0.024/0.025 Ra.dl.olabelled I 99.9+0.7 Original Il [t(4)=-0.124, p=.907 2+6
Original Il 100.0+1.2
0.034/0.035 Ra.dl.olabelled Il 102.9+0.9 Original Il | t(4)=3.203, p=.033 15+7
Original Il 100.0+1.2
i + igi = = +
0.044/0.050 Raf:hf)labelled 1] 104.1+0.3 Original Il | t(4)=1.950, p=.146 12+3
Original Il 102.5+1.1
i + igi = = +
0.060/0.050 Ra'dl.olabelled 1] 104.8+0.5 Original Il | t(4)=2.722, p=.072 9+9
Original Il 102.5+1.1
0.100 Radiolabelled Il 106.7 £ 0.6 Original Il | t(4)=0.819, p=.459 4+9
) Original Il 106.2 £0.7
0.500 Radiolabelled Il 109.9+2.3 Original Il | t(4)=0.168, p=.875 11+11
) Original Il 109.6 £ 0.5
1.000 Radiolabelled Il 112.2+0.9 Original Il | t(4)=0.906, p=.461 3+13
) Original Il 111.2+1.7

A significant difference was found between the initial alumina thicknesses of 94.8 and
94.0 nm (p=.019) with low variance in these samples and in the slides with exposed protein at
0.035 mg/ml (p=.033) with the greatest difference in mean standard error between slides
compared. The other eight prothrombin concentrations exposed to slides showed no
significant differences between the final thicknesses resulting from exposing radiolabelled and

original prothrombin solutions.
9.3.4.3 Time Variation

Figure 9.10 shows the surface density changes with prothrombin incubation on the
surface for 5, 15, 30 minutes, 1, and 2 hours. Total prothrombin concentrations of 0.1 and 1

mg/ml were utilized.
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Figure 9.10. The effect of varying prothrombin incubation time on the resulting surface density. Total prothrombin
concentrations of 0.1 and 1 mg/ml were used.

A comparison of the resulting surface density with exposing 0.1 and 1 mg/ml
prothrombin solutions to the surface for 15 minutes in the adsorption isotherm (section

9.3.4.2) and time tests was completed using independent t-tests, shown in Table 9.6.

Table 9.6. Results of statistical analyzes on the effect of varying the test on the surface density with 0.1 and 1 mg/ml
prothrombin solutions exposed to the surface for 15 minutes. Statistically significant results are in italics.

SR I,I Surface Density Independent t-test
Concentration Test (1g/cm?) £ SD vs. Test pValUe
(mg/ml) -
01 Time 1.193+0.113 0.1 t(4)=4.381, p=.012
Adsorption | 0.903 £ 0.015 | Adsorption
1 Time 2.077 £0.783 1 t(4)=-.383, p=.712
Adsorption | 2.259 +£0.238 | Adsorption

The 0.1 mg/ml prothrombin solution on the surface for 15 minutes leads to a surface
density that is higher than in the adsorption isotherm experiment (p=.012) and the 1 mg/ml

concentration shows no change in surface density (p=.712).

9.3.4.4 Protein Competition

A binary solution of human serum albumin and prothrombin was exposed to the surface
to determine if prothrombin had a greater affinity for the surface. The competition curve is
shown as “HSA Added” where human serum albumin was added to a low concentration of
labelled prothrombin solution shown in Figure 9.11. The prothrombin adsorption isotherm

from Figure 9.9 is shown on the plot as “Prothrombin Added” where prothrombin was added
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to a low concentration of labelled prothrombin solution to reach the total protein in solution.
Labelled prothrombin concentrations of 0.017 and 0.009 mg/ml were assumed identical for

experiments with “HSA Added” and “Prothrombin Added”, respectively.

2.5 W HSA Added 80 W HSA Added
= A Prothrombin Added é» < 70 & A Prothrombin Added
5§20 2 60 gl
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Figure 9.11. Prothrombin surface density that results with ~0.01 mg/ml labelled prothrombin in solution with
human serum albumin (HSA) or prothrombin added to achieve the total protein concentration.

The addition of human serum albumin to the labelled prothrombin shows a comparison
of prothrombin binding at low and high total protein concentrations with ratios of human
serum albumin to prothrombin between 0 and 58. The percent of radioactive prothrombin on
the surface from solutions with added prothrombin was lower than with human serum albumin
added. Therefore, prothrombin competitively displaced the labelled prothrombin as expected
if the process relies on negatively charged residues at the alumina interface.

Table 9.7 shows results of the statistical analysis on the effect of human serum albumin
to prothrombin ratios in solutions exposed to the surface on the amount of radioactivity that
binds. A one-way ANOVA test was used [F(9,20)=18.556, p=.000] and a subsequent Tukey
post hoc test.
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Table 9.7. Post hoc test results on the effect of human serum albumin to prothrombin ratios in solutions exposed
to the surface on the amount of radioactive prothrombin that binds. (n=3)

Post Hoc Test Results
Ratio HSA to Il Amount of Il vs. Ratio e
(mg/ml) Bound (%) + SD '
29 p>.7
5.8 p<.001
2.9 p<.001
2.0 p<.001
58 46.37 £0.25 1.3 p<.001
0.9 p<.001
0.6 p<.001
0.3 p<.001
0 p<.001
5.8 p<.005
2.9 p<.001
2.0 p<.001
29 50.09 + 0.95 1.3 p<.01
0.9 p<.001
0.6 p<.005
0.3 p<.001
0 p<.001
2.9 p>.2
2.0 p>.2
13 p=1
5.8 60.17 +2.64 0.9 p>.9
0.6 p>.9
0.3 p>.8
0 p>.9
2.0 p=1
1.3 p>.2
2.9 65.7 + 3.49 0.9 p>.9
0.6 p>.8
0.3 p>.8
0 p>.8
13 p>.1
0.9 p>.8
2.0 66.18 £2.21 0.6 p>.7
0.3 p>.8
0 p>.7
0.9 p>8
1.3 59.66 + 4.41 0.6 p>.9
0.3 p>.7
0 p>.9
0.6 p=1
0.9 62.88 £ 2.67 0.3 p=1
0 p=1
0.6 62.22 +2.53 0.3 p=1
0 p=1
0.3 63.5+1.42 0 p=1
0 62.4+£3.04
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9.3.4.5 Wash-out of Radioactivity

Human serum albumin and FBS — 1 hour

Figure 9.12 shows the effect of human serum albumin (5 mg/ml) and FBS solutions

after 1 hour of incubation on alumina surfaces previously exposed to prothrombin solutions of

0.02 and 0.1 mg/ml for 30 minutes.
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Figure 9.12. The effect of human serum albumin and FBS wash solutions for 1 hours on prothrombin activity.
Prothrombin was immobilized from 0.02 and 0.1 mg/ml solutions for 30 minutes.

Washing with human serum albumin removed less prothrombin radioactivity and then
FBS with immobilized prothrombin solutions of 0.02 and 0.1 mg/ml. A statistical analysis of
the conditions tested in Figure 9.12 is shown in Table 9.8.

Table 9.8. Results of statistical analyzes on the effect of varying the exposed prothrombin solution on the

radioactivity that remains bound after exposing wash solutions of human serum albumin and FBS. Statistically
significant results are in italics.

2 {peEee I_I Amount of Il Independent t-test
Concentration Test Bound (%) + SD VS. Vel
(mg/ml)
0.02 HSA 97.08+1.01 | 0.02vs0.1 | t(4)=3.142, p=.035
0.1 93.96+1.39 HSA
0.02 FBS 61.46 +4.05 | 0.02vs.0.1 | t(4)=0.650, p=.551
0.1 59.64 + 2.69 FBS

No significant decrease in the radiolabelled activity on the alumina surface was noticed
between prothrombin concentrations of 0.02 and 0.1 mg/ml when exposed to FBS (p=.551)
whereas exposure to human serum albumin showed a significant difference (p=.035).

HS and II — 1 and 12 hours
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Figure 9.13 shows changes in bound prothrombin radioactivity when a subsequent wash
with prothrombin solution (5 mg/ml) with 1 hour of incubation time. The initial prothrombin
layer was bound to the surface from prothrombin solutions of 0.1 and 1 mg/ml for 30 minutes.
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Figure 9.13. The effect of prothrombin wash solution at 5 mg/ml for 1 hour on prothrombin activity. Prothrombin
was immobilized from 0.1 and 1 mg/ml solutions for 30 minutes.

A greater decrease and variance in radioactivity resulted after washing surfaces with
1 mg/ml prothrombin solutions used for immobilization. Prothrombin (5 mg/ml) and HS wash

solutions were exposed to prothrombin-coated alumina (0.1 mg/ml for 30 minutes) for 1 hour

and 12 hours, as shown in Figure 9.14.

0.1 mg/ml Il; 1 hr wash
100 97 94 M0.1 mg/ml Il; 12 hrs wash

80
60 54
40

20 13

Activity Remaining on Surface (%)
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Figure 9.14. The effect of prothrombin wash solution at 5 mg/ml and HS wash solution at physiological

concentrations for 1 hour and 12 hours on prothrombin activity. Prothrombin was immobilized from a 0.1 mg/ml
solution for 30 minutes.

Wash solutions of prothrombin and HS with incubation for 1 and 12 hours showed
decreases in radioactivity. For the prothrombin wash solution, the decrease after 12 hours was
minor, whereas the HS wash solution showed a drastic decrease in activity after 1 hour and
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even more after 12 hours. A gel was run of the removed HS wash solution in attempts to
determine the size of active prothrombin removed from the surface. The resulting SDS-PAGE

is shown in Figure 9.15.

Prothrombin
molecules or
fragments bound to
serum proteins

Bromophenol blue
bound to serum
proteins (~55kDa)

Figure 9.15. The resulting band from an SDS-PAGE of the HS wash solution after exposure to the prothrombin-
coated surface shows a complex mixture of protein and fragments.

Bromophenol blue showed strong adsorption at ~55 kDa to serum proteins in solution. It
is likely that these proteins also bind to the radiolabelled fragments released from the surface.
The smear reached as low as 45 and as high as 95 kDa (see Figure 9.15) Regions with
dominant bands include 65-75 kDa and 85-95 kDa. Each copper label was 63.5 Da and no free

copper was found, as the SDS buffer showed no radioactivity after completing the gel.
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Figure 9.16 compares the percent radioactivity remaining after various wash solutions
on an immobilized prothrombin monolayer. Wash solutions were exposed for 1 hour and
include human serum albumin and FBS from Figure 9.12, and prothrombin and HS from

Figure 9.14.
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Figure 9.16. Prothrombin radioactivity change with different wash solutions after forming a monolayer of

prothrombin on the surface. Wash solutions were human serum albumin at 5 mg/ml, prothrombin at 5 mg/ml, FBS,
and HS for 1 hour.

A summary of the radioactivity remaining after various wash solutions are summarized

in Table 9.9.

Table 9.9. The radioactivity remaining on surfaces coated with 0.1 mg/ml prothrombin solutions and subsequently
exposed to varying wash solutions for 1 and 12 hours.

Wash Solution

Activity Remaining with 1
Hour Wash + SD (%)

Activity Remaining with 12
Hours Wash + SD (%)

human serum albumin

94+1.4

FBS 60+2.3 -
Prothrombin 97+0.6 94+0.5
HS 54+3.3 1340.8

A minor reduction in prothrombin radioactivity on the device surface results with
prothrombin and human serum albumin washes, and more significant reductions with FBS and
HS washes.

9.3.5  Quantification of Immobilized Prothrombin with Colour Coordinates

9.3.5.1 Alumina Thickness of ~95 nm

Surface colours generated on the slides exposed to radiolabelled prothrombin while

determining the protein surface density were compared to the slides created with exposing the
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original prothrombin solution. Images shown in Figure 9.17 were captured using the custom

optics system.

0.17, 0.22, 0.29, 036, 050, 061, 0.76,0.900, 1.66, 2.18 ug/cm?*

r‘ r Y Y \ original
prothrombin-
coated surface
labelled
prothrombin-
coated surface

L'H:Ilﬂ IDD:[S I]DID 0015 0.035, 0.045, 0.060, 0.100, 0.500, 1.0 mg/ml
9.7, 13, 17, 28, 139, 2V7EpM

Figure 9.17. Images of surfaces exposed to labelled (bottom) and original prothrombin solutions (top). The
exposed prothrombin concentrations are shown under the corresponding images and the resulting surface densities
above.

Figure 9.18 shows the surface colours generated with exposing original prothrombin
solutions, with no modification or label, at all concentrations tested including those used for
the comparison in Figure 9.17. Concentrations of prothrombin were between 0.003 and 1

mg/ml.
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0.17, 0.22, 0.36, 0.50,~0.61, 0.900, 1.66, 2.18 ug/cm?

SOUOLC L

0.003, 0.005, 0.010, 0.015, 0.025, 0.035, 0.050, 0.100, 0.500, 1.0 mg/ml
0.8, 14, 2.8 42, 69, 97 14, 28 139, 278 pM

Figure 9.18. Images captured of the slide surfaces after original prothrombin solutions were exposed to the surface.
The exposed prothrombin concentrations are shown under the corresponding image and the resulting surface
densities above.

RGB colour coordinates were collected and converted into YxXy coordinates to analyze
the base slide as well as the colour shift following exposure and adsorption of each

concentration. The base colour coordinates for triplicate slides are provided in Table 9.10.

Table 9.10. Yxy colour coordinates of the bare surfaces for slides with a 95 nm alumina layer. Coordinates were
collected from four points around the exterior of each protein spot. (n=3 for average of set, 10 spots per set)

Bare Surface Colour Coordinates
Y £SD x £ SD y £SD
Set 1 39.003 4.379] 0.491 0.012( 0.432 0.009
Set 2 37.024 2.496| 0.494 0.008( 0.430 0.005
Set 3 34917 2.242] 0.499 0.008( 0.427 0.006
Average of Sets 36.981 3.596| 0.494 0.010( 0.430 0.007

Additional colour coordinates for surfaces following exposed protein concentrations are

provided in Table 9.11
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Table 9.11. Yxy colour coordinates for slides with 95 nm alumina layers with immobilized protein layers created
by placing ten prothrombin concentrations on the surface for 15 minutes. Coordinates were collected from five
points within each protein spot for each set. (n=3 for average of sets)

Exposed Concentration (mg/ml) Colour Coordinates
and Coordinate £SD Set 1 Set 2 Set 3 Average of Sets
0.003 0.493 0.001| 0.498 0.004( 0.510 0.000( 0.500 0.007
0.005 0.494 0.002] 0.500 0.000]| 0.498 0.004| 0.497 0.002
0.010 0.494 0.002]| 0.498 0.004] 0.502 0.004| 0.498 0.003
0.015 0.497 0.003| 0.502 0.004| 0.512 0.004| 0.504 0.006
0.025 X+ SD 0.503 0.003]| 0.510 0.000] 0.520 0.006| 0.511 0.007
0.035 0.506 0.002] 0.510 0.000| 0.520 0.000| 0.512 0.006
0.050 0.530 0.001] 0.530 0.000| 0.530 0.000| 0.530 0.000
0.100 0.485 0.010| 0.500 0.000| 0.490 0.006| 0.492 0.006
0.500 0.415 0.003]| 0.410 0.000| 0.404 0.005| 0.410 0.004
1.000 0.390 0.002| 0.354 0.005| 0.390 0.006( 0.378 0.017
0.003 0.433 0.001| 0.424 0.005( 0.420 0.000( 0.426 0.005
0.005 0.433 0.001| 0.430 0.000| 0.430 0.000| 0.431 0.001
0.010 0.432 0.002| 0.430 0.000| 0.424 0.005| 0.429 0.003
0.015 0.428 0.003| 0.420 0.000| 0.410 0.000| 0.419 0.007
0.025 0.418 0.006| 0.408 0.004| 0.386 0.005| 0.404 0.013
0.035 y+3D 0.419 0.003| 0.406 0.005| 0.386 0.005| 0.404 0.014
0.050 0.359 0.006| 0.380 0.000( 0.358 0.004| 0.366 0.010
0.100 0.284 0.008( 0.308 0.004| 0.290 0.006| 0.294 0.010
0.500 0.228 0.002| 0.220 0.000| 0.220 0.000( 0.223 0.004
1.000 0.210 0.001| 0.188 0.004| 0.210 0.006| 0.203 0.010

Table 9.12 shows results of the statistical analysis on the effect of exposed prothrombin
concentration on the average surface colour. The surface colour was quantified with
chromaticity coordinates (x and y) and compared to difference in the measured surface
density. The coordinates were analyzed based on the Levene’s test results, the x coordinates
using an independent t-test [t(7.470)=11.939, p=.000] and the y coordinates using a one-way
ANOVA test [F(9,20)=195.586, p=.000].
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Table 9.12. Results of the statistical analysis of the effect of exposed prothrombin concentration on the average
chromaticity coordinates collected from surface images. The base alumina layer was 95 nm. Statistically
significant results are in italics. (n=3 spots, 5 locations within each spot)

Post Hoc Test Results

Exposed Prothrombin vs.
Concentration and Surface | Concentration | Coord. p |y Coord. p
. Values Values
Density (mg/ml)

0.005 p>.9 p=1

0.010| p=1 p=1

0.015| p=1 p>.9

0.025 p>.8 p>.3

0.003 mg/ml 0.035 p>.7 p>.3
0.050| p>.1 p<.001
0.100| p>.9 p<.001
0.500| p<.005 p<.001
1.000| p<05 | p<.001

0.010] p=1 p=1

0.015 p>.8 p>.9

0.025 p>.4 p>.1

0.005 mg/mi 0.035| p>.3 p>.1
0.050| p<.05 | p<.001
0.100| p>.9 p<.001
0.500| p<.005 p<.001
1.000| p<05 | p<.001

0.015 p>.9 p>.9

0.025 p>.5 p>.2

0.010 mg/mi 0.035| p>.3 p>.1

0.050| p<05 | p<.001
0.100| p>.9 p<.001
0.500| p<.001 | p<.001
1.000| p<.05 | p<.001

0.017 £ 0.00 pg/cm?

0.025 p>.9 p>.7

0.035 p>.8 p>.7
0.015 mg/ml 0.050| p>.1 p<.001
0.022 +0.01 pg/cm? 0.100 p>.6 p<.001

0.500| p<.005 p<.001
1.000( p<.05 p<.001
0.035 p=1 p=1

0.050( p>.2 p<.05
0.100f p>.3 p<.001
0.500| p<.005 p<.001
1.000| p<.05 p<.001

0.025 mg/ml
0.036 + 0.01 pg/cm?

0.050] p>.2 p<.05
0.035 mg/ml 0.100 p>.2 p<.001
0.050 + 0.01 pg/cm? 0.500( p<.005 | p<.001
1.000| p<.05 | p<.001
0.05 mg/ml 0.100f p>.05 p<.001
between 0.061 + 0.02 and 0.500( p<.005 p<.001
0.076 + 0.03 pg/cm? 1.000| p<.05 p<.001
0.1 mg/ml 0.500( p<.005 p<.001
0.90 + 0.03 pg/cm? 1.000| p<05 | p<.001

0.5 mg/ml
1.66 + 0.050 pg/cm’ 1.000| p>.4 p>.4
1 mg/ml

2.18 +0.22 ug/cm?
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The average chromaticity coordinates for concentrations were plot on a CIE diagram

shown in Figure 9.19.

0.9
520

0.8

Figure 9.19. Average chromaticity coordinates and standard deviations are shown on the CIE chart for 95 nm
alumina layers exposed to various prothrombin concentrations. With increasing exposed concentration and colour
order the trajectory moves from the tan/orange region toward the purple region. Increasing concentrations of
0.003, 0.005, 0.01, 0.015, 0.025, 0.035, 0.05, 0.1, 0.5, and 1.0 mg/ml are mapped however the lowest six
concentrations are difficult to separate on the plot (upper right markers). The white marker shows the average
bare surface coordinates.

Markers show the Yxy coordinates from the base surface colour (white) and the colour
shifts from protein binding to the surface (black) with error bars showing standard deviation.
Coordinates for concentrations of 0.003, 0.005, 0.01, 0.015, 0.025, and 0.035 mg/ml were
hard to distinguish on the CIE plot. The coordinates for the remaining concentrations of 0.05,
0.1, 0.5, and 1 mg/ml were visibly different on the CIE plot, and moving towards the lower
left blue region.

Table 9.13 shows results of the statistical analysis on the effect of exposed prothrombin
concentration on the set 1 surface colour coordinates. The x and y coordinates were analyzed
using independent t-test’s and showed [t(15.981)=36.839, p=.000] and [t(15.750)=126.796,
p=.000] respectively.
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Table 9.13. Results of the statistical analysis on the effect of exposed prothrombin concentration on set 1
chromaticity coordinates collected from the surface images. The base alumina layer was 95 nm. Statistically
significant results are in italics and differences that became significant when analyzing the set 1 coordinates are
in bold. (n=>5 locations within one spot)

Post Hoc Test Results

Exposed Prothrombin |vs. Concentration| x Coord. | y Coord.

Concentration (mg/ml) (mg/ml) p Values | p Values
0.005| p>.9 p=1
0.010| p=1 p=1
0.015( p>.7 p=1
0.025| p=.05 p>.5

0.003 0.035| p<.005 | p>.5

0.050( p<.001 | p<.001
0.100| p>.7 p<.001
0.500( p<.001 | p<.001
1.000| p<.001 | p<.001
0.010( p=1 p>.9
0.015| p>.9 p>.2
0.025| p>.05 p>.05
0.035| p<.005 | p<.005
0.050| p<.001 | p<.001
0.100| p>.6 p<.001
0.500| p<.001 | p<.001
1.000| p<.001 | p<.001
0.015( p>.9 p>.9
0.025| p<.05 p>.3
0.035( p<.005 p>.2
0.010 0.050| p<.001 | p<.001
0.100| p>.7 p<.001
0.500( p<.001 | p<.001
1.000| p<.001 | p<.001
0.025| p>.3 p>.8
0.035| p<.05 p>.7
0.050| p<0.001 | p<.005

0.005

0.015
0.100| p>0.5 p<.001
0.500( p<.001 | p<.001
1.000| p<.001 | p<.001
0.035| p>.8 p=1
0.050| p<.001 p<.05

0.025 0.100| p>.1 p<.001
0.500| p<.001 | p<.001
1.000| p<.001 | p<.001
0.050| p<.001 p<.05

0.035 0.100f p>.1 p<.001

0.500| p<.001 | p<.001
1.000| p<.001 | p<.001
0.100| p<.01 p<.001
0.050 0.500| p<.001 | p<.001
1.000| p<.001 | p<.001
0.500| p<.01 p<.001

0.100

1.000| p<.001 | p<.001
0.500 1.000| p<0.001 | p>.4
1.000
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Testing colour coordinates from one set of slides, measured from within one protein
spot for each exposed concentration, showed an increase in the number of statistically

significant results between concentrations for x and y coordinates.
9.3.5.2 Alumina Thickness of ~100 nm

The colours resulting from prothrombin tests in Chapter 8 were compared as they
showed a lower limit of detection. It was assumed that a slight increase in alumina thickness
had no effect on protein adsorption and binding, as the surface density calculated on ~95 nm
alumina films was also applied to ~100 nm alumina films. Figure 9.20 shows surface colours
after exposing prothrombin solutions between concentrations of 0.015 to 0.100 mg/ml for 15

minutes.

L

0.015, 0 025 0.035, 0. 050 0. 080 0.100 mg/ml
4.2, 9.7, 38 pM

Figure 9.20. Images of the surfaces after prothrombin solutions were exposed to the surface. Exposed prothrombin
concentrations are shown under the corresponding images.

The base colour coordinates for triplicate sets used in the slides with ~100 nm of
alumina is provided in Table 9.14.

Table 9.14. Yxy colour coordinates of the bare surfaces for sides with ~100 nm alumina layers. Coordinates were
collected from four points around the exterior of each protein spot. (n=3 for average of set, 6 spots per set)

Colour Coordinates
Bare Surface
Y+ SD x +SD y £ SD
Set 1 Slides 31.498 3.421| 0.466 0.007| 0.383 0.024
Set 2 Slides 36.114 3.066| 0.455 0.019| 0.393 0.008
Set 3 Slides 35.374 3.245| 0.463 0.007| 0.402 0.008
Average of Sets | 34.329 3.827| 0.462 0.013| 0.393 0.017

Additional colour coordinates for surfaces following exposed protein concentrations are

provided in Table 9.15.
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Table 9.15. Yxy colour coordinates for slides with 100 nm alumina layers with immobilized protein layers created
by placing six prothrombin concentrations on the surface for 15 minutes. Coordinates were collected from five
points within each protein spot for each set. (n=3 for average of sets)

Exposed Concentration (mg/ml) Colour Coordinates
and Colour Coordinates + SD Set 1 Set 2 Set 3 Average of Sets
0.015 0.453 0.005( 0.453 0.007| 0.470 0.005| 0.459 0.008
0.025 0.439 0.004| 0.437 0.004| 0.452 0.005| 0.443 0.007
0.035 X+ 5D 0.413 0.007| 0.385 0.006| 0.419 0.009| 0.406 0.015
0.050 - 0.354 0.004| 0.385 0.006| 0.385 0.006| 0.375 0.015
0.080 0.328 0.009( 0.363 0.003| 0.370 0.005| 0.353 0.018
0.100 0.326 0.010( 0.358 0.007| 0.384 0.006| 0.356 0.023
0.015 0.354 0.007| 0.348 0.007| 0.384 0.008| 0.362 0.016
0.025 0.321 0.007| 0.327 0.003| 0.337 0.012| 0.328 0.006
0.035 y£SD 0.281 0.009( 0.265 0.006| 0.295 0.006| 0.280 0.012
0.050 0.231 0.005( 0.266 0.006| 0.262 0.005| 0.253 0.016
0.080 0.205 0.008( 0.239 0.003| 0.245 0.004] 0.230 0.018
0.100 0.206 0.011| 0.231 0.009| 0.256 0.009| 0.231 0.020

Results of a statistical analysis on the effect of exposed prothrombin concentration on
the average surface colour quantified using coordinates, are shown in Table 9.16. One-way
ANOVA tests for x and y coordinates showed [F(5,12)=16.657, p=.000] and [F(5,12)=24.997,
p=.000] respectively.
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Table 9.16. Results of the statistical analysis of the effect of exposed prothrombin concentration on the average
chromaticity coordinates collected from images of the device surface. The base alumina layer was 100 nm.
Statistically significant results are in italics. (n=3 spots, 5 locations within each spot)

Post Hoc Test Results

Exposed Prothrombin VS. « Coord Coord
Concentration Concentration -P|ytoord.p
values Values
(mg/ml) (mg/ml)
0.025| p>.8 p>.3
0.035 p<.05 p<.005
0.015 0.050| p<.005 p<.001

0.080| p<.001 | p<.001
0.100| p<001 | p<.001
0.035| p>.2 p>.05
0.050| p<.01 p<.005

0.025 0.080| p<.005 p<.001
0.100| p<.005 p<.001
0.050] p>.3 p>.5
0.035 0.080| p=.05 p>.05
0.100| p>.05 p>.05
0.080| p>.7 p>.6
0.050 0.100( p>.8 p>.7
0.080 0.100| p=1 p=1
0.100

The average chromaticity coordinates for concentrations were plot on a CIE diagram
shown in Figure 9.21.

0.9

0.8

Figure 9.21. Average chromaticity coordinates and standard deviations are shown on the CIE chart for 100 nm
alumina layers exposed to various prothrombin concentrations. With increasing exposed concentration and colour
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order the trajectory moves from the tan/orange region toward the purple region. Increasing concentrations of
0.015, 0.025, 0.035, 0.050, 0.08, and 0.1 mg/ml are mapped however the two highest concentration markers are
difficult to separate on the plot. The white marker shows the average bare surface coordinates.

Markers show the Yxy coordinates from the base surface colour (white) and the colour
shifts from protein binding to the surface (black) with error bars showing standard deviation.
Coordinates for concentrations were distinguishable with the exception of exposed
concentrations of 0.08 and 0.1 mg/ml. The thicker alumina layer pushed the coordinates
further along the trajectory with an increased OPL.

Table 9.17 shows results of the statistical analysis on the effect of exposed prothrombin
concentration on the set 1 surface colour coordinates. The x and y coordinates were analyzed
using ANOVA and Tukey post hoc tests that showed [F(5,24)=268.861, p=.000] and
[F(5,24)=251.200, p=.000] respectively.

Table 9.17. Results of the statistical analysis on the effect of exposed prothrombin concentration on set 1
chromaticity coordinates collected from surface images. The base alumina layer was 100 nm. Statistically
significant results are in italics and differences that became significant when analyzing set 1 coordinates are in
bold. (n=5 locations within one spot)

Post Hoc Test Results
Exposed Pll'othrombin Conce\:t.ration x Coord. p | y Coord. p
Concentration (mg/ml) Values Values
(mg/ml)
0.025 p>.07 p<.001
0.035( p<.001 p<.001
0.015 0.050 p<.001 p<.001
0.080| p<.001 p<.001
0.100| p<.001 p<.001
0.035( p<.001 p<.001
0.025 0.050( p<.001 p<.001
0.080 p<.001 p<.001
0.100| p<.001 p<.001
0.050( p<.001 p<.001
0.035 0.080| p<.001 p<.001
0.100| p<.001 p<.001
0.080| p<.001 p<.005
0.050 0.100| p<.001 p<.005
0.080 0.100 p=1 p>.9
0.100

An evaluation of the average chromaticity coordinates shows statistically significantly

results between all but one of the prothrombin concentrations tested.
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9.4 Discussion

9.4.1  Gold Nanoparticle Conjugation

In attempts to discover the surface density and distribution of prothrombin bound to the
alumina surface, 10 nm gold nanoparticles were covalently conjugated to anti-prothrombin
and exposed to the prothrombin-coated surfaces. Conjugation was confirmed with an
immunogold blotting procedure and a 3 nm shift in the UV-VIS spectrum. Particles were hard
to locate in images captured with the in-lens detector; however, the EBSD provided images
with compositional contrast to confirm gold particle locations. In these images, light and dark
specks were visible in all samples, including the bare surface (Figure 9.1) and prothrombin-
coated surfaces (Figure 9.2). The elemental composition of specks could not be determined
using EDX, and likely result from the porous surface layer.

The electron penetration distance into the multilayered sample was approximated using
expressions specific to aluminum in the low voltage region for (5 keV down to 100 eV) shown

in Figure 9.22.38
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Figure 9.22. Electron penetration distance into Al, Cu, and Au samples calculated using the Bethe expression
computed by Rao-Sahib and Wittry (1972) and modified expressions extended by Joy and Luo (1989). 3%

It was predicted that an aluminum sample bombarded with 5 keV penetrates to a depth
of roughly 400 nm. With the porous anodic alumina layer, the distance electrons travelled
would increase in void (i.e. air) regions and decrease in the dielectric alumina regions. Atoms

with high atomic numbers (i.e. Ta and Au) increase the elastic scattering, reflecting larger
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amounts of backscattered electrons, and appear brighter. In the thin film device, brighter areas
occur where voids allow electrons to contact the tantalum layer and reflect back to the detector
as well as where gold nanoparticles are bound on the surface. Atoms with lower atomic
numbers (i.e. Al and O) reflect fewer electrons and appear darker, especially in areas with
dense corners of intersecting pore walls and barrier layers. The porous structure creates bright
and dark regions that are not clearly distinguishable and appear as specks with blurred
outlines. Specks were distinguishable from gold nanoparticles because they generated stronger
contrast (brighter) and were circular with well-defined edges in comparison to the specks.
Outlining the gold particles and bright specs in Figure 9.3 and Figure 9.4 make gold particles
in the SEM in-lens images easier to locate and shows that bright specks occur over voids,
supporting that the signal was from backscattering off the underlying tantalum.

Gold particles were found on prothrombin-coated surfaces exposed to conjugated anti-
prothrombin (see Figure 9.3) and surface exposed to the conjugated anti-prothrombin solution
(see Figure 9.4). In comparison to the number of gold nanoparticles that bound to a set surface
area on the prothrombin coated slides, just over half the number of gold nanoparticles were
visible on the bare surface within the same surface area. With non-specific binding to the bare
device surface, the location and density of immobilized gold nanoparticles were not evaluated
on the prothrombin-coated surfaces. It is possible that small amounts of anti-prothrombin
typically bind the surface in an orientation that does not cause a significant increase in the
path length. However, binding could also be a result of the gold particle interfering with anti-
prothrombin and surface interactions. The drastic size increase of ~6110 kDa with conjugation
or the gold coating may result in non-specific binding to the surface.

In attempts to improve gold conjugation, smaller particles were considered to minimize
the impact on protein binding; however, 10 nm particles were needed to separate the
conjugated and unconjugated antibodies. Further work is necessary to optimize this procedure
to generate meaningful data in regard to the prothrombin binding. Alternate anti-prothrombin
solutions could be tested for conjugation including MES, MOPS, and HEPES. However, due
to interactions between the conjugated nanoparticles and the alumina surface of interest, an

alternate method was used to determine the prothrombin surface density.
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9.4.2  Radiolabelled Prothrombin

9.4.2.1 Protein Labelling

The NOTA chelator was used as the gold standard for **Cu introduction, * which gave
very good incorporation yields (84-97%) and stability. LCMS of the protein conjugate showed
the successful introduction of 2-5 chelators on the protein. The majority of proteins had 3 and
4 chelator groups bound and a small amount had 2 and 5 groups bound (see Figure 9.6). The
protein conjugate showed comparable colour shifts in relation to the unmodified prothrombin.
The radiochemical purity of the isolated *Cu-NOTA-prothrombin was greater than >95% as
determined by SDS-PAGE and TLC. The SDS-PAGE of labelled prothrombin solution
confirmed that one dominant band exists at slightly greater than 70 kDa (see Figure 9.7)
supporting that the prothrombin was unaffected by the modification process. The specific

radioactivity after purification was between 0.94 and 1.51 GBg/mg.
9.4.2.2 Radioactivity Variation

No significant difference was found when a prothrombin solution with 2-12% modified
prothrombin was exposed to the surface. The trendline and standard deviations, along with 2G
standard error encompass all data points (see Figure 9.8). Thus, the binding affinity of the
radiolabelled and original prothrombin for the alumina surface can be treated as equal when
the labelled prothrombin is between 2 and 12% of the total prothrombin in solution. The test
conducted provides an indication of variability expected with these trials. Experimental
variability may result from solution exposure to the hydrophobic outer surface area,

adsorption to Eppendorf tubes or pipette tips, and variability in the alumina surface.
9.4.2.3 Adsorption Isotherm

The adsorption isotherm data allowed for the calculation of prothrombin surface density
values (see Figure 9.9). Langmuir-Freundlich (LF) (strong and cooperativity) and
Guggenheim-Anderson-de Boer (GAB) (strong and unselective) equations fit to the curve
gave monolayer densities of 1.32 pg/cm? (18.3 pmol/cm?) and 1.49 pg/cm? (20.7 pmol/cm?)
after exposing ~0.2 and 0.25 mg/ml for 15 minutes, respectively. LF is used for energetically

heterogeneous surfaces and does not assume uniformity, ** whereas GAB is used for
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multilayer adsorption modelling. ! More information on LF and GAB equations can be found
in the literature. 42

The adsorption showed a Langmuir-like shape with additional protein binding for higher
concentrations. The adsorption and desorption equilibrium constant (K) of prothrombin for the
alumina surface was determined to be 17.344.3 L/g from which AG® was estimated ** to be
—35 kJ/mol. The reaction is governed by numerous parameters including: surface (i.e. area,
structure, chemistry), pore size and distribution, wettability, pH, point of zero charge, and
temperature. 2+** Demonstrating the importance of exposing TBS to the surface to
equilibrate the alumina surface prior to conducting radiolabelled experiments in attempts to
achieve constant alumina chemistry and wettability.

Theoretical calculations for binding prothrombin using the footprint of 11x5x4 nm
shows that a closely packed monolayer on the nominal surface area requires 0.7 pg/cm? (9.7
pmol/cm?) and 0.3 pg/cm? (4.2 pmol/cm?) for short and long side binding, respectively. The
experimentally determined surface density was approximately twice the theoretical value
obtained for the short prothrombin side binding. The short ends of prothrombin with the Gla
domain and multiple y-carboxyglutamic acid residues, *° are attracted to the alumina surface or
the upper regions of internal pore walls (see Chapter 2 and Chapter 6) while forming a denser
than anticipated monolayer. Two molecules bound to the upper region of the alumina layer
likely decrease the effective pore diameter and block the pore, preventing additional diffusion.
The porous structure results in a greater surface area than the nominal value used, and
potentially some diffusion into the surface region of the alumina film. The adsorption curve
supports the hypothesis that the short end of prothrombin binds to the alumina surface.

Protein adsorption to nanoporous alumina has found pore size to influence the degree of
biologics that bind. Surface pores of 200 nm resulted in greater protein adsorption than 20 nm
pores, regardless of the protein solution exposed. '° A study with 200 nm pores in a silicon
substrate were filled with BSA in 3 minutes. *¢ human serum albumin was able to diffuse into
porous silicon matrices with a mean pore diameter >11 nm up to thicknesses of 1 um. *’ It was
difficult to compare these slides to this work as the protein solution has an affinity to the
surface. Moreover, the parameters differ, the pores have a mean diameter of ~20 nm and the

incubation time was 15 minutes.
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Gispert et. al showed adsorption of BSA onto alumina reached saturation at 0.11 pg/cm?
with exposing ~0.5 to 1 mg/ml solutions and continues to increase to 0.15 pg/cm? with
exposing a 4 mg/ml solution and 0.2 pg/cm? with exposing 9 mg/ml. *® BSA binding to
alumina resulted in higher surface densities, ** however plots were the same shape. Likely
indicating the same adsorption mechanism. > Protein-protein interactions, after monolayer
formation, may continue to increase surface density. The initial adsorption corresponds to
immobilization onto the positively charged alumina surface. After the first layer was adsorbed
the surface charge of the alumina becomes masked and during the second adsorption stage the
arriving proteins interact with the immobilized molecules to form dimers. Further supporting
that the adsorption process leads to a saturation value close to that of one end-on monolayer,
yet after this point adsorption continues.*®

Prior works on porous substrates have shown continuously increasing surface density
values due to protein penetration into the pores. 4’>° The log plot (see Figure 9.9 B) shows a
plateau with exposing a concentration of ~0.1 mg/ml; however, at greater concentrations the
surface density appears to increase linearly. These findings lead to conclusions that increasing
the exposed protein concentration leads to an increase in the protein loading within the porous
alumina film.

Ellipsometry shows an increase in thickness that correlates with prothrombin
concentrations exposed and the increasing surface density. Exposing a 0.1 mg/ml prothrombin
solution leads to a thickness change equivalent to the prothrombin thickness assuming short
side binding. At greater concentrations the measured surface density and thickness continued
to increase. However, during ellipsometry modelling correlations exist between the refractive
index and thickness of a layer. The ellipsometry model applied the alumina refractive index
for the protein layer, as the refractive index of prothrombin is inconclusive and voids in the
protein layer would result in additional changes to the effective refractive index. There are two
possible explanations for a 17 nm increase in the surface film after a 1 mg/ml prothrombin
solution was exposed to the alumina device. Either the protein layer refractive index was
higher than the value used in the model leading to a thickness greater than the actual protein
layer or a bilayer of prothrombin formed. The increase in optical thickness measured using

ellipsometry corresponds with the radiolabelled increase in surface density.
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The alumina thickness between radiolabelled and original prothrombin slides differed
by 0.8 nm but the mean standard error values were 14 and 23 respectively. However, after
proteins were exposed the labelled slides showed a greater mean standard error, likely because
the copper label on a percent of bound prothrombin and the surface was not dried completely
before storage. The changes introduce more error into the model. However, even with
differences in the mean standard error values the thicknesses measured in Table 9.3 showed
significant differences between radiolabelled and original prothrombin exposed to the slide
surface for only two out of the ten exposed prothrombin concentrations (see Table 9.5). Likely
due to the variances being very low in one case and a large difference in mean standard error

in the other case.
9.4.2.4 Time Variation

Varying time experiments support that either protein-protein interactions lead to a
bilayer or saturation was incomplete and a monolayer continues to form. In both cases
diffusion through solution causes subsequent protein interactions to result. The higher
concentration of 1 mg/ml showed a greater fluctuation with exposure time and the surface
density after 15 minutes of exposure was 1.7 times larger than the 0.1 mg/ml solution.
Exposing prothrombin solutions of 0.1 mg/ml, leads to saturation after 15 minutes, and shows
minimal increase in surface density with longer incubation times. With the incubation time
increasing to 30 minutes, 1 hour, and 2 hours the surface density increased by 6, 12, and 15%.

A significant difference resulted between the adsorbed protein from 0.1 mg/ml solutions
in time and adsorption isotherm experiments. This change could result from higher variability
between tests until monolayer formation is complete. The surface density values in the initial
variability test showed a maximum difference of 0.25 pg/cm?, which accounts for the
difference found between these tests. With increasing the number of samples, it is expected
that no significant difference would result.

It is possible that with greater concentrations or exposure times, deeper diffusion into
the pores may occur. For both concentrations tested, a plateau in surface density was observed
by 30 minutes. Rezwan et al. supported the concept that higher concentrations lead to greater

pore diffusion into porous silicon. *° Prothrombin solutions that indicate a monolayer on the
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surface will be exposed for 15 to 30 minutes in future tests to balance test efficiency and

monolayer formation.
9.4.2.5 Protein Competition

An evaluation of prothrombin adsorption to the alumina surface in competition with
human serum albumin showed the affinity of prothrombin for the alumina was greater than
human serum albumin. human serum albumin was selected because it makes up a large
component of the human blood plasma. 3! Furthermore, human serum albumin and

49,54 and

prothrombin are similar sizes, 69 kDa>? and 72 kDa, *3 and dimensions, 9x5.5x5.5 nm
11x5x4 nm, * respectively. Therefore, in competition studies the size and diffusion can be
deemed extraneous. Lastly, an albumin-coated surface is less susceptible to platelet adhesion,
33 30 there may be some benefit in exposing albumin to block the surface if whole blood
samples are used.

Total protein concentrations ranging from 0.017 to 1 mg/ml were employed. It was
concluded that prothrombin selectively binds to the alumina due to a higher affinity to the
surface over human serum albumin. Exposing solutions with ratios of human serum albumin
to prothrombin of 0 to 5.8 led to surface densities in the range of 0.26+0.01 to
0.29+0.01 pg/cm?, and a ratio of 58 led to 0.21+0.01 pg/cm?. A 12% decrease in surface
density resulted when testing labelled prothrombin solutions with the highest amounts of
human serum albumin, showing a significant difference in the resulting labelled prothrombin
bound when the ratio was >29 (p=.000) (see post hoc results in Table 9.7).

As previously mentioned, the Gibbs energy for prothrombin on alumina was -35 kJ/mol
and work by Gispert et al. shows the BSA adsorption onto alumina powder to be -38.5 kJ/mol
or -46 kJ/mol depending on the concentration range. *® The surface area or structure of the
alumina powder used by Gispert et al. likely effects the binding and shows an increase in the
Gibbs energy for BSA from what would result with exposure to the porous alumina surface
used in this work. Results showed prothrombin adsorption to alumina to have a higher driving
force than BSA (see Figure 9.11), however, this was not represented by Gibbs energy values.
Karlsson et al. (2006) found that nanoporous alumina binds albumin better than fibrinogen
and IgG, °¢ and therefore, we expect fibrinogen and IgG will have less impact on prothrombin

binding than human serum albumin.
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It is undetermined whether biologics adsorb better to hydrophobic or hydrophilic
alumina surfaces and is likely surface and protein dependent. Some reports show increased
protein adsorption on hydrophilic substrates, > whereas the majority show that proteins adsorb
more extensively onto hydrophobic surfaces, such as starch-based biomaterials. *3>° Proteins
with low conformational stability (i.e. BSA) %" adsorb to hydrophilic or hydrophobic
surfaces. ** With anodic alumina being hydrophilic after anodization and becoming
hydrophobic with time, the surface was equilibrated and rehydrated with TBS prior to tests to
ensure hydration consistency. Exposing prothrombin to a hydrated surface presents an
environment similar to in vivo situations and may diminish the likelihood of proteins changing

conformation from hydrophobic interactions during adhesion.>¢-6!

9.4.2.6 Wash-out of Radioactivity

The device operation requires that a stable protein monolayer be immobilized on the
surface to create a detection platform for a specific antigen or antibody. Subsequent binding of
receptor proteins and detection will require exposing the device surface to patient samples (i.e.
serum, blood, or urine). To model the impact of these solutions on the prothrombin-coated
surface, prothrombin was immobilized to the alumina surface and subsequent wash solutions
exposed. It was found that with increased II concentration a greater loss in radioactivity with
the wash solution was noted. This may be a result of more protein bound and weaker protein-
protein interactions. Likely influenced by the lower variances resulting with human serum
albumin wash solution.

The prothrombin wash on the 1 mg/ml prothrombin-coated surfaces showed a higher
level of wash-out than when the 0.1 mg/ml prothrombin-coated surfaces were exposed. This
could be due to weak protein-protein interactions on the surface. Additionally, proteins with
an equal or higher affinity for the surface (i.e. vitamin K-dependent proteins or fragments)
may displace the labelled prothrombin.

Human serum albumin wash solutions exposed for 1 hour removed 4.5+1.8%
radioactivity whereas FBS removed 40.5+4% radioactivity of the previously exposed 0.02 and
0.1 mg/ml prothrombin solutions. Serum contains 6 to 8% of blood proteins with the majority
being albumin and the remainder globulin. With the human serum albumin wash showing a

minor reduction in prothrombin radioactivity (Figure 9.12) and a lower affinity for the surface
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than prothrombin, it is unlikely that the serum albumin displaces the labelled prothrombin.
The size of BSA is 66.4 kDa and contains 76% of the same sequence as human serum
albumin. * It is possible that serum (i.e. FBS and HS) contains prothrombin and other
proteolytic enzymes that cleave prothrombin into thrombin or smaller fragments. Thrombin
remaining in the serum, or created by proteolytic cleavage of bound prothrombin, acts as a
catalyst for prothrombin cleaving. The radiolabel was coupled to prothrombin with NOTA
chelator groups that bind to the protein through an amide linkage. > Within prothrombin,
amino acids with amine side groups (i.e. arginine, lysine, asparagine, and glutamine) are
distributed 54% in thrombin and 46% in fragment 1 and 2. Therefore, if the radiolabel is
uniformly distributed among potential binding sites and thrombin was removed, a ~54%
decrease in radioactivity would result.

Blood coagulation produces a clot and serum upon separation. Fibrinogen and most
proteins involved in the coagulation cascade are consumed during clot formation; however,
remnants include some clotting factors, proteins not involved in the clotting process,
electrolyte, antibodies, antigens, hormones, and exogenous substances. During induced
coagulation that cut fibrinogen and platelet levels in half, a 10% decrease in the available
prothrombin and a 15 to 30% decrease in FVII, FIX, and FX occurred. * Past work
demonstrates that prothrombin conversion in blood to produce serum typically results in the
production of thrombin and fragment 1-2 peptides, with the presence of FX.%-67 Aronson et al.
showed fragment 1-2 was the main prothrombin fragment that remained in serum, accounting
for more than 90% of the prothrombin originally in the sample. The serum contained fragment
1, however less than 10% of the original prothrombin was present as this amine terminal end.
% The cleavage of fragment 1 from prothrombin or fragment 1-2 is predominantly due to
thrombin. 63972 However this process is slow compared to cleaving fragment 1-2 from
prothrombin, and only results when thrombin remains active. ¢>7%72 Ware and Seegers showed
that the concentration of thrombin in solution impacts the prothrombin stability. With low
concentrations destroying prothrombin, medium concentrations temporarily preventing the
conversion of prothrombin to thrombin, and high concentrations showing no influence on

prothrombin. 7
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After 1 hour of FBS and HS exposure a 40 and 45% decrease in radioactivity resulted
respectively. With 12 hours HS exposure 13% radioactivity remained with a longer cleaving
time and potentially more thrombin in solution acting as a catalyst for prothrombin cleaving,
so smaller fragments remain bound. Figure 9.16 presents data that is beneficial for device
design and function. The 12 hours of incubation demonstrates a maximum exposure time, as
detection is expected to require <1 hour. However, it is important to understand and prevent
removal of the immobilized protein layers for detection.

Running an SDS-PAGE of the HS wash removed from the prothrombin-coated surface
was completed (see Figure 9.15) to determine the prothrombin fragments present. Regions
with dominant bands include 65-75 kDa and 85-95 kDa. Therefore, the first is likely fragment
2 (12.8 kDa) bound to serum proteins shown to exist mainly at 55kDa and the second is likely
thrombin (36.7 kDa) bound to serum proteins. Molecular weights smaller than prothrombin
are fragments of prothrombin that were cleaved and may or may not be bound to serum
proteins. Serum proteins caused greater mass differentiation and prevented distinct bands from
forming. If the entire prothrombin molecule were chipped from the surface it is unlikely that a

smear, especially over such a wide range, would result.
9.4.3  Quantification of Immobilized Prothrombin with Colour Coordinates

This work evaluates the limit of detection and whether quantification of protein on the
surface is possible using the initial prothrombin layer. A custom optics system captured
images of the surface while maintaining constant viewing parameters. The images were then
used to obtain colour coordinates for the bare slide and slides exposed to protein solutions (see
Table 9.10 and Table 9.14). Slides used for radiolabelled work, resulted in larger colour shifts
than the original, unmodified, prothrombin solution, shown in Figure 9.17. In both cases the
prothrombin solutions were exposed to slides with a ~95 nm alumina layer. From this it can be
interpreted that the modification process increased the labelled prothrombin size and the
protein layer OPL. Therefore, the radiolabelled data was used to generate the surface density
and slides exposed to original prothrombin solutions with the same alumina thickness were
used to analyze the resulting colour shifts. Ellipsometry and visible analysis were completed
on slides exposed to labelled and original prothrombin solutions. The addition colour change

resulting on slides exposed to radiolabelled prothrombin helps explain the higher mean
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standard error values associated with models of surfaces exposed to labelled prothrombin (see
section 9.3.4.2) because the copper label would not be accounted for in the model of the
system.

Slides used for tests in Chapter 8 showed a lower limit of detection and will be analysed
for the purpose of quantification in this chapter (see Figure 9.20). Ellipsometry confirmed the
alumina thickness of these slides was 100 nm. Assuming protein immobilization was the same
for thicker alumina layers the colour shifts can also be related to the surface densities
measured on the 95 nm alumina slides.

Colour coordinates of the bare device and with protein immobilization are shown in
Table 9.10 and Table 9.11 for slides with 95 nm of alumina and Table 9.14 and Table 9.15 for
thicker slides with 100 nm of alumina. Individual protein sets showed the lowest variance,
measuring locations within 1 spot (each protein-coated spot covers an area of ~0.8 cm?). The
second lowest variance was noticed in the individual bare surface sets that used coordinates
from locations external to a minimum of 6 protein spots. Lastly, the averages showed
increases in the standard deviations when comparing coordinates from locations across all
three sets (coordinates from a minimum of 18 spots). In each case the number and separation
of locations where coordinates were collected increases. Comparing coordinates collected for
the 95 nm and 100 nm alumina slides a difference in variance was observed. This shows the
importance of keeping the imaging device consistent; however, the image collector is also
likely to introduce variability depending on the level of caution exercised by the image
collector.

Chromaticity coordinates were plotted on CIE charts for both alumina thicknesses of 95
and 100 nm (see Figure 9.19 and Figure 9.21). Colour shifts occur in an elliptical pattern with
increasing OPL and colour order. Work by Sandstrom et al. showed changes in chromaticity
coordinates for interference colours generated on a multilayer device comprised of a silica
film, (n=1.5) between 0 to 600 nm, and a silicon substrate (n=2.25), shown in Figure 2.13. 7

In the first order colour region where sensitivity is highest, the detection limit was found
to be 0.7 nm or 0.1 pg/cm? by Sandstrom et al. 7 Chromaticity coordinates on CIE plots from
this work, showed similar trends to those demonstrated in prior work. Taking into account the

decrease in the refractive index of alumina and the colour generation from the underlying
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tantalum oxide layer, the film thicknesses required to transition from red to purplish blue were
increased slightly. The 95 nm alumina films showed an initial colour slightly prior to the
highest saturation yellow (closest to the outer edge) was achieved and a visible detection limit
of 50 mg/ml. The 100 nm alumina films were closer to the optimal sensitivity region, which
explains the lower detection limit on these slides after exposing 15 mg/ml.

A statistical analysis for x and y coordinates with different exposed concentrations were
carried out for slides with each alumina thickness. The thicker 100 nm alumina slides showed
an increase in the number of statistically significant x coordinates. The increase in sensitivity
was due to the change in surface colour coordinates which resulted in x coordinates
decreasing with increasing OPL. Whereas, the 95 nm alumina slides were less sensitive with
surface coordinates that resulted in the x coordinates to first increase and then decrease with
an increasing OPL. Exposing prothrombin solutions from 0.003 to 0.035 mg/ml showed
increases in the x coordinates, after which they decreased with exposed solutions from 0.05 to
1 mg/ml. For both alumina thickness the y coordinates showed a similar number of significant
differences in coordinates. Therefore, depending on the base device colour, the chromaticity
coordinate that provides a better indication of significant difference will change. With that
said, it was proven beneficial for quantification purposes to have coordinates moving in one
direction with an increasing OPL. The first order colour region generated optimal sensitivity
and shifts the interference colours from tan to purple. The number of statistically significant
results between the same exposed protein concentrations and resulting colour coordinates on
the two alumina thicknesses, further supports this importance.

When comparing the surface coordinates generated after exposing 0.015 to 0.1 mg/ml
solutions on ~95 and 100 nm alumina layers, the thicker film shows a greater significance at
low concentrations. For the thicker 100 nm alumina slides exposed solutions of 0.015 and
0.035 mg/ml show that colour coordinates are statistically significant for both the x and y
coordinates, whereas the 95 nm alumina film was not statistically significant for the y
coordinate until comparing 0.015 and 0.05 mg/ml and 0.015 and 0.5 mg/ml for x and y
coordinates. The 95 nm alumina films showed increased significance between the coordinates
with exposed solutions of 0.05 and 0.1 mg/ml that were statistically significant for y
coordinates, whereas neither coordinate differed for the thicker alumina film. Lastly, it is

important to note the effect of multi-directional shifting in coordinates with increasing OPL.
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The 95 nm alumina slides demonstrate multi-directional shifting; placing the x coordinates of
surfaces exposed to the 0.1 mg/ml solutions very close to x coordinates of low concentrations.
Ultimately, results in the x coordinates between 0.1 mg/ml and from 0.003 to 0.025 mg/ml
surfaces showing higher p values than expected.

Analyzing the 95 nm alumina average of sets showed statistically significant results for
chromaticity coordinates between groups of 0.003-0.035, 0.05, 0.1, 0.5, and 1 mg/ml (<0.50,
~0.68, 0.90, 1.66 and 2.18 ug/cm?). The limit of detection using coordinates showed solutions
0f 0.003-0.035 and 0.050 mg/ml generated significant differences for the y coordinate.
Analyzing the 100 nm alumina average of sets showed statistically significant results for
chromaticity coordinates between groups of 0.015-0.025, 0.025-0.035, 0.05-0.1 mg/ml (0. 22-
0.36, 0.36-0.50, ~0.68-0.90, 1.66, and 2.18 ug/cm?)?. The limit of detection using coordinates
showed solutions of 0.015 and 0.035 mg/ml generated significant differences for x and y
coordinates. The coordinate and visible limits of detection were both improved on the 100 nm
alumina slide with greater sensitivity.

On these slides the statistical differences in colour coordinates were found after
exposure of a prothrombin solution at 0.035 mg/ml (9.7 pM). Taking the surface densities that
result with a statistical difference in the colour coordinates (0.50 pg/cm?) and after the
formation of a protein monolayer (1.32 and 1.49 pg/cm?) it was determined that colour shifts
are detected when 34 to 38% of the monolayer has formed. This can be extrapolated to
estimate the adsorbed amounts of various proteins that will be required to achieve a shift in
the colour coordinates. With the assumption that one anti-prothrombin molecule is
immobilized for every prothrombin molecule required to achieve between 34 and 38% surface
coverage, a colour shift can be expected with ~2.7 pM (1.0 pg/cm?) immobilized on the

surface (see Chapter 10 for experimentally determined anti-prothrombin limit of detection).

2Assumes that the resulting prothrombin surface density on slides with 95 nm of
alumina is the same as slides with 100 nm of alumina for the respective concentration exposed
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Furthermore, comparing the average of one individual set versus three sets leads to an
increase in the number of statistically significant coordinates. Testing colour coordinates from
one set of slides generates intra spot variance, while testing the average produces inter spot
variance. These tests along with the increase in standard deviation with coordinates collected
from a greater number of locations shows that the manufacturing process itself creates
variance in colour coordinates between trials. The alumina thickness, among other parameters,
must be precisely controlled to achieve reproducible quantification of protein solutions.

Results show that prothrombin binding to the device surface can be quantified using
visible interference colour shifts when viewed with a polarizing film at 75° from normal to the
surface. Areas of weakness such as the variance in the base device surface colour and the
removal of bound prothrombin with subsequent exposure to human and bovine serum should

be investigated in future work to further improve the quantification and device stability.

9.5 Future Work

Future work should examine the influence of pore size and hydration of the alumina
surface layer on prothrombin adsorption. Radiolabelled work on an anodic barrier layer and
films created at different voltages could provide a better indication of the amount of protein
binding within the pores by comparing the surface densities that result. Looking at adsorption
of different proteins is important, as unprocessed biological solutions will contain a large
number of various sized molecules. The device structure must be adapted to control whether
proteins diffuse and bind to the internal surface of pores or if binding occurs mainly at the
macroscopic surface.

The combination of radiolabelling and ellipsometry supports the conclusion that
prothrombin is strongly bound to the alumina; however, more work is necessary to provide
detail on the protein distribution within the porous alumina. (see SIMS work in Chapter 5)

Anti-coagulated whole blood and plasma, urine, sputum, exudate, and environmental
samples exposed to the device surface would provide insight into which fluids can be used for
protein detection. Whole blood and plasma solutions differ from serum samples because no
coagulation is required and hence little to no thrombin will be present in solution.
Furthermore, the plasma and whole blood contain fibrinogen and the whole blood also

contains cells (i.e., white and red blood cells, and platelets). Prior work found anodic tantalum
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and silicon samples to preferentially adsorb fibrinogen out of plasma. > It would be beneficial

to determine components that preferentially adsorb to the device surface.

9.6 Conclusions

This chapter analyzed the adsorption of prothrombin onto a porous anodic alumina

surface and provided valuable information on the surface density, monolayer formation, and

protein orientation. Findings from this work include:

1.

A monolayer of prothrombin containing between 18 and 21 pmol/cm? (1.32 and
1.49 pg/cm?) was formed by exposing 20 pl of ~0.2 mg/ml prothrombin solution
(60 pM) on the surface after 15 minutes. Exposing higher protein concentrations
caused the surface density to continue increasing; however, after 15 minutes
little increase in surface density was noticed with longer incubation periods up to
2 hours. It is possible that a bilayer of prothrombin formed or that protein
loading in the porous alumina structure increases with concentration.

The theoretical surface density for short and long side prothrombin binding were
0.7 pg/cm? (9.7 pmol/cm?) and 0.3 pg/cm? (4.2 pmol/cm?) using the nominal
surface area. The experimentally determined surface density with a monolayer of
protein was ~2 times the theoretical value calculated using short side binding;
however, calculations did not account for the increase in surface area on the
porous structure from the plane alumina. The increase in experimental surface
density supports that the molecule is binding at the short side and that the surface
density doubles due to the porous nature of the film.

Prothrombin in a binary solution with human serum albumin was not influenced
during adsorption to the alumina surface until very large ratios of human serum
albumin to prothrombin were used. A significant difference in the resulting
prothrombin bound was observed when the ratio was >29 (p=.000). The surface
density decreased by 20% and 26% when exposed solutions contained ratios of
human serum albumin to prothrombin of 29 and 58, respectively.

Wash solutions of prothrombin and albumin at 5 mg/ml concentrations showed
little wash-out of radioactivity on the prothrombin-coated surface. However,

serum (i.e. HS and FBS) which consists largely of albumin proteins, showed
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significant removal of radioactivity after 1 and 12 hours on the coated surface.
This can be explained by the presence of enzymes and other proteolytic factors,
such as thrombin, which cleave the bound prothrombin when exposed for long
periods of time.

The colour shifts that result with protein binding can be quantified using colour
coordinates. Averaged coordinates on the 95 nm alumina slides generated
significant differences between exposed solutions of 0.003-0.035, 0.05, 0.1, 0.5,
and 1 mg/ml. Average coordinates on the 100 nm alumina slide generated
significant difference between exposed solutions of 0.015-0.025, 0.025-0.035,
0.05-0.1 mg/ml. The limits of detection using coordinate and visible
identification for the 95 nm alumina slides was 0.050 mg/ml (14 pmol) and for
the 100 nm alumina slides was 0.035 mg/ml (9.7 pmol) respectively. When
comparing individual sets as opposed to the averaged coordinates, the number of
statistically significant results increased dramatically. This was caused by the
decrease in variance observed with a lower separation between the locations that
coordinates were collected over

. Using the prothrombin limit of detection and surface densities measured with
radiolabelling, on the most sensitive slides, it was found that 34 to 38%
prothrombin surface coverage was required to generate a detectable difference in
the colour coordinates. Extrapolating this information for subsequent protein
layers can provide estimates on the limit of detection based on the specific
molecule. For anti-prothrombin one can expect a statistical difference in the
colour coordinates with 1 ug/cm? (5.5 pM) immobilized on the surface.

Lastly, the base slide colour is critical for generating statistically significant
coordinates with low protein concentrations. The aluminum sputtered thickness
and anodization require a high degree of consistency to achieve alumina
thicknesses with accuracy to £2 nm. The starting colour position on the CIE

chart was optimal when x and y coordinates moved in only one direction.
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iChapter 10 — Anti-Prothrombin Sensitivity on a Prothrombin-Coated Multilayer Device
10.1  Introduction

Arguably the most important immune system response, for removing foreign organism
from within the body, results from antibody-antigen interactions. With an increase in time
from exposure, the affinity of generated antibodies towards the antigen increases. This is
known as affinity maturation. ! The antigenic determinant, or epitope binds to the antibody at
the paratope. 2 The strength of the bond between an antigen and antibody depends on the
available area for contact and the ability of molecules to move within nanometers of one
another. 2 Antibodies generated from an immune response in the human body are generally in
concentrations ranging from 1 to 10 mg/ml in serum. *

ELISA is the gold standard for detection of antigen-antibody pairs and operates by
forming complexes with an immobilized molecule, and subsequently amplifying the signal.
Sensitivity of ELISAs can be as low as 1 pg/ml while using solution volumes between 10 and
100 pl, incubated on the plate surface for 2-4.5 hours. > Hence the amount of protein required
for detection is typically between 0.1 to 100 fmols, but can be less with certain amplification
techniques. >¢ See Chapter 2 for more on the operation of ELISAs. In the case of ELISA, as
well as the multilayered device of interest, the protein complex forms on a surface as opposed
to in solution. Affinities of antigen-antibody interactions are generally highest when proteins
are in their native environment and binding in solution. Antigen-antibody complexes formed
in serums and PBS showed differences in size and affinity. 7 Work by Oda et al. showed the
inability of some immobilized antibody’s to form complexes with the corresponding antigens

in the same stoichiometry that occurred in solution. ® Another study showed that antigens

t A version of this chapter has been submitted to Nanomedicine: Nanotechnology, Biology
and Medicine. Sweet HM, McMullen T, and Burrell RE. A visual immunoassay for the rapid
validation of antibody specificity prior to experimentation.
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bound to a surface were able to form complexes when exposed to free antibodies, similarly to
in solution. * The immobilized protein orientation likely influences the ability of complex
formation. The surface charge of the material used for antibody immobilization can affect
subsequent antigen binding also. '° Additional factors that affect the strength of the reaction
are: temperature, pH, ionic strength, concentration and size of proteins, and the duration of
incubation.?®!! Enhancing antigen-antibody binding was demonstrated in some tests with the
presence of albumin to address issues of non-specific binding and protein stability. '>1° A
comparison of streptavidin and anti-streptavidin IgG2 binding affinities in buffer and serum
showed no difference, yet binding was ~3-fold tighter in serum. '® Molecule crowding in the
solution was proven to partially account for the tighter binding in serum.

To create a platform test, the ability to immobilize a receptor protein to the surface is
required. Procedures for binding proteins to anodic alumina surfaces have been demonstrated,
17 but will not be explored in this work (see Chapter 9 Introduction for more details). To
evaluate the complex formation on the device surface, the prototype of prothrombin and anti-
prothrombin was used. With prothrombin being a native human protein, the anti-prothrombin
molecules are typically raised in other mammals (i.e. rabbit, sheep, goat, etc.).

The purpose of this work was to determine the limit of detection for an IgG in solution
with the antigen immobilized on the device surface. Furthermore, this work builds on
radiolabelled data that showed a statistical difference in chromaticity coordinates with 34-38%
of a prothrombin monolayer formed (see Chapter 9). Based on results for the initial protein
layer, the anti-prothrombin limit of detection was theoretically calculated, and in this chapter
was experimentally determined and compared to the theoretical limit. The IgG limit of
detection on the antigen-coated device is critical to ensure that detection is possible for
antigens and antibodies, with small volumes. The current sensitivity of the device will help
select target markets of benefit that are in the necessary protein range for detection with the
current device. The prototype test avoids the need for a bridging molecule and linker, and

hence the complex efficiency should be maximized.
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10.2  Methods

10.2.1 Theoretical Calculations for Anti-Prothrombin Limit of Detection

The prothrombin limit of detection and the radiolabelled data (see Chapter 9) was used
to determine the number of moles on the surface when a visible shift in colour was achieved.
For prothrombin the limit of detection occurred with 5.5 pmols bound to the surface,
achieving 34-38% surface coverage. The prothrombin dimensions are 11x4x5 nm'® and the
anti-prothrombin IgG dimensions are ~14.5%8.5x4 nm. 1°2° Based on these dimensions, it can
be assumed that the anti-prothrombin limit of detection will result when one anti-prothrombin
molecule has bound for every two prothrombin molecules needed to achieve 34-38% surface
coverage. Therefore, the theoretical limit of detection for anti-prothrombin was calculated to
be 2.7 pmols. With antibody detection it is predicted that the Fab regions bind in an
orientation that prevents at least one adjacent prothrombin molecule from binding to another
antibody, however to achieve 34-38% surface coverage steric hindrance will not be an issue.
Based on this, 20 pl of anti-prothrombin solution at 0.045 mg/ml (6 pmols) exposed to the
surface for 15 minutes, with ~45% of protein in solution binding to the antigen-coated surface,
would be required to bind 2.7 pmols and generate a colour shift. The percent binding from

solution was approximated based on the radiolabelled prothrombin data.
10.2.2  Device Preparation

Tantalum thin films of 225 nm and subsequent aluminum films between 100 and
140 nm were sputtered onto silicon wafers. Deposition equipment at NAIT was used to create
the tantalum films and at the University of Alberta’s nanoFAB to create the aluminum thin
film. The slides with 97 nm of alumina, used to evaluate shifts with increasing anti-
prothrombin concentration, had aluminum films sputtered at a constant current of 0.72 mA
with a resulting power of 279 W and voltage of 385 V. Depositions were carried out for 610
seconds and created aluminum films of ~105 nm. Other sets of slides with alumina
thicknesses of 102, 108, and 124 nm were created and characterized as in Chapter 4 (Section
4.2.4. Part A). Tantalum films were deposited following the same process outlined above and
aluminum films were deposited for lengths of time of 580, 620, and 680 seconds. Deposition

parameters were the same as above with current of 0.72 mA leading to a power of 300 W and
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voltage of 420 V). Tantalum and aluminum layers were deposited at average rates of
66.2+0.91 nm/min and 10.7+0.31 nm/min, respectively.

For all slides a standard anodization process was carried out until the end of pore
formation (stage b), with the exception of the full wafer being anodized at one time instead of

individual slides. See Chapter 3 for details on the standard device preparation procedures.
10.2.3  Prothrombin Immobilization and Complex Formation

Twenty microliter volumes of prothrombin solutions (ACOA, Aniara, West Chester,
OH) containing 1.4 puM (28 picomoles) were exposed within all hydrophobic circles on the
device surface and spread to the edges using the pipette tip. Solutions were left for 15 minutes
in a high humidity environment at room temperature. The solution was removed with a
pipette, rinsed with deionized water, and dried with oil free compressed air. Volumes (20 pl)
of polyclonal anti-prothrombin solution (ACOA, Aniara, West Chester, OH) were pipetted
within outlined circles previously coated with prothrombin, following the same process
outlined for the prothrombin solution above. Anti-prothrombin polyclonal IgG antibody
solutions, ranging from 20 nM to 1.3 uM, were placed on the alumina surface with a pipette
and removed after 15 minutes. Subsequently, the surface was rinsed with deionized water and
dried with compressed air. In addition, anti-prothrombin solution was exposed to the device
surface and an influenza B antibody solution was exposed to the prothrombin-coated surface.
No colour shifts resulted, interpreting the surface by eye. These solutions tested for non-

specific binding.
10.2.4  Analysis

Images of visible surface colours were taken at an incidence angle of 75° with an s-

polarizing filter and controlled lighting parameters. See Chapter 3 for more details.

10.3  Results

Parameters of the resulting slides following anodization are shown in Table 10.1.

288



Table 10.1. Parameters of various slides observed and measured with ellipsometry after device preparation.

Visible Device Colors with Different Alumina Thicknesses and Protein Exposure

_Alumina Surface Color Prothrombin Anti-prothrombin Color
Thickness (nm) Color (0.67 pM)
9710.8 Orange Pink Purple
102+1.6 Orangish-pink Purple Bluish-purple
108+0.6 Reddish-purple | Purplish-blue Blue
124+1.7 Bluish-purple Light blue Cyan

Figure 10.1 shows slides with an alumina layer of 97 nm exposed to varying
concentrations of anti-prothrombin solutions on prothrombin-coated device surfaces. A
prothrombin control was shown on each slide to confirm similar colour generation with the
initial protein layer.

Il control (1.4 pM}) + AP

Il control Il (1.4 uM) + AP
A 14uM[0.02, 003, 0.05, 008 0.1pM

g 14uM|0.17, 023, 033, 067, 1.33 uM

Figure 10.1. Anti-prothrombin solutions of different molar concentrations were exposed to spots previously coated
with prothrombin (II) solutions (20 pd at 1.4 uM). Solutions were exposed to the surface for 15 minutes. Slides (A)
and (B) are from the same wafer and prothrombin control spots are shown on each.

The initial device surface colour was an orange or orangish-pink. After a monolayer of
prothrombin formed, the colour shifted to pink, and continued moving toward the purple
region of the second colour order with anti-prothrombin solution exposure and complex
formation on the device surface. The amount of anti-prothrombin incubated on the antigen-

coated alumina surface varied from 20 pl volumes containing 0.02 uM to 1.33 uM.
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Figure 10.2. Average chromaticity coordinates and standard deviations are shown on the CIE chart for 97 nm
alumina layers coated with a monolayer of prothrombin and subsequently exposed to various anti-prothrombin
solutions. Increasing molar concentrations between 0.02 and 1.33 uM are mapped from right to left on the plot
(black markers). The white marker shows the average prothrombin-coated surface coordinates from all slides.

Mapping the colour coordinates of the device, prothrombin monolayer and after
incubating various amounts of anti-prothrombin on the prothrombin-coated surface, helped
interpret the chromaticity differences. Markers show the Yxy coordinates from the
prothrombin-coated surface (white), and the colour shifts from anti-prothrombin binding to
the surface (black). Statistically significant results were found between chromaticity
coordinates of surfaces exposed to only prothrombin solution versus prothrombin followed by

anti-prothrombin solutions when the 20 pl volume exposed was >0.17 uM. Exposing anti-
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prothrombin solutions containing 0.23, 0.33, 0.67, and 1.33 uM to the prothrombin-coated
surface, leads to three and two different means for x and y coordinates, respectively.

Table 10.2 shows results of the statistical analysis on the effects of various anti-
prothrombin concentrations incubated on the prothrombin-coated surface on the chromaticity
coordinates. The x and y coordinates were analyzed using one-way ANOVA tests that showed
[F(10, 22)=57.393, p=.000] and [F(10, 22)=40.033, p=.000], respectively.

Table 10.2. Results of the statistical analysis on the effect of exposed anti-prothrombin molar concentrations on
chromaticity coordinates collected from the surface images. The base alumina layer was 97 nm and was coated
with a monolayer of prothrombin. Statistically significant results are in italics. (n=3) (A) Shows the limit of
detection by eye and using colour coordinates and (B) shows the analytical sensitivity determined from analyzing
the colour coordinates.

A
Visual and Coordinate Analysis for AP Limit of Detection on the lI-Coated Surface
Exposed Protein, Difference
i +
Coggﬁ)r:fr:rtlgn, ersltl (“al; DE;e::?g:: Itl’y x Coord. + p Values | y Coord. + p Values
Coordinates Control (yes/no)
0.02 no x=0.45+0.02; p=1 y=0.2840.01; p>.9
0.03 no x=0.4310.02; p>.9 y=0.2610.01; p>.9
Il control 0.05 no x=0.414£0.01; p>.05 | y=0.23+0.01; p<.05
1.4 UM 0.08 no x=0.42+0.01; p>.6 y=0.25+0.01; p>.7
bink 0.10 no x=0.411£0.01; p>.1 y=0.251£0.01; p>.4
=0.45+0 02 0.17 yes x=0.38£0.01; p<.001 | y=0.224+0.01; p<.005
y=0:27;0:02 0.23 yes x=0.35+0.02; p<.001 | y=0.19+0.01; p<.001
0.33 yes x=0.331£0.02; p<.007 | y=0.18+£0.01; p<.001
0.67 yes x=0.30£0.01; p<.001 | y=0.16+0.01; p<.001
1.33 yes x=0.2910.00; p<.001 | y=0.16+0.00; p<.001
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B

Color Coordinate Analysis for AP Analytical Sensitivity on
the Il-Coated Surface

Exposed Protein, Vs. Il + x Coord. | y Coord.
Concer(lztgaht)l:n, and Al()p-:\-ne)St p Values | p Values
0.03 p>.8 p=.5
0.05 p>.05 p<.01
0.08 >.2 >.2
I (1.4 uM) 0.10 005 -
+ AP (0.02 uM) 017 | p<001 | p<.001
pink 023 | p<001 | p<.001
033 | p<001 | p<o01
067 | p<001 | p<o01
133 | p<001 | p<.001
0.05 p>.3 p>.5
0.08 0>.9 p=1
0.10 >.7 >.9
Il (1.4 uM) 017 p2.005 pp<.05
* AP (0.03 M) 023 | p<001 | p<.001
pink 033 | p<001 | p<001
067 | p<001 | p<001
133 | p<001 | p<001
0.08 p>.8 p>.8
0.10 p=1 p>.9
11 (1.4 uM) 017 p>.4 p>7
+ AP (0.05 uM) 023 | p<005 | p<05
purplish pink 0.33 p<.001 p<.001
067 | p<001 | p<0071
133 | p<.001 | p<.001
0.10 p>.9 p=1
0.17 p<.05 p=.05
Il (14 uM) <.001 <001
+ AP (0.08 uM) 033 | p<oot | peoot
purplish pink 067 | p<001 | p<o001
133 | p<001 | p<.001
0.17 p>.1 p>.1
11 (1.4 uM) 023 | p<001 | p<001
+ AP (0.10 uM) 033 | p<001 | p<o001
purplish pink 0.67 p<.001 p<.001
133 | p<001 | p<.001

Slides with different alumina thicknesses and the same alumina refractive indices
(p>.078) (ranging from n=1.345 to 1.366, see Chapter 4) were visually evaluated by eye to
compare the anti-prothrombin limit of detection with different alumina thicknesses. Figure
10.3 shows slides exposed to prothrombin and anti-prothrombin solutions near the detection
limit. Figure 9.4 shows the same slides as in Figure 10.3, but individual protein spots were

imaged using the custom optics system for improved surface colour analysis.
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Figure 10.3. Visible interference colours resulting on prothrombin-coated slides 20 ul at 1.4 uM with alumina
thicknesses from top to bottom of 102, 108, and 124 nm with subsequent anti-prothrombin solution incubation on
the surface at concentrations (from left to right) of Il control only, 0.03, 0.05, 0.08, and 0.067 uM.

Il control 1 (1.4 uM) + AP
1.4 uM | 0.03, 0.05,0.08, 0.67 uM

102 nm alumina

108 nm alumina

Figure 10.4. Visible surface colours on slides with 102, 108, and 124 nm alumina film thicknesses exposed to
prothrombin (II) solutions (20 ul at 1.4 uM) and varying anti-prothrombin molar concentrations (20 pl volumes
for uM solutions labelled above). Protein solutions were exposed for 15 minutes in all cases.

The base colours differ with alumina thicknesses and influence the visible detection by
the unaided eye. With additional protein layers immobilized on each slide the interference

colours shift towards higher colour orders. A difference in the limit of detection was apparent
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for different alumina thicknesses. Base colours and prothrombin-coated surface colours with

and without exposure to antibodies are given in Table 10.1.

10.4  Discussion

The experimental limit of detection for anti-prothrombin on the antigen-coated surface
occurred when 20 pl protein solutions of 0.17 uM (3.3 pmols) were exposed to the device
surface. The analytical sensitivity was 0.09 uM (1.7 pmols) comparing spots exposed to 20 pl
solutions of 0.08 and 0.17 pM. Prior radiolabeling work evaluating (Chapter 9) the adsorption
of prothrombin solutions incubated on the surface for 15 minutes showed between 37 and
42% of the protein in solution binds for concentrations exposed above. Between 22 and 71%
of the protein in solutions binds to the surface from concentrations of 0.200 to 0.009 mg/ml,
respectively. This was supported by work surrounding adsorption kinetics showed that with 15
minutes of incubation with a protein solution on a surface ~40% of the protein in a solution
binds to a surface, and in 1 hour uptake increases to 87% of protein in solution. 2! The amount
of protein in each anti-prothrombin solution was known, but radiolabelled tests were not
completed and therefore, assumptions were made about the amount of anti-prothrombin that
binds to the surface from solutions. Therefore, assuming ~40% of the protein in solution binds
to the surface, the limit of detection and analytical sensitivity was achieved when ~1.3 pmols
and ~0.7 pmols of anti-prothrombin bound to the antigen-coated surface.

A comparison of experimental and theoretical calculations, assuming one anti-
prothrombin binds for every two prothrombin molecules for theoretical calculations, showed
the experimentally determined limit of detection was lower than the theoretical limit by 1.4
pmols. A number of assumptions were made that could account for this discrepancy.
Assumptions include the ratio of prothrombin to anti-prothrombin binding and the percentage
of antibody that binds to the surface from solution at a specific concentration. In addition, the
anti-prothrombin likely creates a thicker layer on the surface than prothrombin and could lead
to a lower limit of detection as a result similar to findings with the vitamin K-dependent
proteins size influencing sensitivity (see chapter 8 for details). An increase in the refractive
index of the protein, or the layer density, may cause an additional increase in the OPL and
colour shift. Lastly, a portion of the prothrombin surface coverage during radiolabelled work

in chapter 9, may bind within the surface pores in an orientation that prevents antibody

294



binding. Therefore, the required surface coverage to generate a visible colour shift would
appear higher than necessary for detection.

Based on the results obtained with the current methods, detecting an antibody from
solution with an immobilized antigen on the device surface showed a lower sensitivity than
ELISAs. However, the use of an amplification process, as in other immunoassays, would
improve the sensitivity as well as changes in the exposure procedure such as increasing the
length of time or volume. The limit of detection for ELISAs is in the femtomole range when
comparing the amount of protein. However, to achieve these levels of sensitivity an
amplification step is required and incubation times between 2 and 4 hours® at an increased
temperature. > With longer incubation times and higher exposure volumes, the detection limit
of the current device would decrease, improving the device sensitivity. On the current device
with the exposure parameters employed, quantitative protein detection can be achieved.
Antibodies generated in response to an immunogen are in the mg/ml range in serum, ** along
with virulence factors, from sputum or other sources, which are present in the ug/ml range. >
Higher sensitivities are necessary for detecting biomarkers and signal proteins and would
require modifications to the device or exposure procedure in order to amplify the signal.

The statistical analysis results showed no difference in the x and y coordinates between
exposing 0.67 and 1.33 uM of anti-prothrombin solution to the antigen-coated device. The
second protein layer is likely reaching saturation with higher concentrations. Additional
chromaticity coordinates for higher anti-prothrombin concentrations would be needed to
confirm this.

Lastly, observations by eye of device surfaces containing three different alumina
thicknesses showed that a lower limit of detection was achievable in certain regions of the
second colour order. Slides with different alumina thicknesses and the same alumina refractive
indices (p>.078) (ranging from n=1.345 to 1.366 at A=370 nm) were visually evaluated by eye
to compare the anti-prothrombin limit of detection with different alumina thicknesses. With
the anti-prothrombin solutions of 0.08 uM exposed to the antigen-coated surface a stronger

colour shift was apparent on the 108 nm alumina device.
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10.5 Future Work

To complete sensitivity and specificity work that provide more information, additional
tests should be completed. Anti-prothrombin should be diluted in biological samples (i.e.
serum, anti-coagulated plasma, anti-coagulated whole blood, sputum etc.) to determine the
influence on the sensitivity. This will evaluate the antigen-antibody binding in a complex
solution with non-specific proteins. Alternate antigen-antibody pairs should be tested, using a
bridging molecule and linking method to immobilized other antigens as receptors. Lastly,
devices with a variety of alumina thicknesses and refractive indices should be tested for anti-

prothrombin detection to ensure maximum sensitivity.

10.6  Conclusions

The exposure of various amounts of anti-prothrombin to the prothrombin-coated
alumina surface, and analysis of the chromaticity coordinates allowed for interpretation of the
data. Findings from the work are important for understanding the limit of detection and
potential detection applications, as well as areas that can improve the limit of detection. The
following conclusions were made.

1. The antibody sensitivity was assessed, finding the limit of detection on the
prepared surface was ~1.3 pmols (20 pl at 0.17 pM) and the analytical sensitivity
was ~0.7 pmols with a difference of 0.09 uM (between 20 pl at 0.08 and 0.17
uM), assuming 40% of the protein in solution binds to the surface in the
incubation period. A difference in the x and/or y coordinates were observed to
quantify differences in chromaticity coordinates.

2. The theoretical detection limit showed that 2.7 pmols of anti-prothrombin are
required to bind to the antigen-coated surface to generate a colour shift (over 2
times the experimental limit of detection). The theoretical limit was equivalent to
exposing 20 pl of anti-prothrombin solution at 0.3 uM (6 pmols).

3. Protein solutions used in future tests should be quantified. This work
demonstrates that a change in the IgG solution concentrations of 0.09 uM, with

15 minutes of incubation on the surface, can result in a statistical difference in
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chromaticity coordinates. Techniques for quantification could include Western

Blot or UV-VIS spectrophotometry.
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Appendix 1 — SOPs

1.1  Piranha Cleaning SOP

Piranha cleaning 2015-04-01

Location: Aisle 2 (Wetdeck 2B)

Primary Trainer:  Stephanie Bozic Secondary Trainer:  Scott Munro
587.879.1515 587.879.1517
shozic@ualberta.ca smunro@ualberta.ca

OVERVIEW

This document outlines the process for preparing a piranha bath (3:1 H,50,:H,0,) used for removing or-
ganics and metallic contaminants from substrates. Cold piranha (<40 °C) is also used to clean chrome pho-
tomasks. Most surfaces are hydroxylated during piranha cleaning, becoming strongly hydrophilic.

SAFETY PRECAUTIONS

N.B. Organics (acetone, isopropyl alcohol, photoresist, polymer films, etc.) should not be
placed in a piranha bath or on the piranha wet deck. Contact between piranha and a large
volume of organic contaminants will cause a violent reaction and a substantial explosion.

While not carcinogenic, the chemicals used in piranha cleaning are dangerous; care must therefore be
taken to avoid physical contact with the cleaning solutions and their fumes. Please refer to the nanoFAB
MSDS binder if you have any concerns using these chemicals.

Sulphuric acid, H,S0, (96%) A highly corrosive, strong mineral acid which is clear, colourless to slightly
yellow, viscous, and pungent. Sulphuric acid causes severe burns on contact. The harmful vapour
and mist can cause burns to eyes, skin, and respiratory tract.

Hydrogen Peroxide, H,0, (30%) A strong oxidizer and corrosive clear liquid. It can cause burns to skin,
eyes, and respiratory tract.
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Acid gear must be worn when preparing the piranha bath:
Chemical apron
Chemical-resistant gloves

Face shield

Important safety notes:

® Mixing the chemicals for a piranha bath causes an exothermic reaction: the solution can self-heat
up to 120 °C. Due to the high temperature, the bath should never be agitated.

* NEVER use plastic labware—use glass only.

* NEVER put piranha solution in a closed container: gas generation and the resulting over pressuri-
sation can lead to an explosion.

® Piranha solution also explodes if the peroxide concentration exceeds 50%. Consequently, the hy-
drogen peroxide must always be added to the sulphuric acid, NEVER vice versa.

NO CHEMICALS ARE TO BE REMOVED FROM THE WET DECK IN OPEN CONTAINERS.

Before bringing any new materials into the nanoFAB for processing, it is necessary to fill out a new chemi-
cal import form (www.nanofab.ualberta.ca/user-information/user-forms/chemical-import-form/).

OPERATING PROCEDURE

1. Transfer substrates to a Teflon carrier (boat or basket, depending upon substrate size). Blue polypro-
pylene locking tweezers may also be used to hold individual chips.

2. Choose a glass container for the bath which will fit the carrier. Label the container with the bath
name (“piranha”), the user name, the date, and the time.

3. Determine the volume of solution required toimmerse the substrates completely. This can be done
“by eye” or more quantitatively by measuring with a beaker.

4, Calculate the amounts of sulphuric acid and hydrogen peroxide yielding the necessary final volume,
using a volumetric H,50,:H,0, ratio of 3:1.

The table to the right lists volumes for Final volume (mL)  H,SO, volume (mL)  H,0, volume (mL)
typical 3:1 piranha baths. When choos- 400 300 100
ing the final volume, it is worth noting 600 450 150
that the vigour of the reaction depends 800 600 200
on the surface-to-volume ratio of the so- 1000 750 250
lution (e.g., 400 mL of piranha in a large 1200 900 300
beaker may not bubble as violently as 1600 1200 400
400 mLin a small beaker). 2000 1500 500
20f4 An environment designed for success
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

3o0f4

. Select two beakers for measuring sulphuric acid and hydrogen peroxide and mark the correct vol-

ume on each beaker. Place the measuring beakers and bath container on the wet deck.

. Check the condition of a pair of chemical-resistant gloves by inspecting for dark spots or other

evidence of chemical spills, then filling them with nitrogen using the nitrogen gun to check for leaks.
If gloves are not in good condition, discard and obtain a new pair. New gloves may be obtained from
the shelf in the sulphuric acid cabinet (Aisle 2); label with the size and date.

. Don the acid gear: apron, face shield, and gloves.

. Slowly pour the required amount of sulphuric acid into the marked beaker. Transfer this amount

into the bath container labeled piranha and place the empty beaker into dump rinser.

. Slowly pour the required amount of hydrogen peroxide into the second marked beaker. Transfer

this amount into the bath already containing the sulphuric acid. Place the empty beaker into the
dump rinser and start the 5x rinsing cycle (press STOP — START).

Carefully place the Teflon carrier of substrates into the piranha bath. There may be a vigorous
reaction evident by “bubbling and spitting”. If holding chips with blue tweezers, thread a Teflon
rod through the tweezer handles and place the rod across the top of the bath beaker, such that the
chips are below the piranha surface.

Start a timer for 15 minutes. After 15 minutes the piranha will have cooled such that the reaction
is no longer vigorous enough to etch effectively.

Wash the chemical bottles on the outside with DI water and pat dry with a cleanroom wipe. Place
the bottles back in the appropriate storage cabinets. If you empty a chemical bottle, rinse the inside
3x with DI water, wash the outside, pat dry, cross out the bottle label with a Sharpie marker, write
“washed bottle” on the outside, and place in the washed bottle storage bin opposite the gowning
room door.

Rinse the chemical-resistant gloves with DI water and dry with a cleanroom wipe. Remove acid gear
and place back on the appropriate racks.

Once the rinse cycle is finished, press OPEN to drain the dump rinser, remove the beakers, and
place them on the drying rack. Wipe off measuring marks with a cleanroom wipe moistened with
acetone or IPA.

When the piranha clean has finished, don the acid gear again and slowly remove the carrier from
the piranha bath, allowing excess liquid to drip back into the bath.

Transfer the carrier carefully into the dump rinser and start the 5x rinsing cycle. If using chips with
blue tweezers, hold them over the dump rinser and spray copiously with DI water.

Push the piranha bath vessel to the back of the wet deck; nanoFAB staff will aspirate the piranha
once cool.

Spray the wet deck with DI water to rinse any drips of piranha.

Rinse the chemical-resistant gloves with DI water and dry with a cleanroom wipe. Remove acid gear
and place back on the appropriate racks.
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20. Oncethe dump rinser cycle has finished, dry substrates with nitrogen gun or use the spin rinse dryer
(if wafers are in a boat).

Wipe the front of the wet deck with a cleanroom wipe to ensure there are no water droplets.

TROUBLESHOOTING

If you encounter any unexpected errors or require assistance, please contact the primary or secondary
trainer listed above. If they are notavailable, please contact any nanoFAB staff member for assistance.

APPROVAL

Qualified Trainer: Stephanie Bozic

Group Leader —Fabrication: Aaron Hryciw
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1.2 Bob Sputtering System SOP

BOB SPUTTERING TOOL August 06 2014

Location: 10K PVD area
Primary Trainer: Les Schowalter (587-879-1516), les.schowalter@ualberta.ca)
Secondary Trainer:

OVERVIEW
A planar magnetron sputter system with three sources. The gun/substrate configuration is designed
for sequential sputtering. The third source can be used for magnetic materials.

SAFETY PRECAUTIONS

When using the hoist to close the system take care that your fingers are not between the chamber lid
and body. Some materials are not compatible with a vacuum system; if you aren’t sure of your
material please see the primary trainer.

If you are bringing any new materials into the NanoFab for use in your process, it is necessary to fill out a
chemical import form (available on our website, http://www.nanofab.ualberta.ca) and supply an MSDS data
sheet to Stephanie Bozic.

OPERATING INSTRUCTIONS
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Opening & Loading

1.0 Press “emis” on the multi gauge controller to turn off the ion gauge then press “channel” until
TC1is shown and nothing on the bottom right.

2.0 Turn the Baratron valve clockwise until closed.

3.0 Close the cryopump valve clockwise until closed; there should be a solid click sound when
closed. Also note the cryopump temperature, if it’s not below 20K please inform nanoFAB staff.

4.0 Flip the chamber vent switch up. When the pressure readout is at 760 Torr the chamber should
be at atmosphere and the chamber vent switch must be closed.

5.0 Lift the lever on the back of the chamber lid.

6.0 Press the up button on the hoist and raise the top of the chamber until the substrate holder is
clear of the main chamber, and then move the chamber top away.

7.0 Please put gloves on for the next steps.

8.0 Check the inside of the chamber for flaking and other debris; vacuum as required.

9.0 If the glass view port is coated with metal, pull out and replace glass. Please use IPA to clean all
six sides of glass before installing.

10.0 Change targets as required, check to see if the proper target is in the chamber or in the correct
container. Sputtering the wrong material may set your project back.

11.0 Make sure the dark space shield has adequate spacing. Most targets are %4” thick and the dark
space shield shouldn’t be on any notch, Targets such as Au and Pt are thinner and should go onto
the smallest notch. Check spacing with the voltmeter, you should have an open circuit.

12.0 Close the shutters. Remove any particles around the main o-ring using a cleanroom wipe and
IPA.

13.0 Load your substrate(s) and move the top over the chamber; move the lever down and press the
lower button on the hoist. Make sure you hold onto the top section as it wants to move to the right.
When the top meets the chamber stop pressing the lower button, it can’t lower any further!

Pump down

1.0 Open the chamber roughing valve about one full turn and observe if the chamber pressure is
dropping. If the pressure doesn’t change, check to see if the lid is properly seated onto the chamber.
If pressure still doesn’t drop close roughing valve and find nanoFAB staff to look into the issue.
2.0 Rough to about 350 Torr then open the roughing valve all the way then close about a half turn.
Rough out to 3.0X10™ (about five minutes depending on which roughing pump is used.) then close
roughing valve.

3.0 Slowly open the cryo valve all the way by turning counterclockwise.

4.0 Open the Baratron valve by turning it counterclockwise.

5.0: Press “channel” on the multi gauge controller until BA1 is shown in the lower right of the
display, then press “emis”.

6.0 Pumpdown takes about one hour to reach the low -6 Torr.

7.0 Write your deposition parameters in the logbook, and put the sputter system in use sign up.

Deposition
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1. Press “emis” on the multi gauge to turn off the filament, then press “channel” until aux1 is shown
in the lower section of the display.

2.0 Pull and lift the power switch on the MKS controller, then lift switch 1 for Ar gas, close the cryo
gate valve about four turns until the Multi gauge controller reads 7X10° Torr.

3.0 Put target selector switch to the desired target. Switch on the power on the back of the MDX 500
power supply; adjust the power setting required for the material you are depositing. Remember the
power supply should only be used in power mode.

4.0 Set substrate rotation to the desired speed, three to four is normal. Press the rotation switch.
5.0 Set a timer for the deposition time plus preconditioning. Target conditioning is usually three
minutes except for Pt and Au which is one minute.

6.0 Press start on the power supply to condition the target. Look in the chamber to make sure the
shutter is closed.

7.0 After the target conditioning step is over gently open the shutter and deposit for the desired time.
Remember to write the voltage in the logbook. Press stop on the power supply when the desired
time is reached.

8.0 Close the shutter and repeat steps three to six if another metal is required.

9.0 After the deposition is completed, turn off MDX 500 power supply (switch at the back).

10.0 Stop substrate rotation.

11.0 Turn target selector switch to off.

12.0 Turn off Argon switch, and MKS master power.

13.0 Press “channel” on the multi gauge controller until TC1 is shown and nothing else in the lower
right section of the display.

14.0 Close the Baratron valve.

15.0 Close the cryo gate valve.

16.0 Flick the chamber vent switch to put a few Torr of N; in the chamber then wait five minutes
before venting.

17.0 After venting, open chamber using the same instructions as opening and loading starting at
step #5. Put gloves on after moving the chamber top, remove substrate(s) and inspect chamber for
flaking. If flaking is discovered please vacuum.

18.0 If you used a Pt target, please remove it from the system.

19.0 Follow steps from pumpdown section. Please note that you don’t have to start with slow pump
down.

TROUBLESHOOTING

If you can’t get a plasma do the following:

Close the cryo gate valve to the point of causing resistance.
Change power setting to 50 watts.

If you still can’t get a plasma find the trainer for the tool or other NANOFAB staff to look into the
issue.
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If you encounter an unexpected error or require assistance please contact the primary or secondary
trainer listed above. Should they not be available, please contact any staff member for assistance.

APPROVAL

Qualified Trainer: Les Schowalter
Training Coordinator: ~ Stephanie Bozic
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1.3 Floyd Sputtering System SOP

Sputtering System #3 (Floyd) 2017-07-06

Location: 10k Deposition Area

Primary Trainer:  Les Schowalter Secondary Trainer:  Aaron Hryciw
587.879.1516 780.940.7938
les.schowalter@ualberta.ca ahryciw@ualberta.ca

OVERVIEW

Sputtering System #3 (Floyd) is an automated planar DC magnetron sputtering system with four sputter
guns. The system load lock contains six shelves, each of which can accommodate substrates from small
pieces up to 150 mm diameter wafers, in a sputter-down configuration. The transfer of shelves to/from
the process chamber, as well as the deposition itself, is computer controlled. The system is also equipped
with a power supply for RF etchback, primarily used for resist descum prior to deposition for lift-off.

SAFETY PRECAUTIONS

Do not put any pressure on the load lock door: this can put it out of alignment, compromising the load
lock chamber vacuum.

Before bringing any new materials into the nanoFAB for processing, it is necessary to fill out a new chem-
ical import request on LMACS.
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OPERATING PROCEDURE

1.
2.

5.

20f4

On LMACS, login to tool Sputtering System #3 (Floyd); Location: 10k Deposition Area.

The system control
software, eKLipse,
should be running.
If not, start it by
clicking the eKLipse
icon on the desktop.

(2

eKlipse

. Login to eKLipse: click the Login button in the upper-left corner and enter your usernér:r’l‘yéwand

password. All users receive their own unique login information once signed off on Floyd.

. Click LL Vent on the right side of the screen. Wait for venting to finish: the Recipe Name field of

the RecipeMonitor window should read [LL Vent Recipe Complete, and the load lock atmosphere

indicator should be green: _

Open the load lock door and load your specimens.

¢ If you only require one shelf, place specimen(s) on the top shelf (Shelf 6); in this case, it is not
necessary to remove the shelf or shelf stack from the load lock.

¢ Ifyou require more than one shelf, remove the six-shelf stack and place it on a cleanroom wipe
on the table. Load each individual shelf with your samples. It is important that the top shelf
has notches cut out of the left and right sides, and that all shelves have their flat edges aligned
to the right side of the stack (see following image). Ensure each shelf is securely seated on its
three pins: failure to do this will cause a loading failure and possible damage to the loading
arm. Return the six-shelf stack to the load lock, fitting it securely to the three pins in the load
lock.

N.B. Ensure that the shelf stack is full (i.e., has six shelves loaded) and that the top shelf
has the appropriate notches before continuing.
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Divots for pins
in shelf stack

(on shelf bottom)

6. Click LL Pump to start pumping down the load lock.

7. Once the LL Pump recipe completes, exercise the gun shutters: click Exercise All Shutters. Repeat
as necessary to ensure all shutters open and close smoothly and quickly.

8. Wait until the load lock pressure drops below 5e-6 Torr; this may be a few minutes after the LL
Pump recipe completes.

9. Load the desired shelf into the process chamber: click Run Recipe to open the RecipeSelector win-
dow, and select the appropriate “S[N] to PC” recipe, where [N] is the humber of the shelf you wish
to load. Remember that the shelves are numbered from 6 to 1, top to bottom. Click the Run Recipe
button in the RecipeSelector window to start the shelf transfer.

10. After the shelf load recipe is finished, you may run a deposition or RF etchback process. To deposit
a film, click the appropriate Gun [N] Deposition, where [N] is the gun containing the material you
wish to deposit (e.g., Gun 4 Deposition to deposit Al); the current gun configuration is posted on
the wall above the computer monitor. In the resulting Parameter Passing Recipe window, adjust
the parameters in the Value column as required. The default parameters usually do not need to
be changed, except for deposition time and possibly burn-in time. The default burn-in time of 30 s
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is generally sufficient unless a lot of material (different from the material you wish to sputter) has
been deposited immediately before (consult the logbook to verify); in this case, a burn-in time of
60 s is recommended. Next, enter your required deposition time in seconds; a table of deposition
rates for different materials and powers is posted on the power supply rack. Click Continue Load.

N.B. It is also possible to run process recipes by clicking the Run Recipe button and choosing from
the list in the RecipeSelector window. The four Gun [N] Deposition recipes can be run this way, as
well as Cr/Au Deposition (a shortcut to deposit two common films back to back) and RF Etchback.

11. After the recipe is complete, repeat Step 9 to perform further deposition/etchback processes on
the loaded shelf, if required.

12. Unload the shelf from the process chamber: click Run Recipe to open the RecipeSelector window,
and select the appropriate “PC to S[N]” recipe. Click the Run Recipe button in the RecipeSelector
window to start the shelf transfer back to the load lock.

13. After the shelf unload recipe is complete, repeat Steps 8—11 to process additional shelves, if re-
quired.

14, Ventthe load lock by clicking the LL Vent button.

15. When the recipe is complete you can safely open the door and remove the shelf stack and/or re-
move your specimens from the shelves. Return all shelves to the shelf stack (ensuring that each
one is properly seated on its three pins in the shelf stack), and return the shelf stack to the load
lock (properly seated on the three load lock pins).

16. Click LL Pump.
17. Logout from eKLipse: click the Logout button in the upper-left corner.
18. Logout from tool Sputtering System #3 (Floyd); on LMACS.

TROUBLESHOOTING

If there are any problems or questions regarding use of the tool, do not hesitate to contact the primary
or secondary trainers. If a process must be stopped, press the Abort button in the Recipe Monitor.

APPROVAL

Qualified Trainer: Les Schowalter

Fabrication Group Manager:  Aaron Hryciw

Version history
Les Schowalter, 2016-11-08 (Floyd SOP.docx)
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1.4

NAIT Sputtering System SOP

1. Purpose

Thisdourment provides instructions on how to operate the SPUTTER-02 DC Magnetron Sputter System
for producing metal coating s using the targets mounted in the systemn. This document details the
operation of SPUTTER-02 under normal operating conditions, which invalve wafer loading via aload-lodk.
ThisSOP does not include the procedure assodated with venting and pumping the entire chamber.

2. Safety

*  Use of mompressed gases [Nitrogen and Argon)

+  Electrical hazards associated with high voltage power supply

+  Potential for metallic dust and particulate fram chamber opening

*  Moise exposure associated with equipment operating in the area

*+  Useof pneumatics and pressurized gases

*+  Potential for being struck by falling objects, specifically the chamber dome
*  Sharps hazard associated with using wafers ar sharp substrates

+  Potential pinch points associated with the wafer carrier, load ladc door, ar intervac doar
If safe to do so, alert @ nanotechnology staff member immediately about any safety hazards or concerns.

3. Materdak

*  Silicon wafers or substrates
* Wafer tweezers

*  MNitrile Gloves

*+  Lab jadkets

*+  SPUTTER-02 Loghook

4. Equipment
P
5. Procedure

This procedure will introduce you to the procedure for pumping down the system. Refer to Figure 1 far

wvacuum, vent, carrier, and load lodk controls.

Author lames Gospodyn Fews ed By: lames Gospodyn
Created On: Aprilg, 2015 Fews ed On: Sept. 22, 2017
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10.

Fig 1 — Main Control Panel on SPUTTER-02

Write down relevant information in the SPUTTER-02 Logbook as it becomes available.

Ensure that the Intervac Door is closed (Fig. 1). Ifit is not closed, close the Intervac Door by pressing
“INTERVAC DOOR CLOSED”.

Ensure that the 307 Vacuum Gauge Controller is on, as shown in Fig. 2. If itis not on, push the “ON”
button. Also, check that IG1 light is lit. If not, press IG1 to turn on lon Gauge.

Ensure that the Nitrogen and Argon valves are open in the gowning area, on the wall behind
SPUTTER-01, and on the manifold to the left of the dome chamber.

Vent the load-lock by pressing “LOADLOCK VENT” (Fig. 1) and wait for the door to open a crack.
Place substrate(s) on a platen (note — if you are concerned about dust, cover the sample with a large
petri dish lid while transferring from the flow hood to the load lock).

Open the load lock door. Slide the armature out, and mount the sample platen on the armature.
Close load lock door.

Turn off the ion gauge by pressing “IG1” on the 307 Vacuum Gauge Controller

Rough the load-lock by pressing “ROUGH” {Fig. 1). Note that you must push the door closed to meet
the interlock. Once the crossover pressure in the load lock is reached, the roughing pump will
automatically turn off. The pressures can be monitored on the 307 Vacuum Gauge Controller.

CG2 Chamber,

CG1 Load Lock

Fig. 2 — 307 Granville-Phillips Vacuum Gauge Controller

Author: James Gospodyn

Revised By: James Gospodyn

Created On: April 8, 2015

Revised On: Sept. 22, 2017
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11.
12.
13:
14.

15.
16.
17.
18.
19.
20.

21.

22,
23:

24.
25:

26.

Open the Intervac Door by pressing “INTERVAC DOOR OPEN” (Fig. 1).

Turn the ion gauge back on by pressing “IG1” on the 307 Vacuum Gauge Controller (Fig. 2).

Ensure that the “DOWN” button on the main panel (Fig. 1) is lit up.

Select the appropriate target for your process. Note that the most up-to-date target materials are
labeled on the main control panel as shown under “TARGETS” in Fig. 1

Press “CARRIER IN” {Fig. 1) to move the platen to the process chamber.

Press “UP” (Fig. 1) to pick up the platen in the process chamber.

Once the light has stopped flashing, press “CARRIER OUT” {Fig. 1) to remove the armature from the
process chamber.

Close the Intervac Door by pressing “INTERVAC DOOR CLOSED” (Fig. 1).

Move the substrate platen to position “P1” or “P2” (Fig. 1), depending on your process.

Wait until the chamber pressure reaches drops to 2 x 10° Torr or lower, as displayed on the ion
gauge on the 307 Vacuum Gauge Controller (Fig. 2).

Turn on the Gas Flow for argon (labelled “Ar”, Channel 2) on the MFC controller (MKS Type 247), as
shown in Fig. 3.

Fig. 3— MKS Type 247 Mass Flow Controller

Turn off the lon Gauge by pressing “IG1” (Fig. 2) on the 307 Vacuum Gauge Controller.

Press the “THROTTLE VALVE” button (Fig. 1). This partially closes the gate valve so the cryo pump

doesn’t work so hard and we don’t need as much Argon flow.

Press the “PROCESS GAS” button (Fig. 1). This introduces argon into the chamber.

Observe the chamber pressure: it should read approximately 10 mTorr on the Type 250 Baratron

Gauge Controller (Fig. 4).

* Note the pressure may appear high initially, but should decrease and stabilize after
approximately 1 minute.

*  |f the chamber pressure does not stabilize to 10 mTorr (to within 0.1 mTorr), manually adjust the
throttle valve below the workspace in front of the chamber, or ask your instructor to change the
set point on the MKS Type 247 MFC (Fig. 3).

Turn on the chiller to the right of SPUTTER-02 (ensure that it has enough water; if not, top it up with

demineralized water).

27. Turn the key 180° so that the MDX Power Supply display no longer shows “OFF”, as shown in Fig. 5.
Author: James Gospodyn Revised By: James Gospodyn
Created On: April 8,2015 Revised On: Sept. 22, 2017
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28.

29;

30.
31.

32.
33:

TYPE 250
CONTROLLER

(= INPUT
9 2 sPaN

o

Y
on EXT. oV

PWR  SET PT. PHASE LEAD

Fig. 5— MDX Magnetron Drive Controller

Hold the “OFF” button under the “OUTPUT” heading on the MDX (Fig. 5) until the light on the button

stops flashing.

Check the power setting of the MDX Magnetron Drive Controller; it should be set to 0.5 kW. This is

done by holding “LEVEL”, and pressing “SET PT”. Ifitis not set to 0.5 kW, and adjust as follows:

* Hold “LEVEL” button

*  Turn the “MODIFY” knob to adjust the power setting (note — the knob adjusts by 0.05 kW
increments, for greater precision push in the knob and turn)

Consult the chart on the system that lists deposition rates for the various materials.

From the chart, determine the deposition time required to achieve the desired film thickness, and set

a countdown timer appropriately.

Press the “ON” button on the MDX (Fig. 5) and start the timer.

Ensure that the plasma is lit in the chamber.

Author: James Gospodyn Revised By: James Gospodyn

Created On: April 8, 2015 Revised On: Sept. 22, 2017
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34.

35.
36.

37,
38
39.
40.

41
42
435
a4,
45
46,
47,
4z

Once desired sputter duration has been reached, turn off the MDX pawer supply by pressing "OFF”
[under "OUTPUT"], then turning the key to the off position (Fig. 5).

Press “THROTTLE WALYE" button (Fig. 1) to stop the process gas.

Turn off the flow of argon on the MKS Type 247 MFC controller. Mote that off position is in the
middle of the three-way switch (Fig. 3.

lvlowe the platen to the "UP" position [Fig. 1).

Open the Intervac Door by pressing “INTERYAC DOOR OPEN™ (Fig. 1).

Press “CARRIER IN" to bring the wafer carrier armature into the process chamber.

Press “DOWM™ (Fig. 1) to lowerthe platen onto the armature. Wait until the light stops blinking
before moving ontothe nest step.

Press "CARRIER OUT" (Fig. 1). This should retrieve the platen from the process chamber.

Close the Intervac Door by pressing “INTERVAC DOOR CLOSED™ (Fig. 1).

Went the Load Lock by pressing “LOADLOCK YEMT” (Fig. 1).

Removye the platen from the armature, and slide the armature back into the load lock.

Close the load lodk door, and rough out the load lack by pressing "ROUGH" [Fig. 1).

Turn off the chiller.

Turn onthe iongauge by pressing “1G1" on the 307 VYacuum Gauge Controller (Fig. 2).

Close all Mitrog en and Argon valves in the chase and by SPUTTER-01.

6. Documentation

*  Hazard Assessmentfor using SPUTTER-02, found in the Mano netwark drive
*  Table fastened to SPUTTER-02 indimting deposition rates of various targ et materials.

7. Document Approwal

Name (Printed) Signature Date
Author | lames Gospodyn Sept. 22, 2017
Manotechnalogy | Keith Oldfard Sept. 22, 2017
Staff Member
Chair | lames Gospodyn Sept. 22, 2017
8. Revkions
Reviion Date Responsible Person Descriptio n of Change
i} lun. 18, 2015 larmes Gaspodyn Criginal Release
1 lan. g, 20168 larmes Gaspodyn Clarification of afew steps;, added missed
step to dose load lod: door after sample
loaded; addition of stepsto turn offfon
the ion gauge before opening load lock
door after load lock roughed.
Author lames Gospodyn Fews ed By: lames Gospodyn
Created On: April2, 2015 Revsed On: Sept. 22, 2017
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larmes Gospodyn

Added steps so that the user mowves platen
to P1 or P2 pasition for process.

larmes Gospodyn

Removed “open load lods door’” step at
the end; load lock door should rermain
dosed to prevent accidental venting to
ayo. Modified step 2 to ensure that the
Intervac Door is closed.

larmes Gospodyn

Remowval of any reference to the use of
Kapton Tape

2 Mar. 28,
2016

3 Oct. 12, 2016

4 Mlar. 10,
2017

5 Sept. 22,
2017

lames Gospodyn

Clarified two steps; Added reference to
the Baratron forthe deposition pressure;
Added steps ta chedc power and pressure

settings.

Author lames Gospodyn

Revs ed By: Jlames Gospodyn

Created On: April2, 2015

Revs ed On: Sept. 22, 2017
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1.5  Spectrophotometer SOP

Spectrophotometer — Hitachi U-3900H April 10, 2017

Location: W6-040 Characterization Lab
Primary Trainer: Nancy Zhang (780-289-1707, nzhang@ualberta.ca)
OVERVIEW

The Hitachi U-3900H Spectrophotometer is a dual beam spectrophotometer with a wavelength range
of 185-850nm. Transmission, absorbtion and reflectance measurements can be performed.
Available modules include transmission/absorbtion, as well as 5 degree and 45 degree reflection
modules.

SAFETY PRECAUTIONS
Normal laboratory practices apply; gloves should be worn when handling any samples or optics
(mirrors, windows).

Take care not to spill liquids onto the spectrophotometer, and immediately clean up any spills with
cleanroom wipes. Damage to the optics and electronics can result if liquids are spilled and run
inside the instrument.

This equipment contains a power supply that delivers hazardous voltages, and operates in the UV
region. Do not operate if any panels are missing.

If you are bringing any new materials into the NanoFab for use in your process, it is necessary to fill out a
chemical import form (available on our website, http://www.nanofab.ualberta.ca) and supply an MSDS data
sheet to Stephanie Bozic.

An environment designed for success.
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PROCESS COMPONENTS OR FEATURES
Before starting, ensure the proper modules are installed for your intended use.

OPERATING INSTRUCTIONS

1.

Samples should be clean and ready for measurement. Liquid samples should be contained
in spectroscopic cells designed for the cell holder. Users are required to provide their own
cuvettes for analysis.

Turn on the U-3900H system power by turning on the switch located at the lower left hand
side of the optical unit.

Open the UV Solutions 3.0 program on the desktop to access the scanning window. The
system will automatically initialize.

Once initialized, a method may be opened and modified as required. Click the Method icon
to view the method settings. The default scan settings and parameters are loaded, and can
be edited as required by selecting the appropriate tab in the method window. The scanning
parameters can be modified as required, and are located in the Instrument tab.

Analysis Method (C: ano , UWIS\Scott ¢ Trans.UVM) o)
General stment | Montor | Processig | Repart |
Data mode: F— | Lo changemode: [t -
om0 E I — "
- . B Em i C—
Baseline label Ve O Ca—
ich Resolton of - St widh 2 ~]om
Baseine comoction # [User | ] PMT mode Ao ~
Delay o B PMT vokage: 2 v
Cycle Time: = mn Samping nterval Ato ] om
™ Auto Zoo b sachun Repicstes (|
= m
™ UV Scan speed change function
= Path Length i Hom
[z
Cres| | |

Instrument Tab — available scanning options

« General tab — Measurement type, typically set to Wavelength Scan. Other options
are Time scan and Photometry. Methods can be saved and loaded while in this tab.
Use Sample Table is also selected in this tab. By default it is on, but samples can be
scanned without using the sample table.

An environment designed for success.
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« Instrument tab — Scan settings can be customized as required.

o

o)

Data Mode in either %T, A or %R. Energy scans (E) are available, but are
more suited for troubleshooting.

Wavelength start and end points (scans from high to low, in 0.5nm intervals).
Scan speeds vary from 1.5nm/min - 2400nm/min.

High Resolution — On will use all measured data values, Off will smooth the
data using the Savitsky-Golay method.

Baseline correction selection; remember which option is selected as it must
match the actual baseline file.

Delay (s) can provide a time delay before starting the scan, in the case further
stabilization is required.

Cycle time is active when the Replicates option is set to 2 or more, and refers
to the time between the start of one measurement and the start of the next
measurement.

Auto Zero before each run; should remain unchecked in most cases.

UV scan speed allows users to adjust the scanning speed while in the UV
region. Check this box if required. The Speed change Wavelength and
Speed will become active; enter a wavelength and time as required.

Lamp change mode should remain in Auto

Lamp change wavelength; default is 340nm, may be adjusted if this specific
wavelength is critical.

WI and D2 lamps should both be on, but can be turned off if the scan range is
outside of one of the lamps usable range (WI 850nm-340nm, D2 340nm-
190nm).

Slit width (2mm), PMT mode (Auto), and PMT voltage (200V) should not be
adjusted unless absolutely necessary.

Save the method if required using a unique filename (do not save over the default scan
method). Click OK to continue.

Access the sample table by clicking the Sample icon. Select a location for the data to be
saved by clicking Browse, and selecting a proper location. Edit the File Name as required.
Fill out the sample table as required, first by entering the number of samples to be scanned.
Once done, click OK.

w
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CAProgram Files\UV Solutions\Temp\TempSampleTable.UVS ]

Samples |
Destination: [C:\Users\nano'\ Deskiop \UserData_UVVIS\Scott Reflection’\Scan Run 2 Browse..._ |
File Name:  [Yun Create Folder.
No. | Neme Comments
1 Thin A203 on glass
2 Bare glass coversip
Edit
Number of Samples Setting Edt Sample Name
Number of Samples:  [1 = Update | | | Common Sample Name: [
™ Auto Numbering 1 j Input
Load Table.. | Save Saveds. |
[ ok | cancel ] | hep
Sample Table

6. Before any samples are scanned, a baseline should be run to correct for the background.
Begin by selecting the Baseline icon. A window indicating the baseline file to be used will
pop up. Ensure that the file name matches the file selected in the Method. Remove all
samples from the scanning compartment, and click OK.

Record Baseline [
] Baselng: [User1  v| 0K
Baseline — must match
i i 5 C: |
baseline correction setting I

7. Once the baseline is complete, sample analysis may begin. Place a sample in the beam
path using the provided clips. If reflection scans are being performed, ensure the mirrors are
rotated and positioned as required.

8. Click the Measure icon. Ensure the sample has been loaded, select the appropriate option
in the scan window when prompted (Scan or Skip), and press OK. The scan will begin, and
should plot in real time. The scan may be stopped at any time by pressing the Stop button.

9. If multiple samples are being scanned and are entered in the sample table, the scan will

continue automatically in order. Users will be prompted to load the next sample when the
system is ready.

An environment designed for success.
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10. When all samples in the sample table have been run, the raw data will be saved
automatically, in a .UDS format. It is advisable to convert the data into a different format,
typically in ASCII. Data may be converted using the UV solutions software. Begin by
selecting File > Files Conversion. Select the file(s) to be converted, Edit the destination,
and select output file type. Click OK to continue.

11. Once all scanning, analysis, and conversion are done, close the software program. Transfer
data as required. Shut down windows when complete.

12. Turn off the system power switch.

Accessories

In addition to the standard transmission module, there is a 5 degree and a 45 degree reflection
module available. The reflection modules use the same detector, but the transmission sample
holder must be removed. The holder is held in place by a single screw; loosen and remove the
holder, then place the reflection modules on the alignment pins.

For baseline collection, insert the reflectance mirror to front baseline position, and turn the “light path
switch” to “baseline — detection”. For sample measurement, insert the reflectance mirror to back
measurement position, and switch the light path to align “measurement — detection”.

Meisuremenl A Light path
position switch
Detection
position
Baseline
position
, Reflectance
. ;( mirror

@\
S
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TROUBLESHOOTING

If you encounter an unexpected error or require assistance please contact the primary or secondary trainer
listed. Should they not be available, please contact any staff member for assistance.

APPROVAL

Qualified Trainer: Nancy Zhang

An environment designed for success.
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Appendix 2 — Alpha Step 1Q Profilometer SOP

The purpose of this section was to outline a standard operating procedure (SOP) for
consistent thickness measurements of deposited thin films with the Alpha Step IQ (ASIQ)
profilometer (KLA-Tencor, Milpitas, CA). Controlled deposition of thin layers is fundamental
to research in nanotechnology and specifically the development of this multilayer device.
Reproducibility and film uniformity of 5% or less is a necessity for this work.

Initial thicknesses measurements collected using various scan methods and data review
processes resulted in large discrepancies. Through the evaluation of these techniques an SOP
was generated to ensure accurate, and more importantly, consistent thickness measurements
were achieved during tantalum and aluminum deposition. Thin pieces of Kapton tape, ~2 mm
by 1 cm, were placed on a minimum of four locations of the wafer prior to sputtering and
removed upon completion. This creates valley profiles and provides thicknesses of the
deposited thin film when measured. Analysis of thin film thickness using the ASIQ
profilometer is a multistep process outlined below:

1) Check calibration of ASIQ with Zygo calibration sample
2) Input Scan Parameters

e Scan length: 3000um, 1 time

e Scan Speed: 50um/s

e Sampling Rate: 50 Hz

e Sensor Range: 550pum/32.8 pm

e Adjustment: Valley Bias

e Analysis: Step Height Analysis

e Contact Speed: 3

e Required Radius: 5.0um

e Scan Direction: Right
3) Collect Scan

e Place sample on the stage under the probe tip

e Adjust the sensor by double clicking the down arrow beside the image in the

top right corner of the screen
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e Rotate the stage and use x and y knobs on the left side of the stage to position

the sample for a scan while referencing the image in the top right

e Ensure a minimum of 500 um on each side of the valley for accurate levelling

prior to measurement of step height
e Select the start button

4) Form Removal

e Data Review > Operators and Studies Tabs > Remove Form (if Data Review

function enabled) OR select Form removing positioned along the left margin

&' Qperator; Remove form
Criginal profile
Form to remove
nm [ Induded [ Sxcluded
2 Polynomial of degree 2 <41 _ __.Q..\.* ........................................ ammnen <
150 i ——
Cirde iy _.____,/ ¥ | —_ f e
w4 - O — — o]

| Bkl P i b e
0.0 a2 o4 0%

T
[}

W e R,
1.0 1.2 14 1.6 18 2.0 22

| Profiie, form removed

nm

139.495 o e |
e e B e a0 ST
Include/Exclude area ] y '/
f
| e
L b LAk LA L AL LA LA L) Ml L) UL el i A Ly el ) L M) LS L A M Lk ) L
-] 0.2 04 0.6 0.8 14 1.2 14 L6 18 20 22 24 26 2.8 mm
Exdlude Indude S
Exclude al Induce all it
200 5 -
Undo Irvert 100 5 __—— = =
Mare shout Indude Exchude aress. .. a BRI AL L L L A L Ukl LA L b b L L) AL LR L L) LA i L UL LA i LA —
[:E:] 0.2 (E] 0% 0.8 i 12 15 1.6 18 .0 22 24 2.5 28 mm
| Apply non-measired ponts to the Form akone
._.'.1 Apply the operator?
| o | Cancel

More about form removal..,

e Exclude lower area by highlighting on the original profile and hitting Exclude

to generate the form removed profile

e Form to remove: Polynomial of degree = 2

e Profile, form removed and Apply non-measured points to the Form alone

should both be checked
e Finish by clicking the OK button in
5) Levelling

the bottom right

e Data Review > Operators and Studies Tabs > Level (if Data Review function

enabled) OR select Levelling button just above the Form removing button
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e Levelling method: Least squares line
e Exclude the valley portion of the profile when levelling by highlighting this
region and selecting Exclude, and finish by selecting OK
6) Thickness Measurement
e Right click on the scanned profile in the bottom right corner of the screen and
select Automatic method or Iso method to allow the thickness to be measured
more consistently as cursors are placed automatically

e (Generates maximum thickness, mean thickness, and width values

Inconsistencies upward of 50 nm were found within one scan region and subsequent to
testing have been attributed to error in the analysis process. Bowing is a natural occurrence
during the use of profilometers hence, reinforcing the importance of form removal and
levelling functions to correct for this prior to obtaining step height measurements. Without
form removal the zones measuring film thickness are extremely dependent on the placement
and width as the upper profiles are sloped, meaning small position changes can generate vast
thickness changes. Automatic placement and width of zone methods versus manual methods
give higher accuracy and will be used for future measurements. Either the Automatic method
or Iso method can be used to generate mean thicknesses. Furthermore, scans will be conducted
across the entire valley to ensure maximum accuracy of the profile when compensating with
form removal and levelling software applications. For addition information on this tool please

refer to the ASIQ3 User Manual.
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Appendix 3 — XPS Spectra

Representative low resolution XPS spectra for each surface are shown below for
unanodized devices and devices prepared with anodic potentials of 5 or 8 V. These spectra
were used to measure phosphorous and nitrogen content, among other elements of interest.
XPS spectra were collected from as prepared surfaces, surfaces exposed to prothrombin

solutions, and surfaces exposed to prothrombin and anti-prothrombin solutions.

18
Name Pos. FWHM Area Ath
16 O1s 53220 3.15 148B673.58 46.33
C1s 28500 263 20760.88 | 18.15
14 Al 2p 7460 5.01 28198.23 | 35.51
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b
=
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w
o
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Figure A3.1. Low resolution spectra of an unanodized aluminum surface.

141 Name Pos. FWHM  Area At
01s 531.40 3.04 110230.99 30.44
C1s 28500 3.93 54751.92 |42.43
121 N1s  399.80 251 19844.72 | 8.96
Al2p 7380 491 16276.92 | 18.17
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Figure A3.2. Unanodized aluminum surface exposed to prothrombin.
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10 Name Pos. FWHM Area Atlh
7 O1s 53140 299 77696.59 22.59

C1s 285.00 4.06 70192.74 pT.26
N1s 399.80 2.51 25731.00 [2.23
g Al 2p 73.80 473 6743.60 |7.92
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Figure A3.3. Unanodized aluminum surface exposed to prothrombin and anti-prothrombin solutions.

20,
Name Pos. FWHM Area At
18] p2s 19219 3568  3186.95 2.09
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14 ]
5
o 12]
»
2 10
[&]
8|
6]
4
2 |

| T
600 400
Binding Energy (eV)

—
1000

Figure A3.4. As prepared surface created with an applied anodic potential of 5 V.
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18 Name Pos. FWHM Area Atlh
P2s 191.00 3.14 2203.43 1.33

16 C1s 28500 3.35 43959.54 |32.72
1 N1s 39980 286 108256.07 | 4.81
O1s 53140 3.13 158517.58 |42.05
14 Al2p 7420 273 18005.17 |19.30
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Figure A3.5. Surface exposed to prothrombin solution created with an applied anodic potential of 5 V.

14 Name Peos. FWHM Area Ath
7 P2s 19140 284 1393.83 0.90
C1s 285.00 3.87 53376.02 | 42.47
12 N1s 399.80 2.51 18799.58 | B.72
7 O1s 53140 3.10 1202%0.61 |34.12
Al 2p 7420 266 12035.09 | 13.79
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Figure A3.6. Surface exposed to prothrombin and anti-prothrombin solutions created with an applied anodic
potential of 5 V.
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Name Pos. FWHM  Area Ath
20 P2s 191.80 3.31 2858.50 1.83
17 ©€C1s 28500 3.41 35157.81 |24.84
N1s 398.80 2.70 9558.26 | J3.94
O1s 531.40 3.08 187034.90 |47.10
Al 2p 74.20 268  22105.81 |22.50
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Figure A3.7. As prepared surface created with an applied anodic potential of 8 V.

200  Name Pos. FWHM  Area At

P2s 191.00 3.68 2654.22 1.55
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Figure A3.8. Surface exposed to prothrombin solution created with an applied anodic potential of 8 V.
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16
Name Peos. FWHM  Area A
P2s 19140 3.06 1704.15

h
1.07
14] ©C1s 28500 3.93 50303.45 [39.09
N1s 399.80 2.67 19749.02 | 8.84
O1s 531.00 3.01 129015.12 | 35.73
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Figure A3.9. Surfaces exposed to prothrombin and anti-prothrombin solutions created with an applied anodic
potential of 8 V.

389



