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ABSTRACT

Biomolecular separation techniques are an enabling technology that indirectly influ-
ence many aspects of our lives. Advances have led to faster analyses, reduced costs,
higher specificity, and new analytical techniques, impacting areas such as health care,
environmental monitoring, polymer sciences, agriculture, and nutrition. Further
development of separations technology is anticipated to follow the path of comput-
ing technology such that miniaturization through the development of microfluidics
technology, lab-on-a-chip systems, and other integrative, multi-component systems
will further extend our analysis capabilities.

Creation of new and improvement of existing separation technologies is an inte-
gral part of the pathway to miniaturized systems. The work of this thesis investigates
molecular separations using porous nanostructured films fabricated by the thin film
process glancing angle deposition (GLAD). Structural architecture, pore size and
shape, and film density can be finely controlled to produce high-surface area thin films
with engineered morphology. The characteristic size scales and structural control
of GLAD films are well-suited to biomolecules and separation techniques, motivat-
ing investigation into the utility and performance of GLAD films for biomolecular
separations.

This project consisted of three phases. First, chromatographic separation of dye

molecules on silica GLAD films was demonstrated by thin layer chromatography.



Direct control of film nanostructure altered the separation characteristics; most strik-
ingly, anisotropic structures provided two-dimensional analyte migration. Second,
nanostructures made with GLAD were integrated in PDMS microfluidic channels
using a sacrificial etching process; DNA molecules (10/48 kbp and 6/10/20 kbp mix-
tures) were electrophoretically separated on a microfluidic chip using a porous bed of
Si0O, vertical posts. Third, mass spectrometry of proteins and drugs in the mass range
of 100-1300 m/z was performed using laser desorption/ionization (LDI) on silicon
GLAD films, and the influence of film thickness, porosity, structure, and substrate on
performance was characterized.

The application of GLAD nanostructured thin films to biomolecular separations
is demonstrated and validated in this thesis. Chromatographic separation of dye
molecules, electrophoretic separation of DNA molecules, and mass spectrometric
isolation of small proteins and drug molecules by laser desorption ionization were
demonstrated using GLAD films. All three methods yielded promising results and

establish GLAD as a potential technology for biomolecular separations.
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gles, as-deposited (left column) and after being wetted with a 0.1%TFA
solution droplet and allowed to dry (right column). Scale bars indi-

Cate 1 UM . . . . . . e

Top (a), oblique (b) and side (c) views of an Si slanted post film,

grown at « = 85°. Scale bars indicatesoonm. . . . . ... ... ...

LDI response of slanted post Si GLAD films. (a) Ion counts and
signal-to-noise ratio of des-arg?-bradykinin (500 fmol) desorbed
from slanted posts grown at 78.5°, 83.5° and 85.5°. (b) Minimum
laser power required to acquire an ion count greater than 20 for
the [M+H]* peak of des-arg®-bradykinin (500 fmol) desorbed from

vertical and slanted posts deposited at the indicated angles. . . . . .

(a) Ion counts of verapamil (32.6 fmol) and bradykinin fragment 1-5
(240 fmol) on vertical posts (A) and slanted posts aligned parallel and
pointing towards (B), perpendicular to (C) and parallel and pointing
away from (D) the incoming laser beam, as shown in (b), where the
blue arrows indicate the incoming laser beam (see text for details).
Both films were grown at « = 85°. All measurements were made at

laser power 2650. . . ...

Three film configurations used to investigate the effect of an insulating
substrate: 500 nm Si GLAD film (« = 85°) deposited on top of (a)
bare Si wafer, (b) 600 nm solid evaporated SiO, layer, (c) 600 nm
SiO, GLAD film (0 =85°). . . . . . . o e

(a) Desorption of verapamil (324 fmol), bradykinin (1 pmol), angion-
tensin (1 pmol), and ACTH (18-39) (1 pmol) from the three films,
A, B and C as described in Fig. 5.17. Laser power was set at 2855.
(b) Desorption of verapamil (65.8 fmol) and bradykinin fragment

1-5 (2.82 pmol) in a separate experiment from the two films with

insulating substrates, B and C, used in (a). Laser power was set at 2415.

125



5.19 Top and side view SEMs of a 500 nm Si vertical post layer deposited
on top of (A) a bare Si wafer, (B) a 600 nm solid SiO, layer and (C)
600 nm SiO, vertical posts, used to study the effect of insulating
substrates. Films are shown as-deposited (top view in left column,
side view in right column) and after being wetted with a 0.1% TFA
solution droplet and allowed to dry (middle column). All porous
films grown at « = 85°. Scale bars indicate 1 ym in the top views (left

and middle columns) and 250 nm in the side views (right column). . 129

6.1 Schematic of a potential graded-density GLAD film-based flow-through

size exclusion chromatography separation device. . . ......... 136



LIST OF ACRONYMS

A-NS ‘Anisotropic’ nanostructure ultrathin-layer chromatography
ACTH Adrenocorticotropic hormone

ALD Atomic layer deposition

CC Cross-channel

DIOS Desorption/ionization on silicon

DNA Deoxyribonucleic acid

FMN Flavin mononucleotide

GLAD Glancing angle deposition

HPTLC High performance thin layer chromatography
IC In-channel

LDI Laser desorption/ionization

LISMA Laser-induced silicon microcolumn arrays
MALDI Matrix-assisted laser desorption/ionization
MFP Mean free path

MS Mass spectrometry

NS-UTLC Nanostructure ultrathin-layer chromatography
PDMS Polydimethyl siloxane

PECVD Plasma enhanced chemical vapor deposition
PVD Physical vapor deposition

RIE Reactive ion etching



S-NS ‘Superimposed’ nanostructure ultrathin-layer chromatography

SALDI Surface-assisted laser desorption/ionization

SEM Scanning electron microscope

TBE Tris-borate ethylenediamine tetra-acetic acid buffer
TIRF Total internal reflection fluorescence

TLC Thin layer chromatography

TOF Time-of-flight

UTLC Ultrathin-layer chromatography

UVv-O Ultraviolet ozone



INTRODUCTION

The last few decades have witnessed tremendous growth in the field of biology, driven
in part by new analysis technologies to help decipher and understand biomolecules
such as DNA and proteins. Many of these technological advances have been made
in the separation sciences, which address the problem of separating a mixture of
compounds for any combination of end goals: isolation, purification, or identifica-
tion. This invariably involves leveraging some combination of physical and chemical
properties that distinguishes the components.

The Human Genome Project is demonstrative of these advances. The first full
sequence was completed in 2003, revealing the code of human life in its entirety for
the first time [1,2]. This marks an important step in our quest to better understand the
human body; such understanding may help identify, treat, and cure many diseases
that afflict the population. The separation of DNA molecules by size using capillary
array electrophoresis was an essential element in the original sequencing effort, and
advances in this area were instrumental to the project finishing two years early at a
much lower cost than anticipated [3].

Molecular separation is a critical and enabling technology that extends beyond
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biomolecular analysis. In industry, chemicals are separated to isolate and purify them
for manufacturing processes; the products are separated and analyzed for quality and
process optimization. Food producers use separations to monitor product content
and quality. Pharmaceutical companies use separations on a large scale to isolate
drugs during production and on a small scale to analyze the purity and efficiency of
their processes. Forensic scientists use separations to isolate DNA from bodily fluids
to help identify and incriminate suspects.

The advent of microfluidics has spurred a revolution in separation technology
over the last two decades. In the broadest sense, microfluidics encompasses any
system that manipulates fluids on a microscale, not necessarily through micron-sized
fluidic channels. Shrinking the fluidic system down to the microscale has numerous
benefits, including faster separation with higher efficiency, better resolving power,
sensitive on-line detection methods, lower reagent use, and multi-process integration
onto one device [4-9].

Engineered structure integration into microchannels for microfluidic separations
has been actively investigated in recent years. Fabrication of such structures by micro-
and nano-fabrication techniques permits control over the separating media by engi-
neering the microstructure morphology and material along with the pore morphology;,
distribution and size [10,11]. This in turn has enabled a number of advances in the field,

including better theoretical understanding of separation mechanisms and access to
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new separation mechanisms along with the usual benefits of microfluidic integration:
faster separations, higher sensitivity, and lower reagent volumes.

Miniaturization has provided advances in planar separations as well. Thin layer
chromatography (TLC) is a fundamental chromatographic technique. Chemical
compounds are separated during transit via capillary action through a porous film as
a result of differing film-compound interactions. Thinner layers with finer particles
of narrower size distribution decrease separation times, increase resolution and
sensitivity, and reduce reagent consumption [12].

Molecular separations are often followed by mass spectrometry to analyze and
identify the separated analytes. In addition to molecular separations, nanostructured
materials have also proven advantageous in mass spectrometry. Direct laser inter-
action with nanostructures enables non-fragmenting laser desorption/ionization
(LDI) of molecules from a target for subsequent insertion into a mass spectrometer,
without the use of an intermediate matrix. This allows for detection of very low mass
fragments that are usually obscured by the matrix ions, as well as the possibility of
detecting very large fragments.

Glancing angle deposition (GLAD) is a powerful, elegant technique for fabricating
nanostructures with engineered morphology, architecture, and porosity onto any
flat substrate. The ability to finely tune the nanostructures along with a wide nanos-

tructure and substrate selection makes GLAD a promising candidate for fabricating
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nanostructures for analytical applications such as molecular separations and mass
spectrometry. Chapter 2 provides a brief overview of the glancing angle deposition
technique.

This thesis reports the investigation of GLAD films applied to biomolecular separa-
tions. Three areas were identified where GLAD nanostructured thin films could poten-
tially provide unique benefits over existing technologies: electrophoretic separations,
chromatographic separations, and laser desorption/ionization mass spectrometry.

The planar format and relatively simple experimental setup of TLC separations
provided an attractive proof-of-concept that GLAD structures are viable as a chro-
matographic stationary phase. Chapter 3 describes how GLAD films were successfully
applied as a TLC stationary phase, and the interesting anisotropic properties that
arose as a result of engineered film morphology.

Miniaturization of separation methods has been a strong focus of research ac-
tivity over the last two decades, as discussed above, motivated by the increased
performance, decreased costs, and novel technologies associated with microfluidic
systems. This potential, combined with successful TLC separations and the influence
of anisotropic structures on these separations, motivated the integration of arbitrary
GLAD structures into microfluidic channels and is discussed in Chapter 4. A tech-
nique for fabricating devices with GLAD-filled channels is discussed, and separation

of DNA strands (5-48kbp) demonstrates the successful fabrication of a GLAD-based
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microfluidic biomolecular separation device.

The ability to deposit porous silicon films similar to those used in desorption/ionization
on silicon (DIOS) mass spectrometry made GLAD films a natural candidate for ap-
plication to laser desorption/ionization. This was further motivated by the possibility
of improving LDI performance through a combination of structural and material
optimization. Chapter 5 discusses the performance of silicon GLAD films for DIOS.
Film architecture and density were both found to have a significant impact on signal
strength; very high sensitivities relative to existing LDI matrices were obtained with
silicon GLAD films.

Concluding remarks and possible future directions for this work are given in

Chapter 6.



GLANCING ANGLE DEPOSITION

Glancing angle deposition (GLAD) is a single-step, bottom-up nanofabrication tool
used to engineer nano-columns with controllable architecture. A variety of nanos-
tructures can be made by combining physical vapor deposition onto a flat substrate
held at an angle to the vapor with computer-controlled biaxial substrate rotation.
Materials suitable for GLAD films include insulators (e.g., SiO,, AL, O;, TiO,, MgF),
semiconductors (e.g., Si, Ge), metals (e.g., Ti, Cu, Al, Pt), and organic materials
(e.g., Algs, Znq,, CuPc) [13]. The GLAD process was developed by our group at the

University of Alberta [14,15].

2.1 GLAD Film Growth

GLAD film structures are tailored on nanometer scales by manipulating self-shadowing
effects that arise when vapor flux arrives at highly oblique angles during physical
vapor deposition. The following is an introductory discussion intended to provide a

rudimentary understanding of how the growth of GLAD films is possible.
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2.1.1  Thin Film Growth

Physical vapor deposition (PVD) coats substrates with a thin film of material through
condensation of atoms arriving from a vapor source. Vaporized atoms collide with
the substrate and adsorb on the surface, where they either find a resting place or
desorb. Film structure is determined in part by the energies of adsorbed atoms
(adatoms) on the substrate surface when deposited at normal incidence angles, where
incoming atomic flux is normal to the substrate surface. The structure also depends
on the substrate energy, an effect that has been well-characterized by the Movchan &
Demchishin zone model [16], which relates film structure to the ratio of substrate
temperature to material melting point (T/Ty) (ref. Fig. 2.1). Substrate and adatom
energy are related since adsorbing atoms transfer kinetic and thermal energy to the
substrate.

Three distinct film structure types form, separated by boundaries at T/T,,; of
0.3 and 0.5. The structures consist of well-defined, individual columns in the first
zone (T/T); < 0.3); it is this zone that encompasses the lower energy range typical
of evaporation (0.1-0.5 V) and sputtering (10-50 e¢V) onto unheated substrates [17].
Atoms arriving and adsorbing on the substrate are initially mobile, finding a final
resting place at low energy sites. At these low energies, initial adatom mobility is low,

and as a result, initial film growth occurs as an “islanding” process, where individual



Chapter 2. Glancing Angle Deposition 2.1. GLAD Film Growth
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Figure 2.1: Movchan & Demchishin zone model of evaporated thin film growth, relating film
nanostructure to the substrate temperature. Reprinted with permission from [16]. © 2010
Annual Reviews, Inc.

clusters of atoms accumulate at randomly-located sites over the surface topology,
rather than through formation of a smooth solid layer. The adatom mobility is
determined by a number of factors, including initial energy acquired by the atom
in the vaporization process, substrate temperature, and substrate topology. As more
atoms arrive at the substrate, the nuclei grow in size, until they coalesce to form a
solid film. The coalescence is not perfect, however, and there is a boundary that forms
as individual nuclei grow against each other, causing the solid defected columnar
structure typical of Zone I evaporated and sputtered films. This boundary is the
result of low adatom mobility which favors growth at the top of the islands where a
majority of the flux is captured and where atoms can settle in a low energy state, as

opposed to adatom diffusion away from the islands to areas where there is a lower
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concentration of source atoms but higher energy between substrate and atoms. Low
adatom diffusion (i.e. Zone I growth) is critical for GLAD structure formation.

Growth in the second zone (0.3 < T/T ) < 0.5) is characterized by finer, less defined
columns in conjunction with increasing grain sizes relative to Zone I growth, as a
consequence of increased adatom surface diffusion. In Zone III (T/T) > o.5), bulk
diffusion is dominant and film growth is dense, crystalline, and characterized by large
grains and disappearance of the columnar morphology witnessed in the first two
zones. Zone II and IIT growth occur outside the range of substrate to melting point
temperature ratios typically seen in glancing angle deposition, and consequently are
not of interest in this work.

Evaporation and sputtering are the most common methods for depositing GLAD
films. The films in this thesis were deposited exclusively by evaporation. With evap-
oration, the target material to be deposited is heated by resistive heating (thermal
evaporation), or by transfer of energy from an impinging high-energy electron beam
(electron beam evaporation). At sufficient temperatures, some materials will melt
while others will sublimate. In both cases, atoms are ejected from the source material;
barring collisions with other source atoms or residual gas, these atoms will travel
ballistically (line-of-sight) to the substrate where they are adsorbed and integrated in
the growing film.

A high vacuum environment is critical in this process for a number of reasons,
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including:

« Molecules released from the source surface will travel ballistically until they
collide with other molecules that force them from this path, or with some
surface where they lose sufficient energy to adsorb to the surface without
subsequent desorption. Collisions with other molecules cause target molecules
to arrive at the substrate at a variety of angles and energies. This is not necessarily
an issue when depositing a solid thin film, provided the molecules arriving
at the substrate have sufficient energy to produce the desired film structure
as described by the zone model. With GLAD, however, collimation of the
incoming molecules is essential to proper film growth, necessitating the use of
high vacuum chambers for film deposition. The higher the vacuum, the fewer
molecules are present to collide with and scatter released target molecules as
they travel toward the substrate. Pressures below ~107° Torr are sufficient for
GLAD, as the mean distance travelled between collisions (mean free path, MFP)
is greater than a meter and thus exceeds the deposition chamber dimensions [17].
The requirement for a long MFP will become clear when GLAD film growth is

discussed in Section 2.1.2.

« Residual gas molecules (constituting the system base pressure) can collide with
the substrate, where they may be integrated in the film as impurities. The rate
at which such impurities deposit on the film is directly related to the number

10
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of molecules, and thus pressure, present in the system. The higher the vacuum,

the purer the deposited film will be.

2.1.2  GLAD Thin Film Growth

The nanostructures grown with GLAD arise when the substrate is tilted relative to
the source flux (Fig. 2.2). As with deposition onto a substrate held normal to the
flux, atoms cluster together at low-energy nucleation sites during early stages of
film growth. At oblique incidence angles, ballistic deposition causes these clusters
to shadow the substrate from incoming molecules. Consequently, the molecules
preferentially deposit on the nuclei’s upper surface, with preference towards the side
nearest to the flux. Adatom diffusion is low, and the film grows as tightly-packed
columns, tilted towards the incoming atomic flux at an angle between the vapor arrival
angle and the substrate normal, 8 (see Figure 2.2) [18]. At large deposition angles
(>~80°) the film grows as distinct separate columns tens to hundreds of nanometers in
diameter, with the spacing and column diameter increasing with deposition angle [19].
This increase in spacing and column diameter is a direct result of the larger shadows
cast by nuclei at larger deposition angles. The density and porosity of the growing film
can thus be manipulated by tilting the substrate during deposition [19,20]. Figure 2.3a
shows an example of such a slanted post GLAD film.

Biaxial control of the substrate provides the ability to sculpt the growing columns

11
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(a) (b)

Substrate

- Evaporant

Figure 2.2: (a) In glancing angle deposition, the substrate is tilted so that the incoming atomic
flux arrives at an oblique angle, «, to the substrate normal. (b) Nuclei that form during initial
film growth cast shadows that lead to preferential nuclei growth and extinction. (c) As the
film grows, individual columns form, tilted at an angle f relative to the substrate normal,
which can be shaped by rotating the film around the substrate normal, ¢. Nuclei and columns
shown are exaggerated and not to scale.

into more complex shapes than slanted posts as they grow. Since the columns always
grow towards the incoming flux of atoms, the column architecture can be manipulated
by rotating the substrate around its normal axis, ¢. This substrate reorientation to the
incoming flux will alter the direction of column growth. As an example, rotating ¢ at
a constant rate will produce helices when rotated slowly (Fig. 2.3e) and vertical posts
when rotated at a faster rate (Fig. 2.3b); rotating ¢ discreetly in 60° or 180° increments
will produce hexagonal spiral staircase and chevron (zig-zag) films, respectively

(Figs. 2.3 cand d).

12
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The substrate tilt can also be changed during film growth to change the density and
porosity along the height of the columns. Figure 2.3f shows a porous film (hexagonal
spiral) capped by a solid layer. The cap is formed by slowly rotating & to normal
towards the end of the deposition, resulting in densification of the growing film until
a solid layer forms when « reaches 0°. Simultaneous control of ¢ and «a during film

growth provides a wide spectrum of possible architectures.

3 \)‘: "\ y-.",‘ 4 .

GG P

Figure 2.3: A representative sampling of structures that can be made with GLAD: (a) Si
slanted posts, (b) Si vertical posts, (c) SiO, hexagonal spirals, (d) SiO, chevrons, (e) SiO,
helices, and (f) an SiO, hexagonal spiral film with a solid cap. Scale bars indicate 250 nm for
(a) and 1 ym for (b)-(f).
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GLAD Deposition System

The fine control over film structure achievable with GLAD is possible due to a com-
puterized feedback system that controls two stepper motors which move the substrate
through « and ¢. Film growth, and hence column height, is monitored during depo-
sition by measuring the deposition rate using a quartz-crystal microbalance. This rate
is fed into a software program that moves the substrate according to a pre-written
deposition profile specifying the desired changes in « and ¢ along the height of the
columns. The GLAD structures used for the work in this thesis were deposited in a
custom-built deposition chamber, shown in Figure 2.4.

The self-shadowing required for GLAD film growth also necessitates collimation
of atoms arriving at the substrate. This makes GLAD film growth more reliable in
evaporation systems than in sputtering systems - sputtering requires higher pressures
to maintain a plasma discharge, and hence more scattering, for proper operation. A
few strategies are used in GLAD systems to collimate atoms arriving at the substrate.
The simplest method is to use long-throw deposition where the substrate is located far
enough from the source material that the solid angle occupied by the substrate (and
hence the angular distribution of incident particles) is reduced. This technique works
well with high vacuum conditions, although deposition rates and efficient material

use are reduced. The system in Figure 2.4 had a substrate-source separation of 45 cm.

14
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Figure 2.4: High vacuum deposition system with biaxial substrate position control and crystal
thickness monitor for depositing GLAD films.

2.1.3 Advanced GLAD Film Growth

PhiSweep

GLAD structures will broaden while growing [21,22]. For example, vertical posts
grow fatter (larger diameter) with increasing height, while slanted posts fan out (grow
wider) during growth. This expansion in structural dimensions with film height has

been explicitly studied in vertical post films, and has been described as power-law

15



Chapter 2. Glancing Angle Deposition 2.1. GLAD Film Growth

growth [13], due to the power-law relation between column height 4 and width w:
w o< h?(®) This broadening is a result of geometric self-shadowing on each growing
column, further aggravated by non-ideal collimation of incoming atoms [23-25].
During slanted post growth, columns are shadowed from incoming flux by those
nearer to the source. This shadowing causes broadening in a direction perpendicular
to the flux, as there is no shadowing in that direction. As a result, the columns fan
out during growth. During vertical post growth, a similar effect combined with
continuous substrate rotation causes widening of growing pillars.

All traditional GLAD structures can be described as some assembly of vertical post
and/or slanted post segments, and consequently all are subject to column broadening
with increasing height. This broadening can be reduced in the slanted post component
of films using the PhiSweep technique [18,26]. Slanted post segments are traditionally
grown with the substrate held stationary at some fixed angle ¢, with the slanted post
growing towards the vapor source. For example, one rotation of a square spiral is
grown by stacking four slanted post segments on top of one another, with ¢ held at
0°, 90°, 180°, and 270° for each subsequent segment.

PhiSweep superimposes a subtle oscillation over each fixed segment held at angle
¢ by sweeping out an angle y on either side of ¢ [18]. Consecutive short segments
of height z are grown at equal angular offsets of ¢ + y and ¢ — y, with a quick sweep

between the two offsets. The net columnar growth direction remains the same as if the
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substrate were held stationary, but the structure does not. Continuous reorientation
of the substrate reduces broadening by introducing shadowing perpendicular to the
deposition plane. This ‘resets’ the broadening of each segment as the reoriented
columns cast a shadow on adjacent columns and effectively expose a new smaller
surface area face to the incoming vapor. The lateral broadening of traditional slanted
posts is diminished as a result. Optimal conditions for limiting broadening with
PhiSweep are structure- and material-dependent, but z is typically selected in the low

tens of nanometers and y typically ranges between 15° and 45°.

Substrate Seeding

GLAD films deposited onto bare substrates grow as randomly distributed columns.
Spatial arrangement of GLAD columns on the substrate can be predetermined by
deposition onto topographic features such as bumps, referred to as ‘seeds’ that are
patterned on the substrate prior to deposition [13,27,28]. Seeds selectively capture
incoming vapor flux by shadowing the substrate during initial film growth, localizing
columnar growth to sites predetermined by seed location. As a result, column growth
locations can be fixed by purposeful patterning of substrates prior to deposition. This
substrate seeding can be used to create ordered, regularly spaced arrays of GLAD
structures over a large area. Seeded GLAD structures also tend to be more uniform in

size and diameter than unseeded structures. Figure 2.5(a) shows a square spiral film

17
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fabricated by deposition of Si onto a regularly spaced array of seeds, creating an array
of regularly-spaced columns in the seeded region, and an adjacent irregularly-spaced
GLAD film in the non-seeded region. Figure 2.5(b) shows another square spiral film,
deposited with PhiSweep to create a very uniform array of GLAD structures. Seed
distribution, size, and geometry have to be carefully designed to satisty shadowing
and column architecture requirements [28]. For example, if the seeds are spaced
too far apart, the inter-seed space will not be completely shadowed and additional
columns will grow in between the seeds. If the seeds are too wide, multiple columns

will grow on each seed.

Figure 2.5: Substrate seeding is used to create arrays of GLAD posts with predesigned spatial
location on the substrate. (a) The transition in film structure and orientation between seeded
(right) and unseeded (left) substrate regions is clear in this scanning electron micrograph.
(b) Substrate seeding combined with PhiSweep to create a thick GLAD film with uniform,
regularly spaced square spirals. Reprinted from (a) [29] and (b) [30] with kind permission
from the authors.
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2.2 Applications of GLAD Films

The wide array of possible structures and materials that can be engineered at a nanome-
ter scale with GLAD and the subsequent ability to tune film properties through control
over film density and morphology has made the technology attractive for applica-
tions in a variety of fields. The design and applications of GLAD films have been
well-documented in recent reviews and texts [13, 20, 31-33].

As examples, the optical properties of GLAD films may be controlled by varying
the film density, film thickness and growth orientation [20, 34]; this has been applied
to make gradient index optical filters [35], high-speed humidity sensors [36] and
photonic band gap crystals [37]. Porous GLAD films can be engineered to create
highly-insulating thermal barrier coatings [38], high-density capacitors [39] and
surfaces for catalysis of hydrocarbon oxidation [40]. The rough surface and material
selection of GLAD has motivated cell and protein adhesion studies on platinum [41]
and parylene [42] GLAD structures.

Their high surface area along with optimizable structures and materials make
GLAD films particularly suited for sensing applications. Vapors such as water [43]
and hydrocarbons [40] are detectable with GLAD metal oxide and platinum films,
respectively. The high porosity and surface areas produce a very sensitive and rapid

response to target molecules. Localized surface plasmon resonance on silver [44]

19



Chapter 2. Glancing Angle Deposition 2.2. Applications of GLAD Films

and gold and multilayer [45] nanoparticles fabricated with GLAD has been used for
specific detection of biomolecules such as immunoglobulins in solution. Respiratory
virus signatures [46] and bacteria [47,48] have also been sensed with GLAD-fabricated

films.
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THIN LAYER CHROMATOGRAPHY!

3.1 Introduction

Thin layer chromatography (TLC) is a well established planar chromatographic tech-
nique, with diverse applications including identification of drugs and toxic substances
in biological fluids, monitoring water supplies for pesticides, analysis of pharmaceuti-

cal products, and evaluation of the flavor potential of plant materials [50].

3.1.1  Thin Layer Chromatography

Thin layer chromatography is a subset of the larger separation science field of chro-
matography [51]. In its most general form, chromatography separates a mixture of
molecules (analytes) in one phase based on their differing physical/chemical interac-
tions with another phase. For example, in liquid chromatography the molecules are
dissolved in a liquid phase that moves over and/or through a solid phase. Differing
affinities of each analyte for the solid and liquid phase results in diferent rates of
transit through the solid phase, resolving the analytes both spatially and temporally.

In TLC, the analytes and liquid phase are moved through a solid phase via capillary

'A version of this chapter has been published in Ref. [49].
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action. Distinct terminology is used to distinguish the two phases. The solid phase
remains immobile during the separation and is referred to as the stationary phase.
A TLC plate consists of a substrate (e.g. glass, aluminum, plastic) coated with the
stationary phase, a thin porous layer. The mobile phase contains the mixture to be
separated and is capillary-driven, moving through the stationary phase during the
separation. Solvated analytes are applied along the bottom of the TLC plate as small
spots and allowed to dry. The bottom of the plate is immersed in the mobile phase
without submerging the analyte spots. This allows the mobile phase to wick up the
plate by capillary action, dissolving and carrying along the analytes.

Each analyte in the mixture will have some affinity for the mobile phase and some
affinity for the stationary phase; the ratio of these affinities differ for each analyte,
depending on the nature of the mobile and stationary phases. As the mixture of
analytes move up the plate, the analytes migrate at different rates based on these
affinities — more retained analytes have higher relative affinity for the stationary
phase and lag behind less retained analytes. Consequently, the analytes are separated
into distinct spots or bands on the TLC plate. When the analytes are more easily
dissolved in a polar solution, a polar stationary phase (hydrophilic) is used - this is
normal phase TLC. In reversed phase TLC, the analytes are more easily dissolved in
a non-polar solution, and the stationary phase is more non-polar (hydrophobic).

Normal phase silica gel is the best established and most widely used stationary
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phase, with little modification since TLC’s origins in 1956 [12,52]. The most significant
change came in the 1970s with the introduction of High Performance TLC (HPTLC)
plates. Compared to TLC plates, HPTLC plates have thinner layers containing finer
particles with a smaller size distribution, providing shorter migration distances, faster

separations, and lower reagent and solvent consumption [12,52].

3.1.2  Ultrathin-layer Chromatography

Ultrathin-layer chromatographic (UTLC) plates were introduced in 2001 to improve
on the performance of TLC and HPTLC plates [53,54]. UTLC plates are made by
coating a glass substrate with a monolithic silica gel, creating a 10 ym thick sorbent
layer characterized by 1 ym - 2 ym macropores and 3 nm - 4 nm mesopores. Figure 3.1
shows the structure of such a layer (UTLC Glass Plate, Merck KGaA, Darmstadt,
Germany). Separations on UTLC plates are faster and require smaller reagent and
sample volumes than HPTLC and TLC. In most cases, UTLC plates have a lower limit
of detection; however, they also exhibit lower resolution due to shorter development
lengths and lower available specific surface area [54]. UTLC plates have been shown
to provide a better interface in coupled TLC-mass spectrometry, where the thinner
adsorbent layer on UTLC plates improved the sensitity of TLC atmospheric pressure
matrix-assisted laser desorption ionization mass spectrometry (TLC-MALDI-MS)

by 10-100 times over HPTLC plates [55].

23



Chapter 3. Thin Layer Chromatography 3.1. Introduction

Figure 3.1: Scanning electron micrograph of a commercial ultrathin-layer chromatography
plate stationary phase. Scale bar indicates 10 ym.

It is well established that the porosity of TLC plates has a direct impact on their
performance characteristics [50,52]. The ability to engineer film porosity and nanos-
tructure coupled with the proven benefits of plate miniaturization makes GLAD films
a promising candidate to produce better performing UTLC plates. Nanostructured
SiO, UTLC (NS-UTLC) plates were fabricated to investigate TLC separations on
GLAD films. The ability of silica nanostructured thin films to act as a stationary phase
for TLC is demonstrated qualitatively using a standard dye mixture. Furthermore,
it is demonstrated that altering the nanostructure architecture will change the sepa-
raration characteristics of the silica layer, and that an anisotropic film has different
characteristics depending on the direction of development on the plate relative to the

anisotropic structures.
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3.2 Experimental

3.2.1 TLC Plate Fabrication

In our initial study, two types of NS-UTLC plates with different nanostructures
were fabricated. All films were made by depositing SiO, (99.99% pure, Cerac Inc.)
onto 1" square glass substrates (Schott B270, S.I. Howard Glass) by electron-beam
evaporation using GLAD. The first type of plates had columns shaped into six-sided
spirals, formed by holding ¢ fixed for 180 nm segments of film growth, and rotating
the substrate by 60° in-between segments. Five micrometer thick plates were made
with « fixed at either 45°, 76°, 80°, 84° or 86°. Table 3.1(a) summarizes the different
isotropic plates fabricated for this study. Figure 3.2 shows top and side view scanning
electron microscope (SEM) images of these plates. Additionally, 1 ym, 3 ym, 5 ym,
and 7 ym thick hexagonal spiral plates were made with « fixed at 84°. SEM images of
these films can be seen in Figure 3.3. In all cases, the tendency of columns grown at
large deposition angles to broaden as they grow in height was limited by using the
PhiSweep technique during deposition [26].

The second type of plates had anisotropic columns shaped by growing 500 nm
segments of film at a fixed deposition angle of 84°, periodically alternating between
¢ fixed at 0° or 180°. Films grown this way were characterized by columns that

have been extended into long ‘rows’ of silica with zig-zag shaped walls, seen in
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Top Side

45°

(b)

76°

(e)

Figure 3.2: Top and side view micrographs of 5 ym thick nanostructured TLC plates deposited
at deposition angles of (a) 45°, (b) 76°, (c) 80°, (d) 84°, and (e) 86°. Scale bars are 1 ym.
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(@) (b) (©) (d)

Figure 3.3: Top and side view micrographs of (a) 1 ym, (b) 3 ym, (c) 5 ym, and (d) 7 ym thick
nanostructured TLC plates deposited at a deposition angle of 84°. Scale bars are 1 ym.
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Figure 3.4(a)-(d). Another set of anisotropic films were made by slightly altering
the deposition technique and superimposing a 60° ¢ sweep component over the
previously described zig-zag structure. A detailed description is as follows: ¢ is held
at —30° for 25 nm of growth, then it is swept from —30° to 30° over the next 50 nm of
growth, is held at 30° for 25 nm of growth, and finally it is swept back to —30° over
another 50 nm of growth. This superimposed pattern is continued for the full 525 nm
segment height. The next segment is similarly grown by sweeping between ¢ = 150°
and 210°. The deposition parameters for the two films are shown in Table 3.1(b).
Figure 3.4(e)-(g) shows that films grown this way had zig-zag shaped columns very
similar to those above, but with less pronounced ‘channels’ when viewed from the top.
The stationary-¢ films will be referred to as the ‘anisotropic’ nanostructured (A-NS)
plates, while the swept-¢ films will be referred to as the ‘superimposed’ NS (S-NS)

plates.

3.2.2  Thin Layer Chromatography

Undiluted Analtech Test Dye I (Analtech Inc.) containing 1.0 mg mL™! each of
Fast Green FCF, Rhodamine B, Bismark Brown Y and Sudan IV was separated on
NS-UTLC plates using the following procedure:

The plates were made using the process described above. Dye mixture was spotted

5 mm from the bottom of the plates using a 30 ga stainless steel blunt-end needle

28



Chapter 3. Thin Layer Chromatography 3.2. Experimental

Figure 3.4: Micrographs of anisotropic nanostructured plates. (a) Top view, (b) and (c)
orthogonal side views, and (d) oblique view of fixed-¢ (A-NS) plates. The incident flux is
from the left and right in (a). (e-g) Top and side views of the plates with a superimposed-¢
component (S-NS). Scale bars are 1 ym.
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Table 3.1: Summary of the different (a) isotropic and (b) anisotropic plates deposited and
used for thin layer chromatography in this chapter.

(a) Isotropic plates
Different Deposition Angles

Deposition angle « 45°  76°  80°  84°  86°
Nominal film thickness 5ym s5sym s5ym s5s5um 5um
Different Thicknesses

Deposition angle o 84°  84° 84>  84°

Nominal film thickness 1ym 3uym s5pym 7um
(b) Anistropic plates

Structure o  Nominal th.  Pitch  Sweep angle Sweep height Pause height
A-NS 84° 5 ym 500 nm - - -
S-NS 84° 5 Um 525 nm 60° 50 nm 25 nm

(I&] Fisnar Inc.) and a 3-axis robotic arm (IJ2200 Dispensing Robot, I&] Fisnar Inc.)
(Fig. 3.5(a)). Each spot had a volume of less than 10 nL. Since this is a qualitative
comparison, more precise calibration of volumes was unnecessary. The mobile phase
was ethanol-toluene-H,0O (35:60:3.5, v/v/v). The plates were developed in sealed
50 mL beakers containing 2 mL of the mobile phase solution, with 30 minutes allowed
for vapor-phase equilibriation prior to separation (Fig. 3.5(b)). Beakers were used
instead of development chambers due to the small size of the plates, and a glass insert
in the bottom of the beaker ensured a consistent lean angle during development.
Development times typically ranged between 3.5 minutes and 10 minutes, with migra-
tion distances between 3 mm and 10 mm. Development times were selected based
on the shortest distances that produced acceptable resolution without significant

band broadening. The plates were allowed to dry after development, and digitized
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using a flat-bed scanner (6oodpi x 1200dpi, CanonScan LiDE20, Canon Canada Inc.).
Chromatograms were obtained from the digitized images using videodensitometry
software (Sorbfil TLC Videodensitometer, OOO IMID). The chromatograms pro-
duced plot the plate color density over the separation track, where each point of color

density is calculated as a summation of pixel saturation across each line of pixels of a

defined track.

Figure 3.5: (a) I&] Fisnar 3-axis robotic arm with blunt-end needle used to spot UTLC plates

with analyte mixture. (b) A GLAD UTLC plate being developed in a glass beaker.

3.3 Results

3.3.1 NS-UTLC Plate Structures

Figure 3.2 reveals how the NS-UTLC sorbent structure changed as the deposition

angle was increased from 45° to 86°. A columnar structure is evident in all five films.
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As the angle increased past 80°, the columns became well-separated, forming isolated
spiral columns, with an accompanying increase in the column diameter and in the size
of the inter-column pores, moving from mesopores (2 nm - 50 nm) to macropores
(> 50 nm). It has been previously reported that in GLAD films each column is
comprised of multiple agglomerated bifurcating fibers that are tens of angstroms in
diameter; this structure is largely independent of deposition angle [56]. As a result,
individual columns have a consistent microporous (< 2 nm) structure. Consequently,
these films all have consistent, column-dependent micro- and mesoporous structures,
accompanied by an increasing availability of macropores as the deposition angle is
increased past 80°.

The column diameter and structure, and consequently the pore structure, were
not constant along the height of the film, which is evident in Figure 3.3. As the films
grew, some columns became larger in diameter while others disappeared, increasing
the mean column diameter along with the mean macropore size. This characteristic
of GLAD thin film growth is well documented and is caused by some columns being
extinguished while surrounding columns intercept more incoming flux [21,26,56].
The effect is minor at lower «, and becomes significant as « is increased beyond 80°.

The anisotropic films had columns with two entirely different in-plane structures,
which could be exploited by choosing the TLC development direction. The plates were

grown such that, when viewed on one edge, the film takes on the zig-zag appearance
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seen in Figures 3.4(c) and (g), with the spaces in-between columns forming channels
running up the film. When turned 9o° from the zig-zags and viewed on edge, the film
takes on the denser appearance seen in Figures 3.4(b) and (f). This is also evident in
the oblique view shown in Figure 3.4(d). The channels were not as well defined with
less continous walls in the S-NS films compared to the A-NS films (Figures 3.4(a)&(e)).
Since the mobile phase travels in the plane of the film, two different effective structures
could be presented for development: in-channel (IC) development, where the mobile
phase travels up the channels between zig-zags (i.e. upwards in Figures 3.4(a)&(e)),
and cross-channel (CC) development, where the mobile phase has to move through

the pores in the channel ‘walls’ (i.e. sideways in Figures 3.4(a)&(e)).

3.3.2  Separation on 5 um Films With Different Deposition Angles

The quality of separation on 5 ym thick films was found to be highly dependent
on deposition angle. The test dye was resolved into its four colour components
using plates grown at angles of 84° and 86°. The plate grown at 80° showed poor
separation of the dye components, with all four spots overlapping, while the plate
grown at 76° did not show noticeable solute movement as the solvent front moved
past the application spot. For the relatively dense and close-packed plate grown at
45°, the mobile phase was unable to wick up the film. We observed that the mobile

phase velocity increased with increasing deposition angle. Figure 3.6 shows the dye
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Figure 3.6: Representative examples and accompanying chromatograms of separations per-
formed on plates with different deposition angles. (a)-(c): a = 80°,84°,86°. Development
times were 6 min, 4.5 min, and 5 min, respectively. (d) No separation was observed on plates
with & = 45° or « = 76° within 10 min development times. The Y-axis is colour density, with
the peak intensity normalized across the three graphs.

separations successfully performed on these plates, along with their accompanying
chromatograms; the unresolved spots on plates grown at 45° and 76° are also shown

without chromatograms.

3.3.3 Separation on Films of Increasing Thickness

Dye separations performed on 1 ym, 3 ym, 5 ym, and 7 ym films grown at a deposition
angle of 84° can be seen along with their chromatograms in Fig.3.7. The 1 ym film was
unable to resolve the dye components. Separation on the 3 ym film was improved;
however, significant band broadening was observed, limiting component resolution.
All four dye components could be resolved in a short distance (less than 5 mm) on
both the 5 ym and 7 ym films, requiring elution times of less than 5 minutes. Thinner

films required longer development times, due to lower mobile phase velocities.
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Figure 3.7: Representative examples and accompanying chromatograms of separations per-
formed on plates with increasing stationary phase thickness. (a)-(d): 1 ym, 3 ym, 5 ym, and
7 pm. Development times were 8.5 min, 4.5 min, 5 min, and 5 min, respectively. The Y-axis is
colour density, with the peak intensity normalized across the three graphs.

3.3.4 Separation on Anisotropic Nanostructured Plates

Anisotropic plate structures had a distinct effect on the dye separation. The dye
was well separated by in-channel development for both A-NS and S-NS plates, but
not by cross-channel development (Figure 3.8). The distinct channels in the A-NS
plates led to marked diffusion along the development direction during in-channel
development, leading to long oval-shaped spots. Suppressing the distinct channels
while maintaining the anisotropic structure resulted in better IC separations on the
S-NS plates, with less spot broadening in the mobile phase flow direction. In both
cases, mobile phase velocity was slow during CC development as a result of the dense
film structure in that direction, and the subsequent separations were poor.

Figure 3.8(f) shows a unique, interesting effect achieved with anisotropic plates.

In this case, the plate was developed such that the mobile phase flow direction was
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diagonal to the anisotropy - that is, at a 45° angle to both the IC and CC directions.
While the mobile phase moved upwards as expected, the spots separated along the IC
direction. On this film, the mobile phase movement and the solute spot movement
— which on regular TLC and UTLC plates are identical (upwards) — was decoupled
by the nanostructured sorbent layer. Figure 3.9 illustrates the solvent front and spot

movement relative to the film structure.

3.4 Discussion

The results show that silica thin films deposited by GLAD are effective as planar
chromatography stationary phases. The improved separation quality with increasing
deposition angle can be explained by the changes in film morphology and the resulting
porosity changes. As the deposition angle increased, the average column diameter
and inter-column spacing increased, in turn increasing the size of macropores in
the films. At the same time, the specific surface area decreases as the deposition
angle increases beyond ~70° [57,58]. The net effect is that larger deposition angles
produce coarser particle layers, with larger macroporosity but similar mesoporosity.
This allows for increased solvent front velocities at higher deposition angles, with a
smaller change in spot diffusion rates between films. As a result, the development
length increased and resolution improved.

Increased solvent front velocities, combined with an increase in available surface
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Figure 3.8: Representative examples and accompanying chromatograms of separations per-
formed on anisotropic nanostructured plates. Top row: The A-NS plate developed in the
in-channel (a)-(b) and cross-channel (c) directions (2.5 min, 4.5 min and 10 min development
times, respectively). Bottom row: The S-NS plate developed in the in-channel (d), cross-
channel (e) and diagonal (f) directions (4.5 min, 4 min and 10 min development times). In the
orientations shown, elution was horizontal for all plates, including (f). The Y-axis is colour
density, with the peak intensity normalized across the three graphs.
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1

Solvent Front

Figure 3.9: The spot and solvent front directions are decoupled when the solvent is eluted
diagonally to the IC and CC directions (left). The spots do not move parallel to the solvent
front, instead following the IC direction (right).

area, are thought to be responsible for the improved separations as the film thickness
was increased. The higher macroporosity of the thicker film does not directly affect
the solute spot diffusion, but does increase the front velocity. This increased velocity
results in faster separation of spots along with lower overall development times that
reduces diffusion-related spot broadening. Consequently spots were better separated
with higher resolution in the thicker films. The increase in total surface area with
thicker films is also thought to be a factor in the improved separations. Decreased
spot sizes were observed as the film was made thicker, due to a larger vertical area
(and hence smaller lateral area) occupied by the constant-volume spot. The larger spot
sizes on the thinner plates effectively reduces separation resolution, as the overlap
of spots is greater for the same distance of physical separation along the plate. This
improved resolution on thicker plates, combined with higher solvent front velocities

that lead to larger physical separation of spots and lower diffusional broadening, leads
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to better separation efficiency.

There was a significant retention difference observed between silica gel TLC
plates and NS-UTLC plates. Attempts to separate the dye on NS-UTLC plates with
the EtOAc:MeOH:H,0 (80:20:20 v/v/v) mobile phase recommended for separation
on HPTLC plates were largely unsuccessful. The compounds were weakly retained,
migrating to the solvent front as lines rather than spots, and only the pink and blue
dye spots could be distinguished, with poor resolution and in reversed order. To
achieve better separations, we used the PRISMA optimization system to determine a
more suitable mobile phase [59]. This involves a systematic adjustment of the solvent
strength (a measure of polarity) and type (based on Snyder’s classification system)
using the elution order and retention factors as the criteria for adjustment [60].

The solvent strength had to be reduced by moving to an ethanol: toluene: H,O
mobile phase (35:60:3.5, v/v/v), which has a total solvent strength of 3.35, compared to
5.48 for the EtOAc:MeOH:H,O mobile phase. This represents a significant reduction
considering that the stationary phase material was silica in both cases. While the
cause is not known, differences in the available surface area of NS-UTLC plates
relative to standard TLC plates may play a role. Recent measurements have shown
that the specific surface area of SiO, GLAD films grown at 85° is approximately
500 m? g~!, which is similar to that of HPTLC plates [58]. However, the effective

surface area available to analytes in GLAD posts may still differ due to fewer available
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SiO, moieties on the surface as a result of the fabrication process, and due to the
tortuous internal pore structure [61] of the GLAD posts that may not be accessible to
solvated analyte molecules. The lower effective surface area provides fewer sites for
interaction between the solute and stationary phase, leading to weak solute retention
and subsequent fronting.

Alternatively, the retention difference between NS-UTLC plates and UTLC/HP-
TLC/TLC plates could be due to the difference in film morphology between our plates
and standard plates. The macropores are different in NS-UTLC plates compared
to other stationary phases, in that there is not a network of macropores connected
by smaller pores, but rather convoluted ‘channels’ of macropores that extend along
the surface of the plate. The mobile phase velocity is higher as a result, decreasing
the interaction time between solute and stationary phase at a given time interval
of development. The separations on anisotropic films support this reasoning. The
specific surface area on the film is the same regardless of the development direction,
but the mobile phase velocity and solute retention depended heavily on the direction,
suggesting that the macroporous ‘channels’ play a significant role in solute retention.

These initial results are promising, and it is expected that separations on NS-
UTLC plates can be further optimized. The lower resolution of NS-UTLC compared
to HPTLC separations was not unexpected, as this was previously observed in UTLC

plates due to the reduced separation distance [54]. The resolution was also limited by
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the large applied spot sizes, a restriction of our current equipment. Volumes much
smaller than the ~5 nL applied in this work should be sufficient for analysis, while
significantly reducing spot size and the demand for analyte. There was no attempt to
turther optimize development conditions, which would also be expected to improve
separation efficiency.

Further investigation into the effect of different nanocolumn compositions and
morphologies may reveal additional improvements in separation efficiency and resolu-
tion. It may be possible to exploit the effects of plate anisotropy to improve separation
quality or even introduce new separation capabilities compared to current TLC plates.
As an example, the different porosities — and hence effective particle sizes - encoun-
tered along different development directions could potentially be used to enhance 2-D
TLC [62]. Sorbent material selection is also greatly enlarged due to the large variety
of materials that can be deposited by GLAD. The openness of the structure from the
substrate to the surface of the stationary phase and the ability to form thinner layers
than monolithic silica UTLC plates may also prove beneficial in coupled TLC-MS
techniques, such as UTLC-AP-MALDI-MS [55].

Other notable results have been reported since completion of the work presented
in this chapter. Morlock et al., in collaboration with our lab, compared the perfor-
mance of GLAD and commercial UTLC plates in development of an ‘Office Chro-

matography’ concept [63]. Office Chromatography integrates and automates all the
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steps of thin layer chromatograpy - analyte spotting, plate development, plate image
capture, conversion to chromatogram and chromatogram analysis — on a printer-sized
benchtop system, and is centered on the faster, more compact separations possible
with UTLC. Analyte deposition is performed with an inkjet, permitting deposition of
more precise and lower volume spots with no damage to the UTLC plate, improving
separation resolution.

Development and engineering of UTLC plate technology has been continued in
our lab by Steven Jim and Michael Taschuk. Jim et al. characterized the anisotropic
behaviour and performance of chevron structures along with two new plate structures:
isotropic vertical posts and anisotropic ‘blades’ grown using the serial bideposition
technique [64]. Deviation of the separation track from the mobile phase movement
observed here for anisotropic chevron plates (Fig 3.9) was also observed on the
anisotropic plates grown with serial bideposition. Table 3.2 shows the limits of detec-
tion, plate numbers and plate heights obtained with vertical post, chevron, and serial
bideposited GLAD UTLC plates. The limits of detection measured by Jim et al. are
an order of magnitude larger than those achieved using other UTLC media, while
the plate numbers and plate heights were found to be lower than recently reported
electrospun polymer UTLC plates [65] but comparable to or better than normal phase

TLC, HPTLC, and monolithic silica gel UTLC plates.
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Table 3.2: Limits of detection (LOD), plate number and plate height calculated by separation of
dimethyl yellow (undiluted and 50% diluted) on vertical post, chevron, and serial-bideposited
(SBD) GLAD plates. Reprinted in modified form with permission from S. Jim et al. [64].
© 2010 American Chemical Society.

’ Plate structure \ LOD (ng) \ Plate number N \ Plate height H (ym) ‘
(dev. direction) undiluted | diluted | undiluted | diluted
vertical posts 10 + 4 540+50 | 270 +£25 12+1 21+ 2
chevron (along-ch.) 170 150+ 5 22 23.5+0.5
chevron (diag. ch.) 167 + 6 18+1
SBD (along-ch.) 11+3 480 +140 | 260 +25 | 21+6 28+2
SBD (diag. ch.) 340+ 20 | 330 +50 16 £1 17 £ 2

3.5 Concluding Remarks

Nanostructured thin films have been used as an effective thin layer chromatography
stationary phase. It has also been shown that the separation characteristics can
be easily altered by changing the nanostructure architecture and morphology. The
in-plane column symmetry was found to have a notable effect on the separation,
as the solvent front movement and spot development directions are decoupled on
sorbent layers with in-plane anisotropic nanostructures. It is expected that further
study and optimization of these GLAD fabricated NS-TLC plates will extend their
applicability in simple TLC, and possibly in more complex applications including
2-D TLC, coupled techniques, and microfluidics. In particular, the pronounced
effect anisotropic structures had on separations suggests that careful engineering
and modification of the plate nanostructure could introduce new techniques for

controlling or optimizing separations. Continuing work by Jim and Morlock has
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shown that unoptimized plates provide performance similar to existing technology,
without consideration for the ability to further structure and modify GLAD UTLC
plates. These results are very encouraging and motivate ongoing engineering and

optimization of GLAD UTLC plates.
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MICROFLUIDIC CHANNELS WITH
EMBEDDED GLAD-FABRICATED
NANOSTRUCTURES!

4.1 Introduction

Microfluidic system capabilities and applications have grown rapidly over the past two
decades [4,5, 67, 68]. Porous structure integration into microchannels has enhanced
existing and introduced new microfluidic applications, particularly in electrophoretic
and chromatographic biomolecular separations [6,10,11, 69]. Several different tech-
niques have been developed for creating such porous channels, including micro-
and nanofabricated pillars, solid particle packings, and porous monolith polymeriza-
tion [6,10, 69]. Direct fabrication of porous structures permits control of pillar/pore
distributions, sizes, arrangements, homogeneity and architectures. This has led to
faster and higher resolution separations [70] and has also provided access to unique
separation mechanisms [71-73].

Volkmuth et al. first used microfabricated pillars in silicon dioxide to create
an artificial agarose gel with controllable and known porosity for studying the elec-
trophoretic migration of DNA through porous matrices [74]; Duke et al. extended this

technique to fractionate DNA streams by pulsed-field electrophoresis [75]. Constant

' A version of this chapter has been submitted for publication [66].
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or pulsed field electrophoretic DNA separations were performed in channels con-
taining artificial sieves instead of porous gels, using microfabricated silicon, silicon
dioxide or PDMS pillars [76-81]. Magnetically aligned vertical columns of superpara-
magnetic beads [82] and an ordered three-dimensional porous network (formed by a
self-assembled colloidal array) have been used for the same purpose [83]. Nanopillars
fabricated in silicon and quartz using electron-beam lithography and plasma etching
techniques have also been used to electrophoretically separate DNA [84, 85].

Design and fabrication of separating media permits unique separation methods
not achievable with traditional media. Creating pores smaller than a polymer’s radius
of gyration forces deformation at an entropic cost; this has been used to separate DNA
by entropic recoil [86, 87] and entropic trapping [88] in nanopillar arrays. Careful
design of a 2-dimensional entropic trap array along with appropriate buffer selection
and separating conditions allowed independent control over separation speed and
resolution, via either entropic trapping or Ogston sieving, on a single device [71,89].
The diffusional and thermodynamic characteristics of DNA and other molecules
are exploited in separations on carefully designed “laterally asymmetric diffusion
arrays’, also known as Brownian ratchets [75,90,91]. Similarly, arrays can be designed
and fabricated to create bifurcated laminar streams around pillars; micron-sized
particles are then separated without diffusive band broadening by deterministic

lateral displacement that arises due to differences in particle sizes [73,92].
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Nanofabricated pillars and porous alumina (fabricated by anodization) have
been used to separate DNA via electrophoresis-driven size exclusion chromatogra-
phy [93,94]. Baba et al. used two different configurations of sub-micron pillars to
demonstrate separation of the same DNA mixture by either size exclusion chromatog-
raphy or electrophoresis [84]. Artificial packed bed structures have been fabricated in
quartz, silicon and PDMS to optimize and study the ideal performance of capillary elec-
trochromatography [70,95-97] and pressure-driven liquid chromatography [98, 99];
these devices were used to separate peptides, fluorescent dyes, and pyoverdines from
a complex mixture.

Micro and nanofabricated porous structures have also been applied to ZnO/TiO,
nanorod microreactors [100], PMMA pillar-based catalysis beds [101], oxidized Si
pillars for capturing, purifying, and concentrating DNA [102], and a polymeric
micropillar array device with a microreactor terminating in a clog-free nozzle for
electrospray ionization mass spectrometry [103].

Our group previously reported the integration of microstructures fabricated using
GLAD into microchannels [104,105]. The integration of GLAD films in microfluidic
systems is attractive for a number of reasons: precisely controlled morphology, com-
patibility with multiple materials, and demonstrated application to many systems.
Films can have very high surface areas [58] and both the porosity and architecture can

be finely controlled in three dimensions, e.g. porosity and structure can be varied in
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the plane of the device as well as through the thickness of the film (and consequently
through the depth of the channel) [106]. Many materials can be used, including
insulators (e.g. SiO,, AL, O3, TiO,), semiconductors (e.g. Si, Ge) and metals (e.g. Ti,
Zn, Cu); furthermore, heterostructures that combine different materials can also be
grown [13,107]. GLAD films have been applied to applications that could benefit
from integration with microfluidic systems, such as sensing [43, 46, 47], thin layer
chromatography [64], and matrix-free laser desorption ionization [108].

However, GLAD film growth requires an obliquely-held substrate. This compli-
cates the process of depositing porous GLAD films into pre-fabricated microchan-
nels [105]. Kiema et al. circumvented this issue by fabricating regular arrays of posts
in a channel surrounded by dense nanofibrous walls [104]. While effective in creating
a good seal between post-tops and channel ceiling, the required bi-modal porosity
engineering algorithm limits the variety of possible structures that can be made [26].
This method requires time-consuming electron-beam lithography to pattern seed
arrays on the substrate accompanied by precise seed spacing conditions, allows only
certain architectures as a result of the PhiSweep algorithm, limits the materials that
can be used, and produces porous, albeit dense, nanofibrous channel walls.

Sacrificial etching techniques have been used to integrate micron and sub-micron
sized fabricated pillar arrays into microchannels. Turner et al. created an artificial

gel for DNA separation, using standard microlithography techniques to fabricate
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sub-micron SiN pillars by wet etching of a sacrificial polysilicon layer [109]. Chen et
al. created large area PMMA nanopillar arrays by cast molding into a nanoporous
aluminum oxide template that could be removed through subsequent etching [101].
Kim et al. used a similar nanoporous aluminum oxide templating strategy to fabricate
PDMS nanopillar arrays [110]. Yun et al. used sacrificial removal of photoresist to
fabricate three-dimensional structures and multilevel microchannels in PDMS [111].
Sacrificial techniques are suited to creating channels containing GLAD-deposited
structures as the issues accompanying varying film heights and structures and the
rough film surface topology can be circumvented.

In this chapter, a flexible sacrificial etching technique is described that can be
used to integrate GLAD-grown films into PDMS microfluidic channels with little
limitation on film material and no limitation on film structure. The versatility of this
technique is demonstrated by filling channels with structures of different materials
and architectures. Demonstrating the applicability of our process, we have performed
DNA separation by fractionation in a pulsed electric field, using devices filled with
SiO, GLAD porous films.

The work presented in this chapter was performed in collaboration with Dr. D.
Jed Harrison’s lab in the Department of Chemistry at the University of Alberta. Neda
Nazemifard assisted with all aspects of the DNA separation experiments other than

device fabrication. Abebaw Jemere consulted on experimental setup and procedure.
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My contribution was the origination and development of the fabrication process,

device fabrication, film characterization, and experimental interpretation.

4.2 Materials and Methods

4.2.1 Chemicals and Materials

Films were deposited onto Corning o211 glass substrates (10 cm x 10 cm, 0.5 mm
thick, Corning Inc. Technical Materials, Corning, NY, USA) cut to appropriate sizes
(typically 2.5 cm x 2.5 cm) with a dicing saw, onto microscope cover glass (0.17 mm
thick, Fisher Scientific Company, Ottawa, ON, CAN), or onto silicon wafers (Test
Grade, 10 cm diameter, University Wafer, Boston, MA, USA). Evaporated materials,
SiO; (> 99.99% pure), Si (> 99.999% pure), TiO, (> 99.9% pure), AL,O3 (> 99.99%
pure) and Ag (> 99.99% pure) were purchased from CERAC, Inc. (Milwaukee, W1,
USA). Polydimethyl siloxane (PDMS) base and curing agent (Sylgard 184 silicone
elastomer base and curing agent, Dow Corning Corporation, Midland, MI, USA) and
the following chemicals were used during the fabrication process: HPR 506 and HPR
504 positive photoresist (Fujifilm Electronic Materials USA Inc., North Kingstown, RI,
USA); AZ P4620 positive photoresist (AZ Electronic Materials USA Corp., Somerville,
NJ, USA); Microposit 351 Developer (Shipley Company, L.L.C., Marlborough, MA,
USA) diluted 1:4 on-site with deionized water; Microposit Remover 1165 (Shipley

Company); methanol (> 99.8% pure).
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DNA samples, NoLimits"DNA fragments (6 kbp, 10 kbp, 20 kbp, Fermentas
Canada Inc., Burlington, ON, CAN) and A-DNA (48 kbp, New England Biolabs Ltd.,
Pickering, ON, CAN) were stained by Molecular Probes YOYO-1 (Invitrogen Canada
Inc., Burlington, ON, CAN) with a dye-to-base ratio of 1:10. Pulsed field electrophore-
sis was performed in 4x TBE buffer (356 mM tris-borate, 8 mM ethylenediamine tetra-
acetic acid, pH 8.3) to suppress electroosmotic flow, with 4% v/v 2-mercaptoethanol
added to reduce photobleaching. Pulsed electric fields were generated by homebuilt
high-voltage amplifiers triggered by square wave signals from a synthesized function
generator (Wavetek, San Diego, CA, USA). The separation chamber was connected
to reservoirs where pulsed electric potentials were applied using platinum electrodes.
The applied pulsed electric potentials generated asymmetric obtuse-angle pulsed
fields, E; and E,, across the separation chamber, where the angle between the pulsed
fields is ~ 135° and E, = 1.4 E; in all our experiments.

DNA samples were excited by a 488-nm argon ion laser beam, and the fluorescent
emission was collected by a CCD camera through a 505DRLP dichroic mirror and a
515 nm long-pass filter. For separation imaging, a 4x objective (0.1 N.A., Olympus
Canada Inc., Markham, ON, CAN) was used. For single DNA imaging, a motorized
total internal reflection fluorescence (TIRF) microscopy system was used with a
60x oil-immersion objective (Nikon Canada Inc., Mississauga, ON, CAN). TIRF

microscopy is specially designed to enable single molecule visualization with a high
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signal to noise ratio.
Scanning electron micrographs were taken of devices during and after fabrication

with an Hitachi S-4800 field emission scanning electron microscope.

4.2.2  Fabrication Process

A sacrificial etch process was used to fabricate microfluidic devices with GLAD
structure-filled channels (Figure 4.1). First, the desired micro/nanostructures are
deposited onto a clean, flat substrate. The porous film is filled with photoresist
by spin application, and the resist is photolithographically patterned to define the
microfluidic channels. The entire substrate is coated with PDMS, which is then cured.
Fluid reservoirs that also serve as access holes for the sacrificial etch are punched or
cut out of the PDMS. A sacrificial etch is used to remove the photoresist from the
microfluidic channels, and the device is dried to complete the fabrication process.

Each process step is described in detail as follows:

GLAD deposition: ~ All substrates were cleaned prior to deposition using a Piranha
etch (3:1 sulfuric acid and hydrogen peroxide) and air dried. GLAD films were
deposited to the desired thickness by electron-beam evaporation of the target material
(Si0Oy, Si, TiO,, AL, O3, or Ag) with an established base pressure of 8x10~° Pa or lower.
Corning o211 glass was used to make functional transparent devices amenable to laser

induced fluorescence, thin microscope slide cover glasses were used to make devices
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and remove resist

Figure 4.1: Process used to fabricate microchannels with embedded GLAD-deposited micro-
and nanostructures. (Figure is illustrative and relative scaling between GLAD structure and
channel feature sizes is not representative of true dimensions).

for TIRF microscopy, and silicon was used to produce samples that could be easily
cleaved for scanning electron microscopy imaging. SEM imaging has verified that film
growth and structure are the same on smooth glass substrates as on the thin native
oxide on the silicon substrates. Deposition rates as measured for a normal-oriented
substrate by a quartz crystal microbalance varied between 1.2 nm s! and 2.0 nm s7};
effective deposition rates are lower at oblique deposition angles. The films presented

here ranged in thickness from 4 ym to 7 ym.

Photoresist application: HPR 506 was spun into the films at two different velocities for
a spread-spin application. For each film, a 500 rpm, 10 s spread phase was followed by
a 40 s spin phase with a rotation rate dependent on the film structure, film thickness,

film porosity and the desired resist thickness. Typically, a rate between 1500 rpm
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and 2000 rpm was used for films 5 ym to 6 ym tall. The substrate and photoresist
were baked for 9o s at 115°C to remove residual solvent and were left to equilibrate
to room humidity for more than 30 minutes. The resist completely infiltrates the
GLAD film [105,112], and an overburden of photoresist typically remains on top of

the structures after spinning in the resist, shown schematically in Figure 4.1(2).

Photoresist patterning: The desired microchannel pattern was transfered to the
photoresist using standard photolithography techniques (chromium mask, 405/365
nm filtered mercury arc lamp). When needed, a second exposure was performed
either without a mask, or through a second mask aligned to features defined by the
first mask — these features were visible in the slight change in resist color following
the first exposure. This second exposure was used to fine tune the height of the
channels by altering the resist thickness through a combination of spin-in velocity
and secondary exposure time. In this fashion structures could either be sealed to the
ceiling of the device, or a space could be left between the tops of the structures and
the device ceiling (both illustrated in Fig. 4.1(3)). Exposed resist was etched away
by agitation in developing solution for 35 s, followed by a deionized water rinse and

drying with nitrogen.

PDMS application: PDMS was prepared by mixing the base and curing agent in

a 10:1 ratio and degassing under house vacuum (~ 7 bar). The PDMS was then
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slowly poured onto the devices to the desired thickness, typically 1-3 mm thick. It
was contained by clamping an aluminum ring and rubber gasket to a silicon wafer
resting on an aluminum plate, with the devices taped down on the wafer. The PDMS
penetrates into the exposed inter-pillar spaces and surrounds the photoresist-filled
channels. Curing was accelerated by baking the assembly in an oven at 50°C for four

hours.

Sacrificial material removal: PDMS plugs were removed from the devices to create
fluid reservoirs; plugs were either gently punched out using a metal punch pushed into
the PDMS until it reached the top of the substrate, or were cut into the PDMS using a
scalpel. These reservoirs also served as access ports for dissolution and removal of the
sacrificial photoresist. The devices were soaked for 24 h in 1-methyl-2-pyrrolidone
(Microposit Remover 1165) followed by a second 16 h soak in a fresh batch of 1165.
A final 16 h soak in methanol was used to rinse any remaining resist and remover
from the channels. The methanol was allowed to evaporate from the channels, and

the devices were stored until use.

4.2.3 Alternative Fabrication Strategies

The fabrication process described above was developed after careful consideration
of the number of different approaches that could be used to embed GLAD nanos-

tructures in microchannels. As already mentioned, the simplest strategy of direct
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deposition into microchannels is not an ideal solution. The self-shadowing required
for GLAD growth necessitates building the microfluidic channel around the GLAD
film, either during or after deposition. Alternative strategies considered included

microembossing, a “liquid lid”, and deposition of a capping layer.

Microembossing: Microembossing is normally used to transfer nano- and microstruc-
tures patterned on a metal mold to a polymer material by embossing the heated
polymer with the mold. This same technique could provide a simple method for
encapsulating GLAD films in microchannels, outlined in Figure 4.2. The channels
are first patterned in the GLAD film. This can be achieved using several different
strategies, including lithography or physical etch masks combined with dry or wet
etching techniques, or sacrificial lift-off layers. The films are then directly embossed
in the polymer to encapsulate and seal off the channels. Access/reservoir holes can be
created before or after embossing. In contrast with standard embossing, the “mold”
or GLAD film in this case is left embedded in the polymer layer rather than removing
it for more embossing cycles.

The advantage of this technique is that a sacrificial material is not required. Elimi-
nation of the sacrificial material would greatly simplify and speed up the fabrication
process. With appropriate design, infiltration of polymer into the GLAD film would
be negligible. For example, if the polymer viscosity is maintained high enough, or if

the chemistry is right, the polymer will remain excluded from the nanoporous GLAD
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Figure 4.2: Microchannel fabrication by microembossing. GLAD films with patterned chan-
nels are forced into a heated polymer to fully encapsulate the channels. Patterning can include
removal of unwanted film (A) or infill of unwanted film (B).

film. Alternatively, a capping layer (discussed further below) could limit infiltration
to the sides of the channels, which in turn could be limited by short embossing
times. Dense supporting walls could be fabricated (e.g. with chemically resistant
SU-8 photoresist) before embossing to help relieve the pressure exerted on the film
during the embossing procedure. Initial experiments were promising in that the
polymer only partially penetrated the GLAD film during embossing. However, film
damage was extensive, and thermal expansion mismatch between the GLAD film
and the polymer resulted in delamination of the polymer. With significant further

development, this technique may be suitable for device fabrication.

Liquid lid: ~ Fabrication of microfluidic channel walls in GLAD films prior to en-
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capsulation via a lid is a relatively simpler technique. For example, polymers can
be applied to the GLAD film and patterned lithographically to define GLAD-filled
channels that are accessible from the top (Fig 4.3(a)). Such channels can then be
sealed by placement of a lid over the substrate. The challenge with such a design is
creating a good seal between the lid and device. This is complicated by the difficulty
in fabricating channel walls that are perfectly level with the intra-channel GLAD
structures, and with particulate debris deposited on the surface during the fabrication
process. One potential method for circumventing this problem is using a soft or liquid’
lid that can accommodate small changes in surface topography without complete
infiltration of the GLAD-filled channel, as illustrated in Figure 4.3. A photo- or
thermo-curable polymer or a self-curing resin (e.g. two-part epoxy) could be an
appropriate choice for this approach. This method was considered but has not been

attempted.

Capping layer: Itis possible to directly cap GLAD films during deposition by rotating
the substrate to a near-normal deposition angle, thus depositing a dense film on top of
the porous GLAD film [113]. An already-capped GLAD film enables a number of mi-
crochannel fabrication strategies. For example, channels can be directly patterned in
the film using dry or wet etching techniques. Walls can then be added using strategies
such as embedding in viscous liquid polymers or heated solid polymers. Alternatively,

deposition onto raised features creates self-sealed chambers [114]; subsequent capping
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1. Deposit film 2. Pattern film 3. Apply and cure lid

Figure 4.3: Microchannel fabrication by application of an adhesive or fluid capping layer,
accommodating patterned channel walls that are either the same height (top) or higher
(bottom) than the GLAD structures.

and reinforcement of the walls and lid would present a simple method for fabricating
channels.

Formation of capping layers is complicated by compressive and tensile stresses
within the solid cap. Figure 4.4 shows three SiO, films displaying the effects of tensile
stress (a) and compressive stress on a thick (b) and thin (c) capping layer. SiO, is widely
used for microfluidic devices due in part to a well characterized surface chemistry,
availability of an array of versatile fabrication methods, large electrical resistivity, and
optical transparency. However, SiO, is very susceptible to stresses arising primarily
from three sources [115,116]: thermal stresses due to expansion mismatches between
film and substrate, intrinsic stress related to film growth (e.g. film density), and
water-induced extrinsic stress caused by water molecule absorption in pores of the

film (where finer pores, and hence denser films, create greater compressive stress due
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to higher inter-molecular repulsive forces).

Figure 4.4: Three capped SiO; films with tensile (a) and compressive (b), (c) stress in the
soild capping layer. Solid layer thicknesses were 400 nm (a), 670 nm (b) and 215 nm (c). Scale
bars indicate 50 ym.

Thermal expansion mismatches are not a concern for GLAD capping layers as
they are suspended above the substrate by the very porous GLAD film; however,
thermal stresses can contribute to deformation of capping layers. The intrinsic and
water-induced extrinsic stresses are more significant in the case of SiO, capping
layers. The intrinsic stress can be controlled via adjustment of film density by altering
either the chamber pressure or substrate temperature during film deposition [115]. A
transition from compressive to tensile stress occurs as the pressure is increased or the
substrate temperature is reduced. This provides a method for depositing stress-free
SIO, capping layers, where the deposition conditions are adjusted to create a cap
under tensile stress, striking a balance with water-induced compressive stress.

Figure 4.5 shows films with either a thick or a thin capping layer, deposited at
different chamber pressures. All six films were deposited using the same deposition

algorithm (2 ym thick two-turn hexagonal spirals with a ~200 nm solid cap), and
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for the indicated films a thick capping layer was created by depositing an additional
200 nm layer at normal incidence. Compressive stresses within the solid layer caused
the films to buckle, creating a dimpled orange-peel like surface on top of the films.
Concurrent damage to the underlying GLAD film due to compression or stretching
of the posts (correlated with location under a fall or rise of the capping layer) was also
observed. A second order of buckling can be seen for the films with thicker capping
layers (bottom row). A transition from compressive to tensile stress was present with
increasing pressure from 1.4 x 10~ Torr to 4 x 10~ Torr, as evidenced by the change
from a buckled cap (Fig. 4.5(b)) to a cap consisting of isolated mesas separated by
fissures in the solid layer (Fig. 4.5(c)). Figure 4.5(f) shows a film that is near the
transition but still under compressive stress, with reduced buckling compared to the
lower-pressure films (Fig. 4.5(d), (e)).

A thorough empirical study may identify the ideal conditions for depositing a
stress-free SiO, capping layer. However, the film stress continues to evolve with
time, becoming more tensile over a span of days and months, so optimal conditions
will change depending on intended device use. Alternatively, a material with lower
intrinsic stress and lower susceptibility to water-induced stress could be used as the
capping layer. For example, Kupsta et al. recently reported growth of low stress TiO,
GLAD capping layers fabricated with substrate heating [117]. The entire film could

be made from this material, or if the specific properties of a certain material are
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Figure 4.5: SiO; two-turn hexagonal spiral films (2 ym thick) with thin (~200 nm) capping
layers (top row) or thick (~ 400 nm) capping layers (bottom row) deposited at increasing
chamber pressures (pressures, in Torr, are shown for each film). Chamber pressure was
regulated by adjusting oxygen gas inflow rate. Scale bars indicate 50 ym.

desirable, a bimaterial film could be deposited with a stress-free film capping the
desired structures and material.

A final concern with capping layers involves particulate debris on the substrate,
which could cause voids in the cap, causing a leak in the microfluidic channels. Such
a defect is a concern in any microfluidic channel fabrication strategy, but in the case
of capping layers could be addressed by sealing the caps with a viscous material or by
vapor deposition of a thicker solid film. While a promising candidate for microchan-
nel fabrication, the capping layer approach requires significant development before

becoming a viable alternative to the approach used in this chapter.
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The sacrificial method presented in this chapter proved to be the most versatile
and reliable fabrication method of those considered. With further development,
other methods may also prove to be suitable for microchannel fabrication, further

expanding the GLAD microfluidics toolbox.

4.2.4 DNA Separation

To perform a molecular separation, we fabricated DNA fractionators based on the
design by Zeng et al. [83], replacing the self-assembled porous colloidal array with
SiO, GLAD structures. A vertical post film was deposited by continuously rotating
the substrate at a rate of one revolution per 50 nm of film growth, at a deposition
angle of 85°. This film has a porosity of approximately 80% [58]. The posts were
then encapsulated in PDMS channels using the procedure outlined above. A brief
mask-less second exposure during lithography removed a thin layer of photoresist,
exposing the tips of the posts; these tips were subsequently embedded in the PDMS
channel ceiling, creating a seal that prevented fluid shunting between the ceiling and
top of the posts.

The device fluid reservoirs were filled with 4x TBE solution to reduce electroos-
motic counterflow. The PDMS hydrophobicity prevented TBE from entering dry
channels; this problem was circumvented by first wetting the channels with methanol,

then replacing methanol in the fluid reservoirs with TBE solution. DNA mixture -
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Figure 4.6: Schematic of the electrical and optical apparatus used for DNA fractionation.
DNA is injected into the square separation array at the center of the device by application of
a negative potential via the round reservoir at the top. A square wave signal is modulated and
amplified, and the output is applied to four buffer wells (outputs 1-4) on the fractionation
chip. This establishes two alternating net fields (shown in inset) over the square separation
array in the center of the device that effect the DNA separation. The dye-stained DNA is
visualized via laser excitation and subsequent CCD video camera image capture through a
microscope objective. The optical interrogation area can be rasterized over the chip surface
via a mechanical two-axis stage.

6/10/20 kbp or 10/48 kbp — was added to the inlet reservoir.

The apparatus and separation protocol, developed by Zeng and Harrison, have
been discussed in detail elsewhere [83,118] and are briefly introduced here. Figure 4.6
shows a schematic of the instrumental setup. DNA is continuously injected by an
applied electric field into a square chamber containing a sieving matrix .

When describing DNA movement through such a porous matrix, it is useful to
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model the DNA strand as a semi-flexible polymer composed of multiple stift segments
of length p — the persistence length - chained together by flexible joints. This length
depends on a number of factors including repulsive electrostatic forces within the
chain and the ionic strength of the solution the DNA is in, and is typically about 50 nm
(150 base pairs) [119]. This is often recast in terms of Kuhn lengths, Ix,,, = 2p, where
a DNA molecule of length L consists of a number of Kuhn lengths, L = Ik, 4, Nkunn-
A free-floating DNA molecule in solution will coil and fold up into a spherical ‘blob’
with an average radius Rg = | KuhnNgjhn (the radius of gyration).

DNA strands are negatively charged as a result of charged phosphate groups that
form the backbone linking together the nucleotides. This charge permits migration
of DNA in solution by application of an electric force. However, the electrophoretic
mobility of large DNA molecules free in solution is independent of size due to screen-
ing of the backbone charges by counterions in the solution [119]. Consequently they
are not easily separated by electrophoresis in free solution, but this can be rectified by
migration through a porous matrix instead.

Electrophoretic movement and separation of DNA through a porous matrix
depends on the relative size of matrix pores and the DNA radius of gyration. The
movement is described by the Ogston sieving regime when R is smaller than the
pores, the biased reptation regime when Rg is larger than the pores, and the entropic

trappic regime when the two sizes are approximately equal. Discussion of the three
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Figure 4.7: DNA forms multiple ‘blobs’ when confined to pores smaller than its radius of
gyration. The DNA moves under an applied electric field through the porous matrix by
reptation — a snake-like movement - in the opposite direction of the field [119]. Reproduced
by permission of The Royal Society of Chemistry.

regimes is beyond the present scope, but a solid introduction and overview of the
topic can be found in reference [119]. In the present device, DNA movement can be
described by the biased reptation model, as the radius of gyration is larger than the
pore size, b (Rg >~ 1400 nm and b ~ 100 nm). The semi-flexible DNA polymer can
conform to pores smaller than R; when confined to the porous matrix by assuming
a tube-like configuration of multiple connected ‘blobs’ (Figure 4.7) [119]. The DNA
chain reptates (moves snake-like) through this tube under the applied electric force,
moving head-first with the head forming new ‘blobs’ as the tail ‘blobs’ disappear —
that is, the electric field causes biased reptation of the negatively-charged DNA in
the direction opposite to the applied field. When the field reverses, the migration
direction reverses, with the tail becoming the head under the reversed field.
Reptation of the DNA through the porous matrix results in a size-dependent

electrophoretic mobility, and as a result DNA molecules of different sizes can be
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separated by electrophoretic migration through a porous matrix under a constant
field [119]. However, when the molecule sizes exceed approximately 1 kbp, resolution
decreases and the separation times become impractical [119,120]. Many alternate
approaches have been developed to separate larger DNA molecules, such as pulsed
field gel electrophoresis and the DNA fractionator device used here (also known as a
DNA prism), which provides fast and continuous separation and sorting [83,120].

An alternating asymmetric electric field applied across the separation chamber
fractions the DNA into streams of different DNA sizes. The electric field changes its
direction between one which is perpendicular to the DNA inlet (E;) and the second
one which is oriented 135° relative to the first one, with a vertical component pointing
towards the DNA inlet (E,).

Fractionation is a direct result of the relative displacement that occurs when DNA
strands of different lengths but similar mobility in the sieving matrix are ratcheted by
asymmetrical fields (illustrated in Figure 4.8) [118]: once the electric field is applied,
DNA molecules stretch and migrate in the opposite direction of the field, led by
one of their ends. When the electric field direction is changed, the molecules start
to reorient themselves and backtrack to the new direction led by the head that was
previously the tail. As a result, DNA molecules backtrack to different positions based
on their molecular size; larger DNA molecules deflect more compared to the smaller

molecules, so different DNA sizes can be separated.
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Figure 4.8: DNA molecules with similar mobility but different size are separated under a
periodic asymmetrical field by a ratcheting mechanism in the fractionator. (a) Two molecules
of different size start at the same origin at time ¢ = 0. (b) A diagonal field in the interval
0 < t < 0.5T pulls the molecules down and to the right, led by end n. (c) A horizontal
field in the interval 0.5T < t < T pulls the molecules to the left, now led by end m. This
ratcheting motion results in gradual horizontal separation of the two molecules as they move
downwards; in the device this is evident by formation of angularly separated DNA streams
(6). Reproduced in modified form with permission from [118]. © 2009 Wiley-VCH Verlag
GmbH & Co. KGaA.

In all of our experiments E, = 1.4 E;. The electric field (E;) was varied between
85 and 260 V cm™, while the frequency was varied between 0.1 and 20 Hz to obtain

optimum separation resolution.

4.3 Results and Discussion

Complete infiltration of photoresist into GLAD films is necessary for the sacrificial
process presented here. Figure 4.9 shows two different GLAD films filled with HPR
506 photoresist before and after short UV exposures and subsequent development.

The deposited structures are firmly embedded in the photoresist. The figure also
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demonstrates how short exposures can be used to controllably reveal the structure’s
top. In Figure 4.9(a), the tips of SiO, vertical posts are increasingly exposed as the
exposure time increases from 0.4 s to 1.2 s; Figure 4.9(b) shows the overburden
being removed from a Si chevron film by exposure for 1.2 s through a chrome mask
(with no exposure on the masked left side) and subsequent development of exposed
resist. The overburden thickness can similarly be controlled by adjusting the exposure
time. Figure 4.10(a) shows how AZ P4620 thickness on a bare substrate could be
adjusted by increasing exposure times prior to development. Figures 4.10(b)-(c) show
similar control over the thickness of AZ P4620 spun into a GLAD film. The change

in thickness with exposure time is shown graphically in Fig. 4.10(e), illustrating the

fine control available with this process. Similar results were obtained for HPR resists.

Figure 4.9: Scanning electron micrographs showing how the amount of photoresist removed
to reveal the underlying structures changes with UV exposure times (shown in seconds) for
(a) vertical posts grown at « = 88° with little overburden and (b) chevrons grown at « = 85°
with noticeable overburden. Scale bars indicate 1 ym.

The photoresist overburden thickness remaining on top of the structures after
spinning in the resist depended on a number of film properties, including porosity (i.e.

69



Chapter 4. Microfluidics 4.3. Results and Discussion

m --O-- Bare Si (a)
12 JL . --m-- GLAD film (b-d)
E 0o-0 "
5 8 O\\ \
2 . . -
B O. ‘-
.% - ™
y 4
2 \‘0\0
0
0 1 2 3 4
Exposure time (s)

Figure 4.10: (a)-(d) SEMs demonstrating how short exposures and subsequent development
will remove small, controllable amounts of photoresist from the top of the overburden. (a)
AZ P4620 spun onto a bare Si wafer, exposed for the indicated times and developed for 40s.
(b)-(d) AZ P4620 spun into an SiO, GLAD film. (e) Graph of the photoresist height after
development, for the two substrates shown in (a)-(d). Scale bars indicate 20 ym in (a) and 2
pm in (b)-(d).
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deposition angle), material, architecture, and height. For a given film, the overburden
thickness depended on the spin speed and resist viscosity. The overburden was
reduced with thicker and/or more porous (lower density) films, less viscous resists,
or faster application speeds. The devices discussed in this report were fabricated
using HPR 506 resist, which left a thin overburden on films approximately 5 ym high.
Other resists such as HPR 504 (a less viscous resist) and AZ P4620 (a more viscous
resist) have also been successfully used for this process. For the film thicknesses used
here, the less viscous resist sometimes caused compressive deformation of the films,
discussed below, or incompletely filled the film, while the more viscous resist formed
an unnecessarily thick overburden.

As the spin-in speed was increased, the overburden thickness decreased, until a
threshold speed was reached where almost no overburden remained. At this threshold,
there is a transition from an overburden to a thin layer of photoresist that coats the
top of the GLAD film. Increasing the speed further did not reveal increasing amounts
of film; instead, we observed film compression by the thinning photoresist layer at
higher speeds. Figure 4.1 shows edge-view SEMs of HPR 504 spun at increasing
speeds into chevron GLAD films deposited at 80°, 84°, and 85°. The transition from
overburden to thin coating of photoresist can be seen in the films deposited at 84°
and 80°, when moving from 2500 rpm to 400 rpm. Compression is clearly visible at

spin-in speeds of 5500 rpm.
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Figure 4.11: Scanning electron micrographs of chevron films deposited at & = 85° (2.9
pm thick), 84° (3.0 ym thick) and 80° (2.7 ym thick), before (unfilled) and after spin-in
application of HPR 504 at 1000 rpm, 2500 rpm, 4000 rpm and 5500 rpm. Scale bars indicate
1 ym; magnifications are identical across each row.
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The centrifugal forces did not noticeably alter the vertical orientation of the GLAD
structures at low spin speeds, where an overburden remained. However, the film
compression observed at speeds past the overburden threshold indicated that some
deformation was likely present at higher speeds. Examination by scanning electron
microscopy suggests that the source of this compression depended on film architec-
ture, and was possibly due to deformation of the film by spring-like compression,
tillting of the columns in the case of incompressible structures (e.g. vertical posts), or
a combination of the two mechanisms.

Further visual evidence of this compression is given in Figure 4.12 for two separate
films. Exposure and development of the compressed film released the structures, seen
most clearly in Figs. 4.12(c) and (f). The measured heights of the developed regions
corresponded with the original film heights, whereas the photoresist-filled areas were
thinner. This confirms that the observed change in height was the developed film
returning to its original height rather than expanding past that height.

The resist thickness, and the amount of compression, depended on the film
thickness and the film porosity. Figure 4.13(a) shows the HPR 504 resist thickness as
a function of spin-in speed for films deposited at 84° to thicknesses of 1.0 ym, 3.0 ym,
and 4.7 ym. Figure 4.13(b) shows the resist thickness normalized to the pre-spin-in
height, showing compression of the two thicker films as the normalized thickness

dips below unity. As one would expect, the thicker film is compressed to a greater
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Figure 4.12: Compression and decompression of GLAD films by photoresist: (a) Oblique
view SEM of an SiO; chevron film after photoresist patterning and development, showing
slight film decompression of the developed (right) area compared to the compressed (left)
area. The photoresist was spun-in at a speed of 5.5 krpm. (b) Magnified view of the transition
between photoresist filled and emptied areas. (c) Lower magnification edge view SEM of the
region in (a). (d)-(f) Similar views of an SiO, rectangular spiral deposited at 84°, where the
photoresist was spun-in at a speed of 5.5 krpm. Scale bars indicate 1 ym in (a)-(c), (f), and
5 um in (d)-(e)
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extent. The overburden was also much thicker on the thinner film, remaining at a
thickness of 500 nm even at a speed of 5500 rpm. The 4.7 ym film was compressed at

speeds as low as 1000 rpm; consequently more viscous HPR 506 was used for films 4

pm and thicker.
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Figure 4.13: (a) Measured heights of chevron films deposited at an angle of 84° to three
thicknesses (1.0 ym, 3.0 ym, and 4.7 ym) and a bare silicon wafer (0°), after spin-in application
of HPR 504 at 1000 rpm, 2500 rpm, 4000 rpm and 5500 rpm. (b) Measured heights divided
by the unfilled film height, showing compression of films with a ratio below 1.0 (as indicated
by the horizontal grey line).

The dependence of resist height on film porosity is seen in Figure 4.14, where
HPR 504 was spun into films ~3 ym thick, deposited at 80°, 84° and 85°. The resist is
thicker on the 80° film, suggesting that the overburden thickness is related to the film
porosity — the larger the volume available in the GLAD film for resist penetration, the
thinner the overburden layer, for equivalent heights of film. At the same time, onset

of compression came later for the more dense film, as can be seen with the normalized

resist heights (Fig. 4.14(b)). The observed lower compression of the denser film was

75



Chapter 4. Microfluidics 4.3. Results and Discussion

(@)

—
O
~

e --m-- g5° ' ° --m-- g5°

R . € 15 . — 0 -g4°
__ 40 N -0-84 £ S 8
g_ . \ --e--80° E 1.4 Q\ ' --e--80°
= s o [=)] AN
= 3.5 A\ +-0 o 1.3 “\ “
2 W < NN
° N B 1.2 W

[ N
Z N\ ) N @
N = 1. \
g %0 R s N e
£ T N 10 2N =g
T > ® R
§ 2.5 * *~~L?;a g 09 TEnL
(s} ‘~‘;°
" Z 08
2.0 +—] 0.7
0 2000 4000 6000 0 2000 4000 6000
Photoresist spin-in speed (rpm) Photoresist spin-in speed (rpm)

Figure 4.14: (a) Measured heights of chevron films deposited at deposition angles of 85° (2.94
pm thick), 84° (2.97 ym thick) and 80° (2.74 ym thick), and a bare silicon wafer (0°), after
spin-in application of HPR 504 at 1000 rpm, 2500 rpm, 4000 rpm and 5500 rpm (SEM of films
are shown in Figure 4.11). The 0° line has been shifted up by 1 ym to facilitate comparison.
(b) Measured heights divided by the unfilled film height, showing compression of films with
a ratio below 1.0 (as indicated by the horizontal grey line).

expected, given that the increased amount of material present in the film will increase
its compressive strength. The curves are remarkably similar regardless of compression
(comparing 84° and 85° to 80°), which would indicate that the film height has a
diminished role compared to the porosity in determining the resist thickness for
these very porous films.

While evidence of compression is clear, the mechanism responsible for this effect
is still uncertain. Photoresist is applied to the substrate as a solvated polymer or resin
(primarily novolac dissolved in ethyl lactate in the case of HPR 504 resist, with a 35%
solids concentration). One possible mechanism of compression is formation of a ‘skin’
or more viscous layer on top of the resist during spin-in as a consequence of solvent

evaporation from the surface. Such a skin could exert a downwards force on the film
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as the resist layer thickness decreases, but evidence suggests that solvent evaporation
during spin-in is negligible [121] and thus this mode of compression is unlikely. The
majority of solvent is removed by the soft bake that follows resist spin-in, resulting in
significant shrinkage of the photoresist layer [122]. This shrinkage is a more likely
source of the observed compression.

Figure 4.15 shows cross sectional scanning electron micrographs (SEMs) of fabri-
cated channels before and after resist dissolution, revealing how both the photoresist
and PDMS completely infiltrated the GLAD film, with a clear boundary forming
between the two polymers. Resist removal was selective, leaving behind GLAD
structures surrounded by PDMS walls. The structures in Figure 4.15(a) are slightly
embedded in the PDMS ceiling and no deformation or clumping of the film was
observed other than a few posts dislodged by the SEM sample preparation process.
The top ~ 1 yum of the vertical posts in Figure 4.15(b) are firmly embedded in the
PDMS. The posts in the foreground were fractured during the cleaving process with
the top half removed along with the PDMS; these short posts subsequently clumped
during the drying process. It is difficult to see the inter-pillar spaces in the exposed
vertical post film due to the mixed-detection mode necessary to limit charging effects
that can saturate the detector during SEM imaging of this sample; however, close
inspection of the pillar surfaces revealed the roughened morphology characteristic of

SiO, GLAD posts, confirming removal of the photoresist polymer from the channel.
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Figure 4.15: A microchannel containing GLAD-deposited (a) SiO, hexagonal spirals (a =
84.5°) and (b) SiO, micropillars (« = 83.5°) before (L) and after (R) removing the sacrificial
photoresist. Scale bars indicate 1 ym.

Figure 4.16 shows various GLAD structures embedded in PDMS microchannels,
demonstrating the flexibility of the process in making arbitrary structures for embed-
ding in microchannels. Vertical posts such as those shown in Figures 4.9(a), 4.15(b),
and 4.16(a) are most similar to structures that can be made using other methods
such as microfabrication, where a geometry is etched downwards into the substrate.
Figures 4.16(b)-(f) demonstrate how film architecture can be controlled during depo-
sition to give various structures. Figure 4.16(g) and (h) shows a trimaterial, triarchi-
tectural structure, where silver slanted posts have been sandwiched between silicon
dioxide hexagonal staircase spirals and aluminum oxide square spirals. Figure 4.16(g)
shows the emptied channel alongside the PDMS-filled film area that constitutes the
channel wall. The film in Fig. 4.16(h) has been fractured at the Ag-SiO, interface
during SEM sample preparation, with the square spirals embedded and retained in
the elevated channel ceiling. It should be emphasized that in most cases, the material

and structures are interchangeable - that is, the film shown in Figure 4.16(a) could
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have been made with Si or TiO,, and likewise the film in Figure 4.16(g) could have
been made with the same structure but a different combination of materials. As with
Figure 4.15(b), the interpillar spaces are difficult to see in Figures 4.16(c), (g) and (h)
due to the SEM detection mode used to limit charging effects.

Figures 4.15(b) and 4.16(a) illustrate how the porosity for a given film architecture
can be adjusted by changing the deposition angle - in this case, from 83.5° to 88°. As
the deposition angle decreases, the intercolumn pores and column diameters become
smaller. At the same time, the surface area increases to a maximum at approximately
60°, depending on film material [58]. In this way, devices can be tuned for specific
applications: very high surface areas may be more desirable for some microreactors,
small pores may be optimal for separating small molecules, whereas large pores may
be best for separating large DNA strands or proteins. A combination of high surface
area and large pores can be obtained by altering the deposition angle throughout film
growth, shown in Figure 4.16(d).

The structures in Figures 4.16(b), (e) and (f) have in-plane anisotropy built into the
film structure during deposition. Vertical pores in between the blade-like structures
in (b) extend through the height of the film, but one can see from this image that
the width of these pores depend on the direction one takes across the substrate (and
hence through the film), with maxima and minima orthogonal to each other. The

PDMS layer has been peeled off prior to photoresist removal, resulting in clumping of
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:
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to reveal channel 4
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Figure 4.16: A few examples of structures that can be integrated in microchannels using
glancing angle deposition: (a) SiO, vertical posts (« = 88°), (b) SiO, ‘blades’ (« = 87°,
inset shows magnified view of structures), (c) SiO, helix/vertical post/helix heterostructure
(a = 84°), (d) TiO, periodically graded density film (« oscillating between 60° and 80°), (e,f)
Si chevrons (a = 85°) and (g,h) SiO; hexagonal spiral / Ag slanted post / Al,O3 square spiral
heterostructure (a = 85°). Scale bars indicate 1 ym in (a),(b,inset) and (c)-(h), and 10 ym in

(b).
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the bladed nanostructures, shown in closer detail in the inset. The blades are oriented
with their flat faces pointing in the direction of the channel (vertically), and clumping
is preferential between these high surface area flat sides resulting in the formation
of horizontal lines of clumped structures. The chevron structure in (e) and (f) has a
more pronounced in-plane porosity difference, with narrow pores along one direction
(f) and wide, almost channel-like pores in the perpendicular direction (e). This kind
of lateral asymmetry in microfabricated devices has been shown to provide novel
separation schemes; for example, Fu et al. fabricated two-dimensional devices with
laterally asymmetric channel heights to create a 2-D array for separation by either
entropic trapping or Ogston sieving [71].

Changes in the substrate orientation during deposition can alter the film structure
dramatically. This provides control over the column architecture throughout the
height of the channel, as seen in Figures 4.16(c) and (e)-(h). Porosity differences
arising from altering the deposition angle during growth correspond with density
changes in the film, which in turn alter the effective optical index of refraction.
Periodically graded density optical filters that transmit a pre-determined wavelength
of light [35] and porous optically responsive humidity sensors [36] have been made
using this effect. Figure 4.16(d) shows such a periodically graded density structure
integrated into a microchannel. This film structure was created by oscillating the

deposition angle between 60° and 80° to produce layers of high and low film density,
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respectively. In this way, porous optical elements that can potentially respond to
changes in the penetrating fluid can be built directly into microchannels. While not
shown here, these porosity changes can be combined with architectural changes such
as those in Figs. 4.16(c), (e) and (g) for an added dimension of structural control.
High aspect ratio micro- and nanostructures tend to clump or cluster together
upon drying after immersion in liquids, possibly due to capillary forces acting on the
structures as the fluid evaporates [101,123]. Post-deposition ion-milling of posts [124]
or specialized drying procedures, such as freeze drying [101] or critical point drying,
can be used to minimize or eliminate this phenomenon. This kind of clumping in
GLAD films has been shown to be predictable and dependent on film architecture
[125], and thus may be exploited in some microfluidic applications where a bimodal
micro/nano-porous pore distribution is desirable. The fabrication process presented
here also provides another option for eliminating clumping when it is undesirable.
When the tops of the columns are embedded in the PDMS ceiling (e.g Fig. 4.15(b)),
clumping is eliminated. Fixation at the top and bottom prevents capillary forces
from pulling columns together during the drying process. In Figure 4.16(a) and (h),
SEM sample preparation fractured the films, and the subsequent post clumping after
drying is evident in these images, but absent in the fixated posts in Fig. 4.16(c) and (g).
One can also observe the holes left behind in the PDMS ceiling from the embedded

posts that were ripped out during the cleaving process in Fig. 4.16(h).
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The tendency for PDMS to swell when immersed in solvents [126] has to be taken
into consideration in this fabrication process. Swelling from certain solvents, e.g.
isopropanol and acetone, was found to be severe enough to cause delamination of
PDMS from the substrate surface for some of our devices. We found that neither
1-methyl-2-pyrrolidone nor methanol caused an appreciable amount of swelling, even
after soaking PDMS over a number of days. Consequently 1-methyl-2-pyrrolidone
was used instead of acetone to dissolve the sacrificial photoresist, and methanol
was preferred for removing 1-methyl-2-pyrrolidone from the channels. As with any
PDMS-based device, this has implications on the solvents suitable for regular use

within the device.

4.3.1  DNA Separation

We fabricated a fractionation device that confirmed GLAD posts could act as a porous
matrix for DNA separation. Figure 4.17 reveals the porous vertical post film used
for this separation, prior to integration into microchannels. Figure 4.18(a) shows a
schematic of the microfluidic chip, where the separation chamber was filled with
the GLAD posts shown in Fig. 4.17 as a sieving matrix. Using this device, a mixture
of 10 kbp and 48 kbp DNA? was separated into individual streams, as shown in

Figure 4.18(b). These streams can be collected into different channels at the end of

*Contour lengths are approximately 3.4 ym for 10 kbp DNA and 16 ym for 48 kbp DNA.
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the separation chamber. Arrows indicate the direction and relative magnitude of
the asymmetric electric fields applied across the chamber via the buffer reservoirs to

effect the separation.

Figure 4.17: Scanning electron micrographs showing (a) side, (b) oblique, and (c) top views
of the vertical post nanostructured thin film used for separating DNA. Scale bars indicate 1
pm.

Separation resolution is dependent on the pulsed field frequency; on this particular
device, an optimum separation of 13.5° between 10 kbp and 48 kbp DNA was obtained
at a frequency of 2 Hz (see Figure 4.19). Using an identical device (same porous film
and fabrication process), we were also able to separate a mixture of 6, 10 and 20 kbp
DNA into three separate streams at an optimum frequency of 15 Hz (data not shown).

TIRF microscopy was used to observe the migration mechanism of DNA molecules
through the GLAD posts. Figure 4.18(c) shows seven sequential fluorescence images
extracted from a captured real time movie of an isolated 48 kbp DNA molecule
moving under fields of E; =80 Vcm™ and E, = 112 V.cm™ at a frequency of 1.0 Hz,
As seen in these images, DNA molecules stretch and move in an opposite direction

to the applied field, usually led by one of their ends. Once the direction of the electric

84



Chapter 4. Microfluidics 4.3. Results and Discussion

(a)
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Figure 4.18: (a) Schematic (left) and photograph of a completed device (right) of the mi-
crofluidic chip fractionator used for separating DNA, filled with GLAD posts as a separation
matrix. DNA mixture is injected from the reservoir into the separation chamber (left to right).
Pulsed electric fields are applied across the chamber by platinum electrodes placed in the
bufter reservoirs. (b) Fluorescence image of the separation chamber. Two different sizes of
DNA, 10 kbp and 48 kbp, are injected into the chamber from the left and separate to form
two different streams moving towards the collection channels at the end of the separation
chamber. Applied electric fields were E; = 60 V.cm™ and E; = 84 V cm™ as indicated by the
arrows, switched at frequency 2 Hz. Image was assembled from multiple 320x200 px screen
captures. The two white dots are debris, and the vertical steps in the DNA stream intensity
are artifacts from assembling multiple screen captures. (c) Time elapsed fluorescence images
(TIRF microscopy) of 48 kbp DNA molecules migrating in the separation chamber, with
applied electric fields of E; = 80 Vcm™ and E; = 112 V cm™ as indicated by the arrows, at

frequency 1 Hz.
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Figure 4.19: 10 kbp and 48 kbp DNA separation was highest at a frequency of ~ 2 Hz and
angle of 13.5°.

field changes, the molecules are reoriented and backtrack away from the new direction,
now led by the head that was previously the tail. Our observations show that the
DNA migration mechanism under pulsed electric fields in GLAD post arrays is very
similar to the migration mechanism of DNA molecules in nanoparticle arrays [83]
and microfabricated post arrays [120].

This separation demonstrates that an unmodified GLAD film is effective as a
separation matrix. We observed a small amount of dispersion in these preliminary
separations, evident by broadening of the DNA streams as they progress through
the array to the collection channels. This dispersion was quantified by calculating
the fluorescence intensity profile peak variance ¢ of the 10 kbp stream shown in
Fig. 4.18c. [127] Comparison of the variances at the injection point (07) and at a

point 2.6 mm downstream of the injection point (o7) allows for calculation of the
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band broadening caused by contributing factors (or) other than the injection, where
0% = 0} + 0. Such factors can include DNA diffusion, DNA size fluctuations, electric
field gradient, and structural defects or disorders in the separation matrix. For the
vertical post GLAD fractionator shown here, o = 20 pm +15%. This was the same as
the dispersion, oF =18 ym + 15%, on a similar device with a self-assembled nanosphere
array matrix using the same size DNA and similar conditions [127] (o7 = 22 ym for
both devices), despite distinct physical differences between the two matrices. The
nanosphere array has a comparable porosity to the GLAD film (700 nm diameter
silica spheres forming approximately 100 nm sized pores), but a very low amount of
disorder and inhomogeneity in pore size and distribution in contrast to the GLAD
film’s high surface area and unoptimized larger pore size distribution.

The high surface areas present in nanopillar films can cause band broadening
due to surface area dependent electroosmotic flow (EOF) [128]. The mobility for 48
kbp DNA in our device was y = 2.5x10° cm? V157! + 15%, calculated using TIRF
microscopy images (E = 114 Vcm™). This is comparable to the nanosphere array
device, with similar porosity and negligible EOF, where y = 2.8x107> cm? V-'s71 £15%
(E =114 Vcm™). [127] Thus EOF was sufficiently suppressed by the buffer and is not
expected to have played a role in band broadening.

Pore and column size inhomogeneity may cause dispersion during DNA fraction-

ation [127]. As seen in Figure 4.17, there is a range of pore sizes present in GLAD
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films as a result of column extinction and broadening during growth [21,58]. The
net effect is to create a pore gradient through the height of the film, with pore size
increasing along the height of the film. This pore inhomogeneity is expected to have
contributed to the observed dispersion in our device, and is likely also responsible for
a significant portion of the background fluorescence observed during the separation —
scattering of emitted light through the silica structures resulted in noticeable levels of
background light.

Two strategies that have been shown to be effective in reducing this inhomo-
geneity within GLAD films could be used to optimize separations and minimize
band-broadening dispersion: deposition onto pre-patterned substrates can create
regularly spaced structures with very narrow and controllable pore size distribu-
tions [28,129]; post-deposition ion milling can smooth columns while removing the
remnant extinguished posts that contribute to the film pore gradient [124]. Both

processes are compatible with the fabrication process described here.

4.4 Concluding Remarks

The increased surface area, controllable porous network structure, and varied mor-
phologies of fabricated porous microchannels have found numerous uses in minia-
turized systems. We have developed a fabrication method that provides a versatile

technique for integrating nanostructures into microchannels, as demonstrated by
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the various architectures and materials that can be integrated in channels using
glancing angle deposition. Engineered three-dimensional Si, SiO,, TiO,, Al,O3, and
Ag structures were grown with GLAD and incorporated into PDMS microchannels
using a sacrificial etch technique. Separation of DNA mixtures (sizes between 6 kbp
and 48 kbp) into individual streams in a fractionation array verified that this technique
could be used to fabricate working microfluidic devices. To our knowledge, this is the
first report of such a technique for creating microfluidic channels containing nano-

and microstructures with engineered, controllable three-dimensional architectures.
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LASER DESORPTION/IONIZATION
COUPLED MASS SPECTROMETRY!

5.1 Introduction

Biomolecular separations are often coupled with mass spectrometry as a sophisticated
method for identifying and quantifying the separated compounds. Matrix-assisted
laser desorption/ionization (MALDI) is a widely used technique for introducing
molecules into the mass spectrometer. A range of biomolecules, from small peptides
to large molecules such as proteins (up to 100 kDa), can be analyzed by mass spectrom-
etry with MALDI. An important advantage of MALDI as an LDI technique is that
analyte molecules are minimally fragmented during the desorption and ionization
process, permitting straightforward analysis and identification.

The two critical steps for obtaining mass spectra in laser desorption/ionization, as
the name suggests, are desorption and subsequent ionization of the analyte molecules,
a process that is faciliated by the matrix in MALDI. The presence of the energy
absorbing matrix is critical in reducing analyte fragmentation. The desorption and
ionization process is complicated and is still not completely understood [130, 131].

Briefly, the analytes are mixed in solution with a matrix compound, and co-crystallized

' A version of this chapter has been published in Ref. [108].
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on a solid support. The matrix absorbs energy from an incident laser pulse (commonly
used UV-wavelengths: 337 nm N, laser or 355 nm tripled frequency Nd:YAG laser),
and the mixture is ejected into a vapor phase plume via a desorption or ablation
process. Primary ionization events, either prior to crystallization or immediately after
the laser pulse, and secondary ionization events during vapor phase expansion result
in charge transfer to some of the analyte molecules. The charged molecules are pulled
into the mass spectrometer by an electric field; in most cases a time-of-flight mass
spectrometer (TOF-MS) - in which mass-based temporal separation over a known
distance occurs - is used to detect the molecules.

A drawback of MALDI is the co-ionization of matrix molecules, which show up
in the mass spectrum as low-mass noise (< 1 kDa). Small molecules such as drugs,
peptides, and metabolic byproducts are of considerable interest to analysts; these
molecules are masked by noise from the matrix, making analysis by LDI problematic.
Other drawbacks of MALDI include the trial and error process used to select matrices,
tedious sample preparation, and ‘sweet spots’ during LDI where the analyte is found
only in discrete locations on the crystallized sample, separated by ‘mute’ spots, due to
the crystallization process [132]. Wei et al. bypassed this problem by replacing the
organic matrix with porous silicon, known as desorption ionization on silicon (DIOS)
[133]. DIOS is one of the first and most widely used variations of surface-assisted laser

desorption/ionization (SALDI) techniques, a technique first introduced by Sunner et
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al. [132]. The laser energy in SALDI is absorbed by the substrate or some other dry,
inorganic, non-desorbed particle instead of a matrix, and the analyte molecules are
desorbed directly from the surface in a thermal process initiated by the light-absorbing
surface structures. Figure 5.1 illustrates this key difference between MALDI and
SALDI. The SALDI desorption process and the ionization mechanisms vary with the
surface and are not yet fully understood, but it is generally accepted that the structural
morphology, thermal properties, optical properties, porosity, and surface chemistry
(among others) of the SALDI substrate all play a role in the mechanism [134-140].
SALDI has been reported on a wide range of materials structured with a variety
of fabrication strategies, foremost of them silicon. Electrochemically etched porous
silicon has been used by numerous groups after Wei et al.’s initial report [133,134,137,
141-152] Alternative methods for fabricating porous silicon, such as plasma enhanced
chemical vapor deposition (PECVD) to create column/void nanostructures [153],
and ordered nanocavity arrays etched into silicon via reactive ion etching (RIE)
through self-ordered nanosphere arrays [154] or electron-beam lithography [137]
etch masks, have also been employed. Reactive ion etching has also been used to
make periodic silicon nanopost arrays [138]. Other silicon nanostructures (where the
morphology is better defined by the structures rather than the porosity) for DIOS
include nanowires grown by vapor-liquid-solid phase growth [155,156], laser-induced

silicon microcolumn arrays (LISMA) [157-159], Ag-colloid templated growth of
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Figure 5.1: (a) Matrix and analyte molecules are ionized after laser-induced desorption of the
matrix before being pulled into the mass spectrometer in MALDI-MS. (b) Analyte molecules
are thermally desorbed from a structured surface and ionized before being pulled into the
mass spectrometer in SALDI-MS.

nanowires [160], and thin PECVD-grown layers on various structured and insulating
substrates [140].

Graphite flakes were the first substrate reported for SALDI activity [132]. Other
carbon-based surfaces have included activated carbon powder [88], carbon nanotubes
[161], a DVD coated with diamond-like carbon using pulsed laser deposition [162],
and functionalized pyrolytic graphite polymer films [163]. SiO, has been used in the

forms of silica gel [150], ordered nanoporous films structured by template removal
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[164], and porous substrates made by complete thermal oxidation [165] or surface
oxidation [146] of electrochemically etched porous Si. Electrochemically etched
porous Al,Oj; is not an effective substrate on its own, but has been shown to be a
good scaffold for sputtered Au coatings [135,136]; a nanoporous, nanopillar structure
coated with atomic layer deposition (ALD) Al,O; produced no signal in contrast
to the same substrate coated with Si or TiO, [140]. TiO, has also been successfully
used in the form of hollow nanotube arrays [166] and a mesoporous calcinated
sol gel [167]. Au nanorods [168,169] and a multilayer Au nanoparticle/polymer
structure and thin sputtered Au films (where nucleation sites have not coalesced
and are isolated) [170] have also been reported. A number of other structures and
materials have been reported as effective SALDI substrates: wet chemistry prepared Pt
‘nanoflowers’ and sputtered Pt thin films [171] and nanoparticles formed by galvanic
deposition and evaporation [172]; sputtered thin (70 nm) cobalt films [173]; porous,
electrochemicially etched GaAs and GaN performance was compared to and found
less efficient than porous Si [148]; Ge nanodots produced by molecular beam epitaxy
(MBE) [139,174]; ZnO nanowires/nanopillars fabricated by a vapor transport process
[175]. Nanoparticles have also been reported as SALDI substrates, using materials
including: Au [176-179], C [132,180,181], Ag [182], Si [183], Cu [179,184], Ni [184],
MnO [185], TiO2 [186], ZnO [187] and ZrO, [188]. Despite the wide range of materials

and structures reported as effective SALDI agents, no single method has emerged as
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superior to the others in terms of performance, stability, versatility, manufacturability,
and ease of use. This has, in part, motivated continued research in this field.

Of these methods, porous silicon has received the greatest interest as a result of
the good performance that can be achieved with DIOS substrates, along with the well
characterized surface and microfabrication strategies that accompany the material.
It seems that of all the materials, thus far silicon has had the optimal combination
of high UV absorption, thermal and electrical conduction, surface chemistry, and
“machineability” or methods of fabrication. Moreover, porous silicon surfaces allow
integration with other functionalities such as in situ chromatographic separation [151]
and analyte capture and purification steps prior to MS detection [189, 190]. The
detection limits of DIOS-coupled mass spectrometry (DIOS-MS) for peptides are
often comparable to MALDI (high attomoles), and in some cases can even greatly
surpass them [189,191]. Although the mechanism of DIOS is not fully understood,
it is believed that porous silicon acts as a scaffold to retain the solvent and analyte
molecules and also converts light into thermal energy, creating gas-phase ions upon
laser irradiation [133-135,147,148,192].

Electrochemical etching of silicon has been the predominant method used to
prepare porous silicon surfaces for DIOS-MS applications [133, 143, 148, 151-153].
However, while achievable, obtaining reproducible surfaces using electrochemical

etching techniques requires considerable care [193]. Alternative techniques such as
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those mentioned above (PECVD [140,153], RIE [137,138,154], nanowires [155,156,160],
LISMA [157-159]) have also been reported for generating porous silicon surfaces
for DIOS applications. Some of these methods yield a broad range of pore sizes,
depths, and densities on the same target surface and often lead to spot-to-spot and
batch-to-batch performance variation. As in MALDI, the morphology of the porous
substrate affects the ion yields in DIOS-MS [133-135,148,149,194].

Developing methods to reproducibly generate porous Si targets with optimal pore
size, porosity and thickness is thus important and could have a significant impact
on applying DIOS-MS to drug discovery, medicinal chemistry, metabolomics and
proteomics screening [195]. This chapter describes how GLAD was used to fabricate
nanostructured porous silicon thin films for DIOS-MS of small molecules. The
surface structure, optical absorption and heat transfer properties of the target have
been shown to be important influences on performance in DIOS [133,148,151,194],
and all of these properties are easily manipulated in the GLAD process [20, 34,36, 38—
40,196,197]. The fine control of substrate properties offered by GLAD techniques will
offer opportunities for rationally designing the appropriate properties of the material
as a DIOS substrate.

In the first part of this study [108], we examined the suitability of Si GLAD films
for matrix-free detection of small peptides, drugs and metabolites in the mass range

of 150-2500 m/z and compared the performance with MALDI and other LDI targets.
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In the second part, we compared the performance of vertical post Si films deposited in
the highly-oblique angle range of 79° - 87°. We also investigated the effect of tilting the
GLAD columns with slanted post films, and looked at the response of other materials
with GLAD-deposited Al, Ti, and Ni films.

The work presented in this chapter was originated by and performed in collabora-
tion with Dr. D. Jed Harrison’s lab in the Department of Chemistry at the University
of Alberta. Abebaw Jemere assisted with mass spectrometry measurements, methods,
experimental design and interpretation of the results. My contribution was the design
and growth of the GLAD films, film characterization, design and implementation
of experiments, and interpretation of the results as they relate to film structure and

design.

5.2 Experimental

5.2.1  Materials and Reagents

Dopamine hydrochloride (MW 190), (+)-verapamil hydrochloride (MW 491), bradykinin,
fragment 1-5 (MW 572), [Val’]angiotensin-I (MW 1281), angiotensin-I1 (MW 1296),
angiotensin-II (MW 1046), des-arg®-bradykinin (MW 903), adrenocorticotropic
hormone (ACTH) fragment (18-31) (MW 2464) and flavin mononucleotide (MW
455) were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI, USA). Stock

solutions were prepared by reconstituting lyophilized samples in water. Samples were
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diluted in methanol/0.1% trifluoroacetic acid (TFA) (30:70, v/v) as needed and 0.5
mL aliquots were pipetted directly onto the GLAD films, then dried at room temper-
ature to give spots ~2 mm in diameter. Up to five spots could be spotted on a 1 cm?
GLAD film. The MALDI matrix a-cyano-4-hydroxycinnamic acid (CHCA), TFA and
methanol were from Sigma-Aldrich. Solutions were prepared using ultrapure water
prepared with a deionizing system (Millipore Canada, Mississauga, ON, Canada)

from distilled water.

5.2.2  Porous Silicon Thin Film Fabrication

Nanostructured porous thin films were deposited by electron beam evaporation of
the target material under vacuum (base pressure < 107° Torr) onto 3" and 4" diameter
single crystal (100) silicon wafer substrates, which were subsequently cleaved by hand
into1cm x 1cm squares. Fused silica substrates (1" x 1") were also included in selected
depositions for optical measurements on the thin films. Evaporation source material
was puchased from Cerac Inc., Milwaukee, WI, USA: silicon (> 99.999% pure, 3-
6mm pieces) and silicon dioxide (> 99.99% pure, 3-6mm pieces). All substrates were
cleaned prior to deposition by submersion in piranha (3:1 sulfuric acid/hydrogen
peroxide) for 20 min followed by a deionized water rinse, and dried by a nitrogen
stream. Silicon vertical posts (columns) were deposited using GLAD at angles of

either 1°, 70°, or in the range of 78.5° to 87° relative to the substrate normal, using
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1_0.9nms™.

a substrate rotation rate of 1.2 rpm at a deposition rate of 0.4 nm s~
Slanted posts were deposited at angles of either 78°, 83° or 85°, with no substrate
rotation at a deposition rate of 0.3 nms™'- 0.7 nms.

Optical transmission of selected films at 337 nm was measured at normal and 45°
incidence to the substrate normal with a Lambda 9goo UV/VIS/NIR spectrophotome-
ter (PerkinElmer, Waltham, MA, USA). Scanning electron microscopy images were
taken of uncoated samples using a Hitachi S-4800 field emission scanning electron
microscope. Surface composition of aged Si GLAD films was measured using an
AXIS 165 X-ray photoelectron spectrometer (XPS), equipped with a monochromatic

Al Ko X-ray source (hv1486.6 eV). XPS atomic compositions and atomic ratios were

calculated with the supplied AXIS software.

5.2.3 Mass Spectrometry

DIOS-MS measurements were made using an Applied Biosystems (Framingham,
MA, USA) Voyager STR time-of- flight mass spectrometer operated with a pulsed
N, laser at 337 nm at a repetition rate of 3.0 Hz. The beam is directed to the target
by a mirror, and passes into the evacuated chamber through a fused silica window.
It hits the target at an angle of approximately 45° relative to the substrate normal.
The laser intensity of the Voyager STR mass spectrometer can be set between o and

4600 arbitrary units. The silicon substrates with nanostructured GLAD films (~1
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cm?) were attached to a modified MALDI target plate using a conductive carbon
double-sided tape. Aged Si films were cleaned with a UV-O cleaner (model no. 42,
Jelight Company, Inc., Irvine, CA, USA) for 15 min prior to sample deposition.
Positive ion mode mass spectra were acquired with the N laser using the reflector,
delayed extraction mode with an accelerating potential of 20 kV, a 74% grid potential,
a 0.07% guide wire voltage and a delay time of 350 ns for peptides and drugs. Negative
ion mass spectra were collected for flavin mononucleotide using the linear delayed
extraction mode with an accelerating voltage of 18 kV, 96% grid potential, a 0.1%
guide wire voltage and a delay time of 250 ns. Each spectrum is the result of 100
averaged laser pulses. Single laser shot spectra were also collected to determine
the presence/absence of ‘sweet-spots. Signal-to-noise ratios were calculated using
Voyager Data Explorer version 4.0 (Applied Biosystems, Framingham, MA, USA).
Where indicated, some DIOS-MS measurements were made using an AB SCIEX
4800 Plus MALDI TOF/TOF mass spectrometer, operated with a pulsed frequency-
tripled Nd:YAG laser at 355 nm, at a repetition rate of 200 Hz. The beam is directed to
the target via two 45° mirror reflections. In contrast to the Voyager mass spectrometer,
the 4800+ beam hits the target at an approximately normal angle of incidence to
the substrate. The laser intensity can be set between 400 and 7900 arbitrary units.
As with the Voyager instrument, substrates with GLAD films were attached to a

MALDI plate using conductive double-sided tape. Positive ion mode mass spectra
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were acquired with the laser using the reflector, delayed extraction mode with an
accelerating potential of 20 kV, an 80% grid potential and a delay time of 210 ns.
Spectra were collected as an average of 400 laser pulses. Figure 5.2 shows plates

mounted and spotted prior to mass spectrometry.

g

Figure 5.2: GLAD films with dried analyte spots mounted to a stainless steel MALDI plate
with double-sided carbon tape prior to analysis. The films shown here are 500 nm thick Si
vertical posts deposited at deposition angles of (L to R) 83°, 85°, 86°, and 87°.

5.3 Results and Discussion

5.3.1 Film Optimization

We first determined the material characteristics of Si GLAD films in terms of film

density and porosity, by fabricating 500 nm thick films at various deposition angles
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(1°, 70° and 85°), as seen in Fig. 5.3. The deposition angle determines the extent of
self-shadowing that occurs, and consequently the film pore size and density [19,20,34].
From the SEM images, we estimate films deposited at 1° are composed of essentially
solid structures and those prepared at 70° contain pores less than 5 nm in size. Films
grown at 85° had pore sizes of tens of nanometers. Similar pore sizes have been
reported for silicon films grown at these angles [198]. The densities of our films are
estimated to be approximately 15-20% of bulk based on reported measurements of
silicon and metal oxide GLAD films, using methods described elsewhere [58,199].
Our observations show that DIOS performance of the GLAD films was dependent
on both film density and porosity. Figure 5.4 shows mass spectra obtained from
various films for 5 pmol bradykinin fragment 1-5 and 120 pmol dopamine. Intense
signals were observed from films deposited at 85°, but no analyte signal was observed
from films deposited at 1° and 70° for up to 2 nmol of bradykinin fragment 1-5. Similar
results were seen for 10 pmol [Val’Jangiotensin-I and 10 pmol angiotensin-II (data not
shown). No peptide signal was detected from a bare silicon surface, demonstrating
the importance of the porous film. The primary differences among the three Si
GLAD films are the pore sizes, the pore distribution, and the overall film density.
The results are consistent with observations regarding the critical role played by the
overall porosity and pore sizes of porous silicon for UV-laser desorption/ionization

[133-135,148,151,153,192]. The films grown at 85° have large enough pores (macropores)
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Figure 5.3: Oblique view scanning electron micrographs of 500 nm thick Si GLAD films
grown for DIOS studies at 1° (top), 70° (middle) and 85° (bottom). The right column (b, d, )
shows a magnified view of the films shown in the left column (a, ¢, ). Scale bars indicate 500
nm (left) and 100 nm (right).
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to provide the required platform to retain solvent and analyte molecules in order to
allow efficient desorption/ionization. For subsequent studies, a deposition angle of
85° was used.

Previous studies have indicated that film thickness and structure height play a role
in LDI performance [136-138,140,154,155,160,169,170,175]. We evaluated a series of
film thicknesses to determine if there is an optimal film thickness for our structures.
The desorption/ionization response of verapamil (m/z 455.6), was measured on films
deposited at 85° to thicknesses ranging from 100 nm to 1500 nm. Figure 5.5(a) shows
the total ion counts obtained from these films for 10 pmol verapamil. With increasing
film thickness, there was a strong increase in signal intensity up to 500 nm when the
films were irradiated with the same laser fluence, followed by a near-plateau in signal
intensity.

Figure 5.5(b) shows a plot of optical UV-absorption of the films as a function of film
thickness. The result demonstrates that 90-95% of the light is not transmitted at a film
thickness of 500 nm. We conclude that 500 nm films have enough material to absorb
90-95% of the UV light and convert the laser energy into sufficient thermal energy to
efficiently desorb molecules. This observation is similar to that for electrochemically
etched porous silicon [133-135,148,192,200,201], which commonly use pore depths of
250-700 nm, and for porous alumina thin films, which use ~600 nm films for optimal

laser desorption/ionization performance [136].
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Figure 5.4: Desorption/ionization mass spectra of (a) 120 pmol dopamine and (Front, b) 5
pmol bradykinin fragment 1-5 using 500 nm Si GLAD films fabricated at 85°. (Offset blue line,
b) Mass spectra of 2 nmol bradykinin using 500 nm Si GLAD film fabricated at 1° deposition
angle. (Essentially the same result was obtained at 70° deposition angle (trace not shown) as

at1°.)
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Figure 5.5: (a) Total ion counts of verapamil obtained from Si GLAD films of different
thicknesses. 10 pmol was spotted on all the films and the same laser energy was used in all
experiments. (b) UV absorption (1-transmission) of Si GLAD films at 337 nm wavelength as
a function of film thickness. 500 nm Si films were deposited at 85° on fused- silica substrates
for the absorption measurements.

5.3.2  Small Molecule Detection

DIOS provides a low background at low masses, making it particularly suited to
investigation of small molecules that may be difficult to identify by MALDI due to
matrix background peaks in the low molecular weight region. As a continuation
of our initial study, dopamine, a naturally occurring neurotransmitter, produced a
good quality spectrum containing the molecular ion at m/z 154.1 and its fragment
at 137.2 m/z (Fig. 5.4(a)), likely originating from loss of the amine group [202]. The
background noise and the fragmentation seen in Fig. 5.4 are similar to that reported
for DIOS-MS of dopamine using etched porous silicon [203]. Figures 5.6(a) and
5.6(b) show negative ion mass spectra of 340 fmol flavin mononucleotide (FMN)

metabolite using two different laser fluences. The [M-H]~ signal of FMN at m/z 454
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was dominant, and at lower laser fluence there was substantially less background
chemical noise than at higher laser fluence. Higher laser fluence also gave FMN
fragments at 375.5 m/z (loss of phosphate) and 436.4 m/z (loss of water). The sodium
adduct of FMN was also detected at 478.1 m/z. The high-quality signal to background
performance observed at both laser fluences demonstrates the suitability of Si GLAD
films for the analysis of small molecules. The mass spectrum of picomole quantities
of a mixture of bradykinin fragment 1-5, verapamil and [Val®]angiotensin-I using 500
nm Si GLAD films in DIOS-MS gave far superior signal-to-noise performance than
MALDI using an CHCA matrix (see Fig. 5.7).

To further characterize the effect of laser fluence on the performance of Si GLAD
films, we evaluated the role of laser power on desorption/ionization of bradykinin
fragment 1-5. Figure 5.8 shows the ion counts and S/N ratios as a function of laser
power. (For the Voyager spectrometer available for this study, the absolute laser power
values are not known.) At lower laser power, the bradykinin fragment 1-5 ion counts
increased with increasing laser power. However, the S/N ratio reached a plateau,
due to an increase in background signal. Additionally, for analytes which tend to
fragment, more fragmentation was observed at higher laser power, as seen in Fig. 5.6.
Figure 5.8 demonstrates that a laser power range between 2400 and 2500 (arbitrary

units) on the Voyager gave optimal performance on Si GLAD films.
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Figure 5.6: Negative ion ([M-H]™ = 454.1) mass spectrum of 340 fmol flavin mononucleotide
on a 500 nm thick Si GLAD film using a laser power of (a) 2450 a.u. and (b) 2400 a.u. Peaks
at 534 m/z and 555 m/z are unknown.
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Figure 5.7: (a) DIOS-mass spectrum of pmol mi)gl(lzl'es of verapamil (m/z 455.8), bradykinin
fragment 1-5 (m/z 573.6) and angiotensin II (m/z 1282.6) using a 500 nm Si GLAD film at
a laser intensity of 2400 a.u. and (b) MALDI-mass spectrum of the same mixture using a
CHCA matrix at a laser intensity of 2950 a.u. In the Voyager instrument, a laser intensity of
2800 a.u. was required to see a signal with the CHCA matrix.. Mass differences of related
peaks between the two spectra are due to omission of mass calibration, and are not considered
significant for the purpose of comparing presence or absence of background signal.
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Figure 5.8: Plot of signal-to-noise ratio (open squares) and ion counts (solid circles) of 3
pmol bradykinin fragment 1-5 as a function of laser intensity using 500 nm Si GLAD films.

5.3.3 Detection Limits

The detection limit of 500 nm thick Si GLAD films was evaluated using an optimized
laser power. Well-defined mass spectra were recorded for doses of 6.5 fmol of des-
arg’-bradykinin (S/N ratio = 742.8), 10 fmol ACTH (18-39) (S/N ratio = 411.9), 13
fmol angiotensin-I (S/N ratio = 5163.3) and 200 fmol verapamil (S/N ratio = 1924).
Representative data is shown in Fig. 5.9. The calculated limits of detection (S/N ratio
= 10) of our films are in the sub-fmol level (87 amol for des-arg’-bradykinin, 243
amol for ACTH fragment, 25 amol for angiotensin-I and 1.0 fmol for verapamil).
These limits of detection are as good as or better than reported values for DIOS-MS

of small peptides using electrochemically etched porous silicon (700 amol and 4
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pmol for des-arg®-bradykinin) [133, 147], porous SiO, (50 fmol for the tripeptide
LGG) [165], column/void-network-deposited silicon films (50 fmol for [des-pro*-ala
2,6]-bradykinin) [153], porous alumina (4.3 pmol for bradykinin) [136], SINWs (500
amol for des-arg®-bradykinin and 5 fmol for verapamil) [155,160], Pt nanoflowers (700
amol for angiotensin-I) [171] and silicon nanoparticles (33 fmol for verapamil) [204].
While some of these differences may arise from differences in mass spectrometer
performance, the results demonstrate the competitive performance of Si GLAD films
for DIOS. Siuzdak’s group has reported yoctomole detection limits for small molecules
by functionalizing the surface of porous silicon [189,191]. GLAD films are readily
functionalized [205, 206] so their good performance compared to porous silicon
surfaces made using other techniques suggests their detection limits could be further

improved by similar surface functionalization.

5.3.4 Signal Reproducibility

To examine the shot-to-shot reproducibility of mass signals in DIOS-MS with the
Si GLAD films, we collected intensities from single shot measurements of 5 pmol
verapamil at different locations on the same target (Fig. 5.10). The signal peaks
from verapamil were reproducible with an average signal intensity of 70%+19% (n=7,
100%=max signal observed). We also examined the spot-to-spot reproducibility of

signals in our films by measuring the signal intensity (100 shots/spectrum) from
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Figure 5.9: Mass spectrum of a mixture of 6.5 fmol des-arg’- bradykinin (m/z 904.2), 13 fmol
angiotensin-I (m/z 1297.4) and 10 fmol ACTH fragment (18-39) (m/z 2465.3) on a 500 nm
thick Si GLAD film.

21 different targets. The average signal intensity was 79% with a relative standard
deviation (RSD) of 13% (Fig. 5.10). There was no indication of either sweet spots or
mute spots typically seen in MALDI [194], presumably due to the uniform distribution

of sample on the nanostructured films.

5.3.5 Film Stability

The Si GLAD films, like other porous DIOS surfaces, have very high surface areas [58]
and are prone to adsorbing contaminants from the air when stored at ambient condi-

tions. Extensive reports have shown that the S/N ratio for the analysis of molecules
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Figure 5.10: Plots of relative peak intensity (maximum intensity = 100%) of 5 pmol bradykinin
fragment 1-5 obtained from single shot measurement (crosses) on a single spot and average
of 100 shots/spot from 21 different sample spots (solid rectangles) using Si GLAD films.

<700 m/z using aged (a few days of dry storage at ambient conditions) porous silicon
is compromised by the appearance of ‘background’ ions [133,134,148,150,151,192].
We have observed similar low mass noise (100-300 m/z) when GLAD films were
used after 3 months of storage at ambient conditions (Fig. 5.11(a)). The origin of these
background ions is thought to be adsorbed hydrocarbons from air or outgassing
of storage containers [133,148,150,151,192]. HF etching prior to use, or storage of
freshly prepared porous silicon in ethanol or propanol, has been recommended
to minimize these low molecular weight background ions and restore the DIOS
performance [133,134,148,150,151,192]. These steps, however, are detrimental, since

further etching of the already etched porous Si structure alters the film morphology,
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while storing porous Si in organic solvent adds packaging complexity to a commercial
product. Instead, we employed a UV ozone (UV-O) cleaning method to remove
adsorbed hydrocarbons from Si GLAD films, a procedure commonly used to clean
many substrates [207]. Cleaning the Si GLAD films using a UV-O-cleaner for 15 min
prior to DIOS experiments significantly reduced these low mass background ions
(Fig. 5.11(b)). The low intensity peaks observed before and after cleaning have different
masses, indicating they do not derive from the sample. UV-O treatment is known to
cause oxidation of a surface layer in silicon to form SiO, [208]. However, pure silicon
will oxidize within minutes of exposure to air to form a surface oxide layer, SiO,, so
that further treatment by UV-O cleaning will not greatly change the actual exposed
surface of the GLAD Si films. XPS measurements confirm that aged Si GLAD films
had atomic ratios of 41% Si, 52% O and 7% C at the surface. We note that the carbon
content of the films had increased by about 6% during storage. Thus the Si GLAD
films are already oxidized before any further cleaning treatment, and will already
bear silanol and related silicate functionalities. UV-O treatment should not greatly
change the surface silicate chemistry, beyond removal of surface contaminants. Shelf
life tests, under ambient conditions, were performed over a 3-month period. After
UV-O cleaning, the performance of GLAD films was essentially the same as freshly
prepared surfaces. The aged GLAD films show an advantage compared to porous

silicon. Kruse et al. [148] observed a significant analyte signal intensity deterioration
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for porous Si following 6 days of dry storage at ambient condition, compared to a
porous Si target soaked in methanol for 6 days. In contrast, the signal intensity of
analyte on the GLAD films remained essentially the same (within 10%) whether or
not the film was treated with UV-O prior to experiment; only the background signal

was changed by cleaning (Fig. 5.11).

5.3.6  Highly Oblique-deposited Vertical and Slanted Posts

Our initial study focused on three regimes of obliquely-deposited films: a non-porous,
dense film deposited at a normal angle (1° here), very high surface area, dense films
with small pores deposited at 60° to 70° (70° here), and very porous, high surface
area films deposited at ‘glancing angles’ of 80° to 90° (85° here). Given the superior
performance of the latter films, the performance of films grown at glancing angles
was further investigated.

Mass spectra of verapamil (32.6 fmol) and bradykinin fragment 1-5 (240 fmol)
were collected by LDI from Si vertical post films deposited at angles of 79°, 81°, 83°
and 85° (Fig. 5.12(a)), and at angles of 85°, 86° and 87° (Fig. 5.12(b)), at a laser power
of 2650. The LDI performance noticeably improved with increasing deposition angle,
with a three- to four-fold increase in signal between the films at 85° and 87°, and no
observed signal for the films at 79° and 81° (at identical laser intensities).

The increasing signal count with deposition angle indicates a much higher efhi-
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Figure 5.11: Mass spectrum of 4 pmol verapamil obtained from 500 nm film stored for
3 months at ambient conditions (a) without UV-O treatment and (b) after 15 min UV-O
treatment. Background peaks marked in (a) are at m/z of 186.0 (1), 223.9 (2) and 317.8 (3) and
background peaks marked in (b) are at m/z of (1) 165.1, (2) 241.9 and (3) 302.8.
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Figure 5.12: Ion counts of verapamil (32.6 fmol) and bradykinin fragment 1-5 (240 fmol)
from LDI on Si vertical post films deposited at 79°, 81°, 83°, 85°, 86° and 87° in two separate
experiments, (a) and (b), under identical conditions. Laser power was set at 2650. Error bars
indicate 1 SD from the mean, n > 3.

ciency for more obliquely-deposited films. The mechanism for this improved per-
formance is not yet understood, but film porosity likely has an influence on LDI
performance; pore-size dependence of DIOS and other SALDI substrates has been
noted by numerous groups [136,137,148,150,154,164]. We also qualitatively observed
increased scattering of light as the deposition angle approached 87°, evident by a less
reflective film surface. This scattering from a post redirects light towards adjacent
posts rather than reflection away from the substrate, which could result in increased
absorption of light and subsequent desorption of analytes.
Investigation of the film morphology provides insight into other possible factors

(Figure 5.13). The power law scaling associated with GLAD film growth [13] produces
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vertical posts that widen as they grow upwards from the substrate. This top-heavy,
cone-like morphology produces columns that are susceptible to capillary forces from
the receding meniscus of a drying droplet applied to the film surface [123,125]. These
forces are evident in the resulting ‘clumping’ of wetted posts, seen after being dried in
the right-hand column of Figure 5.13. As the deposition angle increases, power-law
scaling becomes more pronounced (the posts deposited at higher « widen faster in a
given amount of vertical growth), and posts are spaced further apart. The net effect
is more pronounced clumping, especially evident at 87° where the posts are pulled
down and sideways, and lie almost flat against the substrate.

Clumping has two effects. The first is that pore size becomes more difficult to
define, and further study is necessary to determine what influence, if any, the pore
structures created by the clumping process have on the desorption and ionization
processes. The second is a reorientation of the posts relative to the substrate, and also
to the incoming laser beam. Walker et al. showed that polarized light incident at 45°
coupled into posts with sub-ym diameters (50-600 nm) when the electric field was
parallel to the posts (i.e. in line with, not perpendicular to, the posts), and that this
coupling was essential to the LDI process in such structures. Okuno et al. similarly
showed that reactive ion etched silicon ‘lines’ 150 nm wide and 300 nm high will
provide better performance when oriented parallel to the electric field [135]; while

the authors attribute the difference to reflections oft the sub-wavelength front walls
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Figure 5.13: Top-view SEMs of Si vertical post films, deposited at the indicated angles, as-
deposited (left column) and after being wetted with a 0.1%TFA solution droplet and allowed
to dry (right column). Scale bars indicate 1 ym.
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of the lines, a coupling effect similar to Walker ef al. is a more likely explanation.

To study the effect of post orientation further, and to verify its role in the overall
mechanism of SALDI on GLAD films, we tested LDI on slanted Si posts, shown
in Figure 5.14. Slanted posts are all aligned to the same axis, are tilted relative to
the substrate normal, and are pulled further towards the substrate once wetted and
dried; thus they should be more susceptible to effects that arise due to orientation
of the posts with the laser beam electric field. The signal strength and signal-to-
noise ratio for des-arg®-bradykinin desorbed from posts deposited at 78.5°, 83.5°
and 85.5° using the ABS-MS is shown Fig. 5.15(a). As with vertical posts, the more
widely-spaced, larger diameter posts grown at higher deposition angles produced
a noticeably stronger signal accompanied by improved signal-to-noise ratios. The
impact of coupling light into the posts is apparent when comparing the laser power
threshold for acquiring a des-arg’-bradykinin signal (Fig. 5.15(b)). The slanted posts
required less energy for desorption to occur. It is reasonable to conclude that this is a
result of light coupling into the aligned slanted posts, given that the major difference
between the two structures (vertical and slanted post) is the alignment of the slanted
posts with the electrical field.

Further evidence for the coupling effect was given by measuring the desorption
of verapamil and bradykinin fragment 1-5 from a vertical post and a slanted post film,

using the Voyager MS. The slanted post film was oriented in three directions relative
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Figure 5.14: Top (a), oblique (b) and side (c) views of an Si slanted post film, grown at & =

85°. Scale bars indicate 500 nm.
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Figure 5.15: LDI response of slanted post Si GLAD films. (a) Ion counts and signal-to-noise
ratio of des—arg9—bradykinin (500 fmol) desorbed from slanted posts grown at 78.5°, 83.5°
and 85.5°. (b) Minimum laser power required to acquire an ion count greater than 20 for the
[M+H]" peak of des-arg’-bradykinin (500 fmol) desorbed from vertical and slanted posts
deposited at the indicated angles.
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to the incoming laser beam, which arrives at the plate at an angle of 45° relative to
the substrate normal (Fig. 5.16(b): B,C,D). The first orientation, where the beam
is parallel to and points ‘into’ the posts, had the same signal strength as a vertical
post film grown at the same deposition angle but the weakest signal of the three
orientations (Fig. 5.16(a)). The second orientation, with the beam perpendicular to
the posts, produced a stronger signal than the vertical post film. A very strong signal
was produced by the last orientation, where the incoming beam is almost normal to
the posts. Each orientation, from the first to the third, provides a progressively larger
material cross-section to the electric field, which is perpendicular to the beam (and for
unpolarized light in random orientation in that perpendicular plane). This transition,
combined with the increased alignment between the posts and field, is consistent
with light coupling into the posts. The third orientation provides the best alignment
between the posts and the plane of the laser beam electric field. The above results
strongly suggest that coupling of light into the GLAD posts has a strong positive effect

on LDI performance and is a critical component of the desorption mechanism.

5.3.7 Insulating Subtrates

It is generally accepted that the thermal and electrical properties of the SALDI surface
and substrate play a role in LDI performance, but it is not yet clearly understood

how and when these properties come into play [135,136,138,140,148,149,156]. There
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Figure 5.16: (a) Ion counts of verapamil (32.6 fmol) and bradykinin fragment 1-5 (240 fmol) on
vertical posts (A) and slanted posts aligned parallel and pointing towards (B), perpendicular
to (C) and parallel and pointing away from (D) the incoming laser beam, as shown in (b),
where the blue arrows indicate the incoming laser beam (see text for details). Both films were
grown at « = 85°. All measurements were made at laser power 2650.

have been reports of SALDI from insulating substrates, such as a nanoporous SiO,
scaffold [164], oxidized porous Si [165], SiO, gel [150] and TiO, nanotubes prepared
from sol gel [166]. However, other groups have reported poor to no response from
insulating materials, including porous Al,O; (anoded aluminum) [135, 136], SiO,
(thermal oxide) [140], polymer micropillars coated with Al,O; or TiO, by atomic
layer deposition (ALD) or with SiN by plasma-enhanced chemical vapor deposition
(PECVD) [140], and oxidized crystalline Si nanowires [160].

While insulating materials by themselves appear to work only under select con-
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ditions, Okuno et al. [135] and Nayak et al. [136] observed strong LDI perfomance
by coating LDI-inactive porous Al,O; with 30-120 nm sputtered Au. Jokinen et
al. [140] found that a 40-80 nm coating of PECVD-deposited amorphous Si over
planar insulating polymer and thermal oxide substrates produced a strong signal,
whereas the same coating on an uncoated Si wafer produced no signal. An even
stronger signal was obtained by coating non-planar, nanostructured polymer surfaces
with the same Si layer. These results suggest that an insulating layer below the SALDI
layer can enhance SALDI performance, possibly as a result of greater localized heating
due to the thermal barrier formed by the insulating layer.

We performed a preliminary investigation into the effects of substrate insulation
on GLAD-LDI. Verapamil, bradykinin, angiotensin, and ACTH (18-39) were desorbed
from s00 nm thick Si vertical posts (a = 85°) deposited onto three different substrates
(Fig. 5.17): an uncoated Si wafer, an Si wafer with a 600 nm solid layer of SiO, deposited
at 1°, and an Si wafer with a 600 nm vertical post SiO, GLAD film deposited at 85°.
The porous SiO, substrate provided noticeably poorer performance compared to
the other two substrates (Fig. 5.18(a)). The difference between the solid SiO, and
crystalline Si substrates was not significant. A separate measurement confirmed the
poorer performance of silicon deposited on the porous substrate compared to the
solid substrate: verapamil and bradykinin were both desorbed less efficiently from

silicon on a porous SiO, layer than the solid SiO, layer (Fig. 5.18(b)).

124



Chapter 5. LDI-MS

5.3. Results and Discussion

(a)

(b) (c)
Si Si
SiO, SiO2

Figure 5.17: Three film configurations used to investigate the effect of an insulating substrate:
500 nm Si GLAD film (a = 85°) deposited on top of (a) bare Si wafer, (b) 600 nm solid

evaporated SiO; layer, (c) 600 nm SiO; GLAD film (a = 85°).
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Figure 5.18: (a) Desorption of verapamil (324 fmol), bradykinin (1 pmol), angiontensin (1
pmol), and ACTH (18-39) (1 pmol) from the three films, A, B and C as described in Fig. 5.17.
Laser power was set at 2855. (b) Desorption of verapamil (65.8 fmol) and bradykinin fragment
1-5 (2.82 pmol) in a separate experiment from the two films with insulating substrates, B and
C, used in (a). Laser power was set at 2415.
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The behaviour of our films was anomalous in light of the results in the literature
cited above. The solid oxide layer made little difference to the LDI performance of
the Si structures. A possible explanation for this lies in the thermal conductivity of
amorphous silicon, which at 1.7 Wm™ K™! [209] is not much higher than silicon
dioxide (1.38 W m™ K1) [210] and two orders of magnitude lower than crystalline
silicon (124 Wm™K™) [210]. The amorphous Si layer reported by Jokinen et al.
may have been thin enough that heat loss by conduction to the substrate beneath
the silicon was high enough to play a role in the desorption process; consequently
an insulating SiO, or polymer layer resulted in improved desorption. The GLAD
vertical posts, at 500 nm, have a significantly longer thermal path; as a result, reduced
thermal conductivity at the substrate would have less effect due to lower heat flow at
the interface within the desorption time frame. This effect could also have played a
role in the saturation in film performance as the thickness increased, discussed in
section 5.3.1. The light absorption depth combined with heat confinement in the post
limits performance improvements when the posts are grown taller.

The poor performance of the porous SiO, substrate is not yet understood. The
effect on the film morphology of depositing the Si posts on top of SiO, posts instead
of a planar substrate can not be discounted. The resulting film will have a morphology
more similar to an Si film grown to a height of 1100 nm than 500 nm, and as a result

the Si layers are not directly comparable. Figure 5.19 shows top view SEMs of three
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films (no SiO, layer, solid SiO, layer and porous SiO, layer) before and after wetting,
and edge views of as-deposited films. The differences in film morphology are clear: the
500 nm Si layers on top of solid substrates (Si and SiO,) exhibit similar morphology
before and after clumping, whereas the third film has broadened more, as would
be expected of a thicker film, resulting in larger pores in both the as-deposited and
clumped states.

This change in film morphology is likely not responsible for the decreased perfor-
mance, however, as the difference in moving from the solid to the porous SiO, layer
is akin to that of moving to higher deposition angles (Fig. 5.13), which in that case led
to improved performance. In comparison, based on morphology alone, one would
also expect improved performance from the porous insulating layer. The change
in thickness is also likely not reponsible for the decreased performance, given that
1.5 ym thick Si films did not have decreased performance relative to thinner films
(Fig. 5.5). The edge-view SEMs confirm that the post structure was not interrupted
by the change in material from Si to SiO,, confirming that this is a valid comparison.
Given our current knowledge of LDI performance on GLAD films, in addition to
results presented in the literature, the 600 nm SiO, / 500 nm Si vertical post het-
erostructure should have given similar, if not superior, performance to the other two
films discussed. One possible factor may have been the hydrophilicity of the SiO,

layer that could lead to increased spreading of the applied analyte droplet through
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the underlying porous layer, effectively decreasing the analyte concentration at the
surface during LDI. Elucidation of the mechanism responsible for the decreased
performance would aid in understanding all the factors necessary for LDI on GLAD

and lead to improved device design.

5.4 Concluding Remarks

This study has demonstrated the feasibility of using silicon nanostructured films
fabricated by the GLAD technique for matrix-free detection of small molecules
by laser desorption/ionization mass spectrometry. The morphology of these films
consists of nanometer-sized vertical or slanted posts with highly controlled porosity,
thickness and pore sizes.

We observed a correlation between film thickness, film porosity, pore size and
desorption/ionization MS efficiency. GLAD films showed excellent sensitivity (amol
levels) for small peptides and drugs. Unlike conventional MALDI, the Si GLAD films
showed no sweet-spot and mute spot problems. After 3 months of storage at ambient
conditions, UV-ozone cleaned Si GLAD films were readily used for analysis of small
molecules without detrimental effects from absorbed contaminants. This simple
cleaning step is an advantage compared to the methanol and propanol procedures
tfrequently used with porous silicon. Depositing Si GLAD films on a solid insulating

SiO, substrate had an insignificant effect on LDI efficiency, while a porous SiO,
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Figure 5.19: Top and side view SEMs of a 500 nm Si vertical post layer deposited on top of
(A) a bare Si wafer, (B) a 600 nm solid SiO; layer and (C) 600 nm SiO, vertical posts, used
to study the effect of insulating substrates. Films are shown as-deposited (top view in left
column, side view in right column) and after being wetted with a 0.1% TFA solution droplet
and allowed to dry (middle column). All porous films grown at & = 85°. Scale bars indicate
1 um in the top views (left and middle columns) and 250 nm in the side views (right column).
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substrate decreased the efficiency.

The advantages of GLAD include the ability to produce large surface area silicon
films with controlled pore size and porosity in a one-step deposition process at
potentially low cost. Moreover, the vacuum preparation of GLAD films avoids the
contamination issues that are involved in etching and exposure to wet solutions.
The ability to deposit a wide range of materials and structures, with varying optical
and thermal properties, by the GLAD technique may allow for the optimization of
these parameters for even more efficient desorption/ionization. A simple change in
morphology, from vertical posts to slanted posts, showed improved LDI performance
and encourages further optimization. The GLAD technique is simple yet reproducible

and represents a new approach to controllable fabrication of efficient DIOS targets.
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CONCLUSION

6.1 Concluding Remarks

The demand for new technologies in bioseparations remains strong, fueled by our
increasing knowledge of human physiology, and the demand for yet more knowledge.
There has also been a marked shift over the past few decades from knowledge acquisi-
tion to knowledge application, where medical diagnostics and treatments centered
on separation-based information have seen increasing importance. This is one of
many areas that fuels research in biomolecular separations technology. The work
presented here investigated the use of porous nanostructured thin films deposited
with the glancing angle deposition (GLAD) technique in molecular separations.
Ultrathin-layer chromatography separation of a dye mixture on GLAD stationary
phases proved that such films could be used as chromatographic media. More signifi-
cantly, anisotropic structures were used for the first time in a planar separation, and
we showed that the morphology of such films had a direct impact on the separations,
with the flow front decoupled from the separation direction. Continuing work by our

group has shown that the performance of unoptimized GLAD plates is comparable
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to existing techniques. This encourages further work, especially when considering
more advanced techniques that can be used to shape and mold the nanostructures
for optimized and novel UTLC separation applications.

GLAD structures were subsequently encapsulated in microchannels, using a
sacrificial resist technique developed specifically for this purpose. The ability to
integrate a wide variety of structures and materials in microfluidic channels was
demonstrated. This allows one to fully capitalize on the advantages offered by the
GLAD process in fabricating nanostructures when applied to microfluidics. Elec-
trophoretic separation of DNA in a fractionator device verified that the uniformity
and integrity of GLAD structures was maintained in the microchannels, and proved
that GLAD-based devices could be effectively integrated in working microfluidic
devices.

While not a separation technique in the strictest sense, laser desorption/ionization
mass spectrometry is akin to biomolecular separations in that it can be used to accu-
rately identify the compounds in a mixture. Mass spectrometry with exceptionally
clean low-mass spectra was achieved by surface assisted laser desorption/ionization
from GLAD silicon vertical posts. These posts were also found to have very high sen-
sitivity, enabling detection of peptides at attomol concentrations. Initial optimization
results showed that slanted posts had even lower desorption thresholds, providing

motivation for further development of GLAD-based LDI targets.
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This work has demonstrated that GLAD is a viable platform for biomolecular sep-
arations. Chromatographic and electrophoretic separations were performed for the
first time using GLAD films, a versatile platform for producing GLAD-filled microflu-
idic devices was developed, and the efficacy of Si films in laser desorption/ionization
mass spectrometry was shown. The performance of GLAD films in these three
varied applications is encouraging, presenting the first step in establishing GLAD as

a versatile platform for biomolecular separations and analysis.

6.2 Future Work

Integration of functionalities on one chip was part of the basis for the micro-total
analysis system (lab on a chip) concept [211,212]. The ability of GLAD films to function
in three separation modalities (chromatography and electrophoresis, both in-channel
and planar, and mass spectrometry) immediately suggests facile integration of systems
using GLAD.

The simplest, most straightforward combination is TLC coupled into mass spec-
trometry. UTLC plates have already been used for coupling separations into MALDI-
MS [55,213]. Silicon nanowires have been used for TLC separation of a drug mixture
and were directly used for SALDI-MS [155]. Coupling TLC with MS provides a sensi-
tive, accurate method for identifying compounds, for quantifying separations, and

for increasing resolution when there are unresolved spots (i.e. multiple components
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per spot). The open top-down structure of GLAD films and the ultra-thin layer
make most of the analyte accessible to the surface. This, combined with the strong
performance of both GLAD UTLC plates and SALDI substrates, suggests that GLAD
may be an ideally suited technology for integration of TLC and MS.

A further extension of this concept is the integration of GLAD films with digital
microfluidics [214]. In digital microfluidics [215, 216], individual droplets are ma-
nipulated on a hydrophobic/hydrophilic surface using electric fields. This enables
precise handling of very small volumes, and can be used for a range of processes
including contained microreactions, dilutions, and DNA amplification (polymerase
chain reaction). GLAD films could be easily integrated into these systems thanks
to the planar topography, and would add a versatile tool to such a chip, providing a
platform for high-surface area microreactions, affinity capture units (concentrators),
planar separations, and coupling into mass spectrometers. One can envision such a
device where products from a reaction are offloaded onto a GLAD section for either
separation or mass spectrometry, or both.

The tunable porosity and varied morphologies and materials available makes
GLAD an appropriate platform for investigating other separations. Protein separa-
tions are presently still a challenge due to their complex structure and behaviour and
large size distribution; this is the kind of problem that GLAD porous media may be

able to address [214]. As with thin layer chromatography, microfluidic separations
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could then be integrated with mass spectrometry for proteomics analysis [217]. Small
pores (nanopores) are easily made with GLAD. The ease with which such pores can
be made and with which their architecture can be engineered is a strong advantage
of GLAD devices over other strategies for creating porous separation devices. This
warrants further investigation into on- and off-chip separation of small biomolecules.

Graded density films, where the pore size varies along the surface of the sub-
strate [218], coupled with careful design that appropriately directs the different-sized
molecules without pore clogging, could potentially widen the range of molecules
that can be resolved in a single separation. Figure 6.1 illustrates a possible design
for such a device. Analyte mixture flows through the device via electrophoretic or
pressure driven migration. The mixture would conceivably first separate due to the
changing height of the channel; clogging is mitigated by the continous movement of
molecules diagonal to the flow, permitting obstacles to be cleared by migration back
into a less confined space. A second degree of separation would occur due to the
porous bed by a size-exclusion principle [94,219]; the graded density film will present
appropriate porosity in the bed for each ‘channel’ of molecule sizes. The ‘staircase’
ceiling is not essential for a functioning device, but would add a defined degree
of separation while simultaneously helping minimize clogging in the device. The
elements for a device like this have already been demonstrated: the graded porosity

across the plane of the substrate was developed by Krause et al. [218], the porous bed
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size exclusion chromatography concept proven by Sano ef al. [94] while the process
for fabricating channels with multiple heights was demonstrated in Chapter 4 (e.g.
ref. Fig. 4.10). With careful design of the channel heights and graded density film
porosity distribution, separation of a large variety of mixtures on the same chip may

be achievable on such a device.

ToP Direction of fluid introduction

Net fluid and analyte movement

SIDE

Figure 6.1: Schematic of a potential graded-density GLAD film-based flow-through size
exclusion chromatography separation device.

There is still substantial room for improvement in the performance and under-

standing of SALDI substrates. The LDI process is still not completely understood,
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making it difficult to engineer optimized structures. The literature is still divided on
what is and is not important, and how it all works. GLAD can be used to study materi-
als and structures independently in a much more controlled manner than is available
with other methods. Further insight into LDI mechanisms could be gained by guided,
directed study of the performance of GLAD-deposited LDI structures of different
materials and architectures. This in turn could lead to purposeful engineering of
optimized LDI materials. In addition, extension to substrates suitable for visible and
IR wavelength lasers should be straightforward with the tunable properties of GLAD
films, and would also be a valuable contribution [194].

The process presented here for integrating nanostructures into microchannels is
versatile but is also time-consuming as a result of the required sacrificial etch. This is
especially true when compared to other, existing processes such as self-assembled
colloidal spheres or porous polymer monolith films. The main advantage of the GLAD-
based system, then, is not the fabrication process (which is merely a byproduct of the
film fabrication requirements), but rather the type of three dimensional structures
and anisotropic morphologies constructed from a range of materials that can be built
into channels. We have not yet identified an application that takes advantage of these
benefits. A significant breakthrough for GLAD-based microfluidic devices will occur
when the right team identifies such an application where the unique advantages of

GLAD structures can be leveraged for novel or enhanced microfluidic systems.
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