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Abstract

Prostate cancer (PCa) is the second most common cancer in men worldwide. Men
with advanced PCa often face poor prognosis and are at high risk for mortality. To improve
prognosis in this high risk population, targeting a reliable biological factor or marker that
predicts a patient’s response (sensitivity or resistance) to a specific treatment offers
therapeutic guidance and clinical benefit. Two major hormonal treatments for advanced
PCa are enzalutamide and abiraterone; which either block the binding of a steroid
(androgen) to its protein receptor (androgen receptor, AR) or decrease androgen
synthesis. Recently, presence of an AR variant (AR-V7) has been linked to resistance of
these hormonal treatments. Thus, triaging PCa patients that are AR-V7 positive to other
systemic treatments (e.g., taxane-based chemotherapy) can improve progression-free
survival and overall survival. However, optimal sequencing available systemic treatments
to maximize individual patient benefits remains a critical unmet need in this clinical
setting. This work demonstrates a nanomaterial-enhanced antibody sandwich assay for
the successful detection of AR-V7 protein in serum of metastatic castration-resistant
prostate cancer (mCRPC) patients. Highly sensitive detection is driven by the optical
properties of noble metal nanoparticles. Biogenic spherical silver metal nanoparticles,
produced by the fungus Fusarium oxysporum, were incorporated as plasmonic labels for
enhanced spectroscopy. Biogenic silver nanoparticles are stabilized with a surface corona
that is unique relative to their chemically-prepared counterparts. This method produces

nanoparticles with a native biological scaffold surrounding the nanoparticles that provides
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enhanced stability and enables facile antibody attachment. AR-V7 was captured onto a
fabricated chip containing specific antibodies immobilized on gold spots and subsequently
labelled for detection by antibody coated silver nanoparticles. Measurement of the number
of nanoparticles that bind to the chip was accomplished using surface-enhanced Raman
scattering (SERS), which provides a unique chemical fingerprint of the label. A prospective
pilot scale investigation of clinical utility demonstrated the ability to quantitatively
measure AR-V7 in serum of a blinded retrospective cohort of seven advanced PCa patients
pre / post treatment with enzalutamide and / or abiraterone. Results presented show
distinct separation of PCa patients by AR-V7 status (positive or negative) by a low
detection limit established with normal healthy male controls. Presence and amount of AR-
V7 in serum offers predictive and prognostic value to inform selection between two classes
of systemic treatments (i.e., hormones or taxanes) outlined in the Canadian and American
clinical guidelines for managing castration-resistant PCa. Contributions of this work paves
the way for a sensitive, rapid, and minimally-invasive SERS-based tool for advanced PCa

patients with the aim of better patient outcomes.
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Preface

This thesis is an original work by Sunil Rajput (S.R.) under the supervision of
Professor Mark T. McDermott (M.T.M). A piece of the research work contained has been
published (Chapter 2). Other pieces of work have been done with collaborative efforts.

Below are details of each experimental chapter.

Chapter 2 of this thesis has been published as Rajput, S.; Werezuk, R.; Lange, R. M.;
McDermott, M. T., Fungal Isolate Optimized for Biogenesis of Silver Nanoparticles with
Enhanced Colloidal Stability. Langmuir 2016, 32 (34), 8688-8697. The work was
conceived by S.R. Critical inputs were provided by M.T.M. and R.L. S.R. performed most of
the experiments and analyzed the data in the manuscript. R.W. assisted with the screening,
temperature, pH, DLS, ZP, and UV-visible experiments. Electron microscopy was
performed through the electron microscopy facilities at the University of Alberta
(Department of Biology) with assistance from Arlene Oatway and Dee-Ann Rollings. The

manuscript was written by S.R., M.T.M, and R.L.

Chapter 3 was conducted in collaboration with the Mass Spectrometry Facility
(University of Alberta, Chemistry), Nuclear Magnetic Resonance Facility (University of
Alberta, Chemistry), Biological Services Facility (University of Alberta, Chemistry) and the

National Research Council Nanotechnology Research Centre (Edmonton). The work was
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conceived by S.R. Critical inputs were provided by M.T.M. S.R. performed most of the
experiments, analyzed the data, and wrote the chapter. Jing Zheng (Mass Spectrometry
Facility) performed the MALDI-MS and LC-MS/MS experiments and contributed to data
analysis. Bela Reiz and Professor Liang Li also assisted with mass spectrometry
experiments and data analysis. Mark Miskolzie (NMR Facility) performed the NMR
experiments and contributed to data analysis. Gareth Lambkin (Biological Services)
assisted with SDS-PAGE experiments and data analysis. Hui (Julie) Qian and Kai Cui
(National Research Council) performed the surface layer TEM experiments. Paul

Concepcion (National Research Council) assisted with electron microscopy experiments.

For Chapter 4, the work was conceived by S.R. and M.T.M. Critical inputs were
provided by M.T.M. S.R. performed all the experiments except for the XPS experiments
performed by nanoFAB (University of Alberta). S.R. analyzed the data and wrote the
chapter. Special recognition to Vincent Bizon (University of Alberta) for assisting with

biochip mask fabrication.

Chapter 5 was conducted in collaboration with Professor John D. Lewis, Dr.
Desmond Pink, Dr. Scott Findlay, and Mrs. Emma Woolner. These collaborators are part of
the Department of Oncology at the University of Alberta. This chapter is largely composed
as a journal manuscript and is intended to be submitted shortly after final thesis
submission. The work was conceived by S.R. Critical inputs were provided by M.T.M, ].D.L,

D.P, S.F, and E.W. S.R. performed most the experiments, analyzed the data, and wrote the



manuscript. D.P. contributed to AR-V7 production, assisted with accessing human clinical
specimens, as well as providing value insights to the field of PCa. S.F. designed, performed,
and analysed the ddPCR experiments. E.W. performed western blotting and contributed to
the lysate experiments. The chapter manuscript was critically reviewed by all the authors.
Special recognition to: (1) Dr. Lars B. Laurentius (University of Utah) for providing critical
inputs in designing and performing the SERS immunoassay experiments; and (2) Catalina
Vasquez (University of Alberta) for providing critical inputs in selecting, accessing clinically
characterized patient serum and plasma specimens, and collecting control patient blood
samples; (3) Dr. Jun Luo (Johns Hopkins University) for generously providing VCaP cells;
(4) Dr. Emmanuel Antonarakis (Johns Hopkins University) and (5) Dr. Michael Kolinsky
(University of Alberta) for providing clinical relevance (e.g., clinical guidelines) to assist
with clinical utility; (6) Dr. Sunita Ghosh (University of Alberta) for contributing to bio-
statistical analysis and providing a critical perspective on clinical validation studies; and
(7) Dr. Xuesen Dong (Vancouver Prostate Centre) for providing assistance with improving

AR-V7 yield in VCaP cells.
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The yellowish-brown colour (right) is primarily due to characteristic surface plasmon
resonance of silver NaNOPATTICIES. ... 39
Figure 2-2. Scanning electron micrograph of Fusarium oxysporum 405 mycelia incubated
in 1 mM silver nitrate solution at 25°C in the dark with no shaking for 14 days. (a)
Individual silver nanoparticles deposited on the surface of fungal mycelia (arrow). Note:
Fungal mycelia has collapsed due to air-drying. (b) Energy dispersive X-ray spectrum of
silver nanoparticles from spot profiles to confirm elemental Silver..........nneneineennens 40
Figure 2-3. Extinction plot demonstrating the effect of temperature on silver nanoparticle
biosynthesis. In all cases, 1 mM AgNOs solution was added to Fusarium oxysporum 405
incubated in the dark with shaking at 100 rpm for 3 days. ....ccerneneenmeeneeeeseesseeesseessesseees 44
Figure 2-4. Extinction spectra at 405 nm (Amax) demonstrating the effect of ultrasonication
(S) and ultrafiltration (F) on the recovery of silver nanoparticles produced by Fusarium
oxysporum 405 incubated for 4 days at three different temperatures. .......cnnenenrerrereneenens 45
Figure 2-5. Transmission electron micrographs of silver nanoparticles produced by
Fusarium oxysporum 405 in 1 mM AgNOs solution at three different temperatures in the
dark with shaking at 100 rpm for 4 days (a) 25°C; diameter 250 nm (b) 50°C; diameter ~
20 nm (c) 75°C; diameter ~ 10 nm. Insets in each image are higher resolution images of a
single particle. Scale bar sizes of the insets are (a) 10 nm, (b) 5 nm and (c) 2 nm. Particle
size distributions shown below each corresponding TEM image. Images were analyzed

With IMAE] 1.4BVI00 .. ...ttt ess s s s bbb 47
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Figure 2-6. Transmission electron micrographs of silver nanoparticles produced by
Fusarium oxysporum 405 in 1 mM AgNOs solution at 75°C in the dark with shaking at 100
rpm for 24 hours (a) pH 3. Inset shows a different field of view showing rod
nanostructures (arrow) (b) pH 5 (c) pH 7 (d) pH 9. Nanoparticles formed at pH 3 were
variable in morphology such as rods, spherical, triangular and irregular, undefined shapes
ranging in diameter. Nanoparticles synthesized at pH 5 and at pH 7 were predominately
spherical in morphology and relatively similar in diameter. Nanoparticles synthesized at
pH 9 were predominately spherical 0r ODIONEG. ... 49
Figure 2-7. Transmission electron micrographs comparing commercially-available,
chemically-produced, silver nanoparticles from Sigma-Aldrich with biologically produced
silver nanoparticles of comparable size diameters. (a) 10 nm aqueous dispersion from
Sigma-Aldrich (b) Fusarium oxysporum 405 at in 1 mM AgNOs solution at 75°C in the dark
with shaking at 100 rpm for 4 days; Diameter ~ 10 nm (c) 20 nm aqueous dispersion from
Sigma-Aldrich. Contrast region due to air-drying preparation of citrate buffer (d) Fusarium
oxysporum 405 in 1 mM AgNOs solution at 50°C in the dark with shaking at 100 rpm for 4
days; Diameter ~ 20 nm. Insets show size distributions for each corresponding TEM image
analyzed by Image] 1.48V.106 . ... sss s 51
Figure 2-8. Visual demonstration of silver nanoparticles mixed with different
concentrations of NaCl ranging from 0 mM to 480 mM. In all cases, nanoparticles
destabilize (aggregate) with increasing ionic strength. However chemically synthesized
particles destabilize immediately, whereas bio-SNPs destabilize gradually due to both
steric and electrostatic effects. Image taken with a Canon PowerShot SD1000 7.1MP digital
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Figure 2-9. Destabilization of biologically synthesized or chemically synthesized silver
nanoparticles with increasing ionic strength using NaCl. (a) Extinction spectra recorded for
each AgNP product after mixing with different concentrations of NaCl. (b) Extinction plot
of plasmon absorbance peaks for each AgNP product with increasing NaCl concentration.
Experiments were run in triplicate with a standard deviation of + 0.01 A.U. Thus, error
DArS Are NOT SMOWIN. oottt s s s e 56
Figure 2-10. Extinction plots of ‘as is’ (diluted 1:4) B-AgNPs (top-left) and chemically
synthesized AgNPs (top-right). Box highlights the spectral region for protein concentration
estimation (absorbance at 260 nm and 280 nm). Bottom shows a plot of protein
concentration for each of the conditions used for B-AgNPs synthesis. Estimated protein

concentration was calculated according to [Protein] mg/mL = 1.55%A280-0.76*A260.175-176

Chapter 3

Figure 3-1. Characterization scheme for biogenic silver nanoparticles and the surface
corona using indirect and direct methods. (a) In situ characterization of biogenic silver
nanoparticles post filtration and separation from fungal biomass and indirect
characterization of the surface corona. (b) Direct characterization of the surface corona by
separation of excess biomolecules in the dispersion, desorption, and analyses of the

biomolecules at the nanoparticle SUIface. ... 76
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Figure 3-2. Scanning electron micrographs showing spherical nanoparticles with a visible
surface film. (a-c) ~ 20 nm silver nanoparticles produced by Fusarium oxysporum at 50°C
(Foxy50). (d—-f) ~ 10 nm silver nanoparticles produced by Fusarium oxysporum at 75°C
(Foxy75). Left panels show secondary emission, middle panels show bright field images in
transmission mode, right panels show dark field. Scale bar = 100 NM.....cccomereereeerreesneeseenens 79
Figure 3-3. Helium ion micrographs showing ~ 20 nm spherical nanoparticles with a
visible surface film produced by Fusarium oxysporum at 50°C (Foxy50). Left panel scale bar
=500 nm. Right panel scale bar = 200 NIM. ..o ssssssssens 80
Figure 3-4. Characterization of biogenic silver nanoparticles (~ 820 nm) produced by
Fusarium oxysporum 405 at 50°C (Foxy50) and commercial citrate-capped (~ 20 nm)
silver nanoparticles. (a-c) Bright field transmission electron micrographs show the
differences in surface layer thickness of unmodified biogenic silver nanoparticles, modified
biogenic silver nanoparticles with 5 mM nitrobenzene thiol (NBT), and commercial citrate-
capped silver nanoparticles. (d) Extinction plot demonstrating the relative localized surface
plasmon resonance (SPR) peak position of the two biogenic nanoparticle preparations
(unmodified and modified with NBT) in comparison to commercial citrate-capped
nanoparticles. For biogenic silver nanoparticles, a 1 mM AgNOs3 solution was added to
Fusarium oxysporum 405 and incubated in the dark with shaking at 100 rpm for 3 days.

The extinction maximum (Amax) for each spectrum is listed on the right. .....cconininiennennn. 81
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Figure 3-5. Raman spectra collected from unmodified biogenic silver nanoparticles (g10
nm) to show intrinsic signals compared to commercial citrate-capped silver nanoparticles
(620 nm). Raman signals collected from drop-casted nanoparticle on a planar gold
substrate using a 514.5 nm laser at 50 * 3 pW at the source and an integration time of 10 s.
NY o TTotn = W0 § 2o () ol = o {72 TP 87
Figure 3-6. Representative grayscale image of a 1-D 12% sodium dodecyl sulfate
polyacrylamide gel with proteins/peptides profiles associated with the production of silver
nanoparticles by Fusarium oxysporum (Foxy) at 45°C, 50°C, and 75°C. Lane (A) Foxy45 1%
yeast-peptone-glucose media control. Lane (B) Foxy45 fungal filtrate without 1 mM AgNOs.
Lane (C) Foxy45 with 1 mM AgNOs exposure resulting in silver nanoparticles (30 nm).
Lane (D) Foxy50 1% yeast-peptone-glucose media control. Lane (E) Foxy50 fungal filtrate
without 1 mM AgNOs. Lane (F) Foxy45 with 1 mM AgNO3 exposure resulting in silver
nanoparticles (20 nm). Lane (G) Foxy75 1% yeast-peptone-glucose media control. Lane
(H) Foxy75 fungal filtrate without 1 mM AgNOs. Lane (I) Foxy75 with 1 mM AgNOs
exposure resulting in silver nanoparticles (610 nm). MW represents molecular weight
standards. The numbered bands correspond to excised bands that were further analyzed
using ESI-LC-MS/MS. Stars (*) indicate possible bands in low abundance........cccoeenerniennee. 90
Figure 3-7. Tandem mass spectra of highest peptide scores for gel extracted bands. Plots
of intensity as a function of mass to charge (m/z) ratio. (a-c) Fusarium oxysporum exposed
to 1 mM AgNOs at 50°C resulting in ~ 20 nm silver nanoparticles. (d) Fusarium oxysporum
exposed to 1 mM AgNOs at 75°C resulting in ~ 10 nm silver nanoparticles. (e-f) Control

fungal filtrate at 50°C without exposure to 1 mM AGNOs......coommn: 94
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Figure 3-8. Extinction plot of ~ 20 nm silver nanoparticles produced by Fusarium
oxysporum with and without acetonitrile treatment to desorb the surface corona. The black
spectra shows the extinction band of ‘as prepared’ nanoparticles with a surface plasmon
peak at 402 nm. The blue spectra shows the extinction of the ~ 820 nm treated with 40%
acetonitrile, centrifuged, and resuspended in deionized water. Inset shows the ‘as
prepared’ nanoparticles with characteristic yellow colour indicting of plasmonic AgNPs
(top), the middle tube is the acetonitrile supernatant removed after centrifugation, the
bottom tube show AgNPs resuspended in water after acetonitrile treatment. Grayish
coloured solution is characteristic of destabilized (aggregated) nanoparticles, suggesting
removal of the SUrface COTONA.......o e s s s 99
Figure 3-9. Mass spectrometry results from ~ ¢20 nm silver nanoparticles produced by
Fusarium oxysporum at 50°C (Foxy50) compared to controls: fungus only with no silver
nitrate exposure and media used to culture fungus. MALDI-MS spectra (a-d) are shown on
the left and corresponding LC-MS/MS chromatograms (e-h) are shown on the right. (a and
e) Results collected from an acetonitrile fraction containing the desorbed layer. (b and f)
Results collected from the supernatant after centrifugation of silver nanoparticles. (c and
g) Results collected from F. oxysporum culture filtrate in the absence of 1 mM silver nitrate.
(d and h) Results collected from 1% yeast-peptone-glucose media incubated at 50°C. This
media was used to initially culture F. oxysporum and used as a negative control during

1RE= Vo Lo oT=V ol (<o) (/oY DT 0 (o) o HOPO PPN 107
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Figure 3-10. Mass spectrometry results from ~ g10 nm silver nanoparticles produced by
Fusarium oxysporum at 75°C (Foxy75) compared to controls: fungus only with no silver
nitrate exposure and media used to culture fungus. MALDI-MS spectra (a-d) are shown on
the left and corresponding LC-MS/MS chromatograms (e-h) are shown on the right. (a and
e) Results collected from an acetonitrile fraction containing the desorbed layer. (b and f)
Results collected from the supernatant after centrifugation of silver nanoparticles. (c and
g) Results collected from F. oxysporum culture filtrate in the absence of 1 mM silver nitrate.
(d and h) Results collected from 1% yeast-peptone-glucose media incubated at 50°C. This
media was used to initially culture F. oxysporum and used as a negative control during
NANOPATTICIE PrOAUCLION. ...t 108
Figure 3-11. Tandem mass spectra of highest peptide scores for desorbed surface layer
from ~ 620 nm and ~ ¢10 nm biogenic silver nanoparticles produced by Fusarium
oxysporum (Foxy) at either 50°C or 75°C. Plots of intensity as a function of mass to charge
(m/z) ratio. (a) Surface layer desorbed from ~ g20 nm silver nanoparticles with
acetonitrile (ACN). (b) supernatant fraction of ~ 20 nm silver nanoparticles post
centrifugation. (c) Surface layer desorbed from ~ g10 nm silver nanoparticles with ACN.
(d) supernatant fraction of ~ g10 nm silver nanoparticles post centrifugation. (e-f) Control

fungal filtrate at 50°C or 75°C without exposure to 1 mM AGNOs. ....coereereereereenserseesesseessenne: 109
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Figure 3-12. 1H Nuclear magnetic resonance spectrum collected from an acetonitrile
fraction containing the desorbed surface layer (purple in cartoon) of ~ g10 nm silver
nanoparticles produced by Fusarium oxysporum in heavy water (i.e., deuterium oxide).
Highlighted regions (pink arrow and boxes) show signals consistent with carbohydrates,
likely anomeric resonances of glucose. Signals for deuterium oxide resonance seen at ~ 6
4.4 and acetonitrile resonance seen at ~ § 2.1 PPM.240 ... 118
Figure 3-13. Model of the surface corona of biogenic AgNPs produced by Fusarium
oxysporum based on optical and mass spectrometric results. The mixed layer (purple) is
predominately comprised of peptides from adaptive or protective proteins (pink) and
peptides from transient proteins (blue) synthesized by F. oxysporum in response to
environmental stress. A fraction of peptides form a “hard” corona that is bound to the
surface and others form a “soft” corona that is in equilibrium with the aqueous medium.
Amino acid side chains are shown with black atoms representing carbon, red atoms
representing oxygen, and blue atoms representing nitrogen. A fraction of amino acids will
be glycosylated, however proportion and N- or O-linked chemistry is unknown................ 120

Chapter 4

Figure 4-1. Overview scheme to modify the surface of biogenic silver nanoparticles and to
optimize a substrate to capture bio-analytes towards biosensing platforms. (A) Three
different sizes of biogenic silver nanoparticles were used in modification strategies using
five different Raman reporter molecules. After this step, the B-AgNPs were verified to be
Raman active. These Raman active AgNPs were further modified with the addition of
antibodies for selective targeting of protein biomolecules. (B) To optimize Raman signal
intensity, a comparison of two metal films was evaluated for enhanced electronic coupling
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leading to the design of a substrate aimed for clinical use. The substrate consisted of a
standard microscope slide with multiple gold spots. The gold spots were later modified
with a bifunctional linker, dithiobis(succinimidyl propionate) (DTSP), for antibody
coupling.152.251 The glass surface was treated with tridecafluoro-1,1,2,2-tetrahydrooctyl
dimethylchlorosilane to provide a hydrophobic background and minimize droplet
spreading from the GOIA SPOLS. .. s e 125
Figure 4-2. Normalized UV-visible extinction spectra collected for biogenic silver
nanoparticles before and after modification with 4-nitrobenzene thiol (NBT) dissolved in
100% acetonitrile (ACN) at four different solution concentrations; 1 mM, 5 mM, 10 mM,
and 20 mM. Inset shows LSPR peak position, denoted by Amax and peak width, denoted by
full width at half maximum. (A) 10 nm AgNPs. (B) 820 nm AgNPS......cmenmeerreeneernneennens 139
Figure 4-3. Raman spectrum of 4-nitrobenzene thiol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 + 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are 1abelled. ... 141
Figure 4-4. Raman spectra of 410 nm and ¢20 nm biogenic AgNPs modified with 4-
nitrobenzene thiol (NBT) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 28 + 3 pW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for
clarity. (A and C) Initial dose response at low [NBT] by tracking vs(NO2) at 1333 cm1. At
high [NBT], decrease at 1333 cm! and increases at 1143 cm-1, 1392 cm! and 1436 cm1;

consistent with NO2 photo-reduction to dimercaptoazobenzene (inset). (B and D) Bar plot
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tracking the vs(NO2) at 1333 cm! and a ring breathing mode vs(C=C) at 1572 cm-1. Data
represent an average and standard deviation of the peak height intensity at the

corresponding frequencies from the measurement of three different locations for each

Figure 4-5. Normalized UV-visible extinction spectra collected for biogenic silver
nanoparticles before and after modification with 5 mM 4-nitrobenzene thiol (NBT)
dissolved in 100% acetonitrile over time. Inset shows LSPR peak position, denoted by Amax

and peak width, denoted by full width at half maximum. (A) g10 nm AgNPs. (B) 820 nm

Figure 4-6. Time resolved surface modification of 10 nm and ¢20 nm biogenic AgNPs
modified with 5 mM 4-nitrobenzene thiol (NBT) dissolved in 100% acetonitrile at different
incubation times. (A and C) Raman spectra collected with a 514.5 nm laser at 28 + 3 yW
laser power and an integration time of 10 sec. Spectra averaged from three different
locations of visually equal amounts of AgNPs and offset for clarity. NBT control spectrum
has been magnified by a factor of 50. (B and D) Bar plot tracking the vs(NO2) at 1333 cm!
and a ring breathing mode vs(C=C) at 1572 cm-!. Data represent an average and standard
deviation of the peak height at the corresponding frequencies from the measurement of
three different locations for each SAMPIE. ... 148
Figure 4-7. Raman spectrum of 2-napthalene thiol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 + 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.

Major bands are 1abelled. ... 149
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Figure 4-8. Raman spectra for 20 nm biogenic AgNPs before and after modification with
2-napthalene thiol (NT) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 70 + 3 pW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for

(0] 2 LT 150
Figure 4-9. Normalized UV-visible extinction spectra collected for g20 nm biogenic silver
nanoparticles before and after modification with 2-napthalene thiol (NT) dissolved in
100% acetonitrile at four different solution concentrations: 1 mM, 5 mM, 10 mM, and 20
mM. (A) Inset shows LSPR peak position, denoted by Amax and peak width, denoted by full
width at half maximum. (B) Photograph of 20 nm biogenic silver nanoparticles with no
treatment (unmodified), or treated with 100% acetonitrile (ACN) or a solution
concentration of NT dissolved in 100% acetonitrile for 60 min.........ooncenennenesseensesneens 152
Figure 4-10. Raman spectrum of 4-mercaptophenol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 £ 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are 1abelled. ... 153
Figure 4-11. Raman spectra for 20 nm biogenic AgNPs before and after modification with
4-mercaptophenol (MP) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 70 + 3 pW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for

(0] =1 LSOO 154
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Figure 4-12. Normalized UV-visible extinction spectra collected for 20 nm biogenic
silver nanoparticles before and after modification with 4-mercaptophenol (MP) dissolved
in 100% acetonitrile at four different solution concentrations: 1 mM, 5 mM, 10 mM, and 20
mM. (A) Inset shows LSPR peak position, denoted by Amax and peak width, denoted by full
width at half maximum. (B) Photograph of 820 nm biogenic silver nanoparticles with no
treatment (unmodified), or treated with 100% acetonitrile (ACN) or a solution
concentration of NT dissolved in 100% acetonitrile for 60 min.........co. 156
Figure 4-13. Normalized UV-visible extinction spectra collected for 20 nm biogenic
silver nanoparticles before and after modification with 4-mercaptobenzoic acid (MBA)
dissolved in 100% acetonitrile. Inset shows LSPR peak position, denoted by Amax and peak
width, denoted by full width at half MaximMUML......o s 157
Figure 4-14. Raman spectrum of 4-mercaptobenzonitrile (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.93 + 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are 1abelled. ... 158
Figure 4-15. ¢20 nm biogenic AgNPs before and after modification with 5 mM 4-
mercaptobenzonitrile (MBN) dissolved in 100% acetonitrile for 60 min in the dark. (A)
Normalized extinction plot before and after modification. Inset shows peak position,
denoted by Amax and peak width, denoted by full width half maximum. (B) Raman spectra
collected using a 514.5 nm laser at 70 uW * 3 uW laser power and an integration time of 10
sec. In the unmodified spectrum, a weak peak ~ 1640 cm! is consistent with Amide I band.
Spectra averaged from three different locations of visually equal amounts of AgNPs and

(0§ 6= o {0 ol - U g L 7O 159
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Figure 4-16. Transmission electron microscopy characterization of ~ g30 nm biogenic
silver nanoparticles produced by Fusarium oxysporum at 45°C * 0.3°C shaking at 100 rpm
in the dark for 3 days. Accelerating voltage, working distance, and magnification are shown
in (A) and (C). (A) Representative TEM micrograph of primarily spherical nanoparticles.
(B) Average shifted histogram?280 282 of the size distribution of 320 nanoparticles with an
average of 27 nm *= 5 nm (~ 18.5% relative standard deviation). The pink line represents
the average shifts in bin origin. The blue shaded area comprises all the histograms
generated with the overlapping regions shown in darker areas. The thickness of the edge
gradient represents the uncertainty.280 Scott’s rule is used for optimal bin width.283 Below
the histogram is series of vertical lines that show the actual positions of each data point,
known as a “rug” plot.280 TEM images were analysed by Image] 1.51t166 and histogram
generation was performed using an online plotter.280 (C) TEM micrograph of a single
spherical nanoparticle at higher magnification (500K).....c.cccouemenenernmemsessseesessesssessseessessens 162
Figure 4-17. ¢30 nm biogenic AgNPs before and after modification with 5 mM 4-
mercaptobenzonitrile (MBN) dissolved in 100% acetonitrile for 60 min in the dark. (A)
Normalized extinction plot before and after modification. Inset shows peak position,
denoted by Amax and peak width, denoted by full width half maximum. (B) Raman spectra
collected using a 633 nm laser at 0.7 mW #* 0.1 mW laser power and an integration time of
5 sec. A weak peak ~ 1645 cm!is consistent with Amide I band. Spectra averaged from

five different locations of visually equal amounts of AgNPs and offset for clarity............... 163
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Figure 4-18. In situ mercaptobenzonitrile (MBN) modification of 830 nm biogenic silver
nanoparticles produced by Fusarium oxysporum at 45°C * 0.3°C shaking at 100 rpm in the
dark for 3 days. (A) Extinction plot before and after modification. Samples are diluted 1:4
with deionized water. Inset shows final products. Fungus control (left), unmodified silver
nanoparticles (middle), and in situ modified silver nanoparticles (right). (B) Raman
spectra collected using a 785 nm laser at 72 uW * 3 pW laser power and an integration
time of 10 sec. Spectra averaged from three different locations of visually equal amounts of
AgNPs and offSet fOr Clarity .. ..o 166
Figure 4-19. Normalized UV-visible extinction plot before and after modification with
mercaptobenzonitrile (MBN) followed by IgG antibodies (Ab) of 830 nm biogenic AgNPs.
All nanoparticle dispersions are washed once and resuspended in 2 mM borate buffer with
1% bovine serum albumin. (A) Extinction curves of unmodified nanoparticles (black),
nanoparticles modified with 5 mM MBN for 60 min (green), and nanoparticles modified
with MBN and physisorbed antibodies incubated overnight (~ 18 h) (purple). Inset shows
the LSPR peak position and peak width. (B) Extinction curves of unmodified nanoparticles
(black), nanoparticles with 5 mM MBN for 60 min (green), nanoparticles with MBN and
physisorbed Ab (blue), nanoparticles with MBN and Ab attached through EDC/NHS
chemistry (red), and nanoparticles with MBN and Ab attached through DTSP chemistry

(purple). Incubation with antibodies was overnight (~ 18 h). O/N = overnight................170
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Figure 4-20. Fabricated mask for the deposition of plasmonic metal films for SERS-based
substrates designed for clinical use. The mask is designed to use standard microscope
slides. Each slide consists of three 3 x 3 array of g2 mm test spots. One spot in the top left
corner is designed for slide orientation. MTM represents the McDermott Research
Laboratory and exemplifies substrate branding. All measurements are in mm. Left shows
side view. Mask material is 6061 aluminium. Design drawing provided by Vincent Bizon
(University of Alberta, Department of Chemistry, machine shop). ..., 172
Figure 4-21. Raman spectra of 20 nm biogenic silver nanoparticles modified with 5 mM
nitrobenzene thiol on either 300 nm thickness Au or 300 nm thickness Ag film. A 514.5 nm
laser was used to collect each spectrum at 70 + 3 uW laser power and an integration time of
10 sec. Spectra averaged from three different locations of visually equal amounts of AgNPs
and offset for clarity. The vs(NOz) is labelled at 1333 cm . ... 173
Figure 4-22. Tapping mode atomic force 2 x 2 pm micrographs of bare 300 nm thickness
Au and Ag films. (A and B) Au film. Surface roughness (root mean square, RMS) measures
3.3 £0.1 nm. 1.5 pm blue line corresponds to the height profile in (B). (C and D) Ag film.
Surface roughness (root mean square, RMS) measures 2.9 + 0.1 nm. 1.5 pm blue line
corresponds to the height profile in (C). Scale bar = 500 NM....... ccoonenrerreinernneneesreeseeseeseesseens 174
Figure 4-23. Energy dispersive X-ray spectra of fabricated glass microscope slide
substrate (black spectrum) with g2 mm Au spots (green spectrum) exposed to
tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane by vapour deposition under
dynamic vacuum overnight (~ 18 h) at room temperature to confirm silane modification.
Major peaks are labelled. All spectra are offset for clarity. Inset shows magnified region

between 0.0 — 1.0 keV. Spectra are magnified by a factor of 50. ... 177
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Figure 4-24. X-ray photoelectron spectra of fabricated glass microscope slide substrate
exposed to tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane by vapour
deposition under dynamic vacuum overnight (~ 18 h) at room temperature to confirm
silane modification. Major peaks are labelled. Spectra have been calibrated to C 1s peak.
(A) High resolution scan for Si 2p. (B) High resolution scan for F 1s. Background
subtracted from SPECLIUIML ... 178

Chapter 5

Figure 5-1. Structural illustrations of full length androgen receptor (AR-FL) and the splice
variant AR-V7. Adapted and reproduced with permission from Asian Journal of Andrology
2016, 18, 580-585.320 Xp = short chromosome arm, Xq = long chromosome arm, UTR =
untranslated region, NTD = NH2-terminal domain, DBD = DNA binding domain, LBD =
ligand binding domain. Copyright (2016) Asian Journal of Andrology.........eneennees 185
Figure 5-2. Detection scheme for AR-V7 using a sandwich immunoassay and surface-
enhanced Raman scattering (SERS) immunoassay in three major components. (A) Capture
substrate preparation using a standard microscope slide; (B) Biogenic extrinsic Raman
labels preparation; (C) Major assay steps. Preparative steps (A) and (B) are completed
prior to the assay (C). The assay is performed by spotting a sample (3.0 pL) onto the
capture substrate address (2 mm) with AR-V7 binding sites active and other reactive sites
are blocked followed by room temperature (22°C) incubation. Samples are rinsed, exposed
to B-ERLs, rinsed again, dried, and then analysed by Raman spectroscopy and tracking the
nitrile vibrational stretch at 2221 cm-1. Capture antibodies = monoclonal anti-AR-V7

specific. Detection antibodies = polyclonal anti-AR-full length specific.......ccorneneenrerneernenne. 191
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Figure 5-3. Representative Western blots of VCaP and PC3 cell lysates. VCaP cells were
treated with either 0.05% DMSO or 5 uM enzalutamide (ENZ) in 0.05% DMSO for 24 h
under androgen deprivation conditions. PC3 cells received no treatment (N). Beta actin
used as loading control to normalize protein expression levels. (A) Blot probing for AR-FL.
(B) BIOt probing fOr AR-V 7. eceseeeseeseesseesesesssssssssssssesssssssesssesssessssssssssssssssssssssssssssssssssssssssssssssssssassnes 210
Figure 5-4. Detection of AR-V7 and total AR transcripts in VCaP and PC3 cells. (A) Two
dimensional duplexed ddPCR droplet plots for AR-V7 (FAM signal) and total AR (HEX
signal) in VCaP and PC3 cells. Blue dots are positive for AR-V7, green dots are positive for
AR, orange dots are positive for both AR-V7 and AR, and black dots are negative (i.e.,
contain no target). Pink line indicates amplitude threshold set for positivity. Heat map
droplet view shown. (B) Validation of AR-V7 and total AR mRNA expression. Error bars
indicate 95% confidence interval for Poisson-calculated copies of transcript detected. (C)
Detection of AR-V7 and total AR mRNA expression in VCaP cells treated with either 5 pM
enzalutamide or 0.05% DMSO for 24 h. PC3 cells were used as a negative control for mRNA
expression. Error bars indicate 95% confidence interval for Poisson-calculated copies of
transcript detected. (D) AR-V7 to total AR ratio for VCaP cells treated with either 5 M
enzalutamide in 0.05% DMSO or 0.05% DMSO only for 24 h. PC3 cells were used as
negative control for AR-V7 and AR ssess s sesssessesssssssessssssessesssesass 213
Figure 5-5. SERS-based immunoassay results of AR-V7 detection in VCaP cell lysates
treated with 5 pM enzalutamide in 0.05% DMSO for 24 h. (A) Raman spectra resulting
from VCaP cell lysates (0.0 — 1.6 mg mL-1 total protein concentration). Spectra are offset
vertically for visualization. Each spectrum represents an average of 50 spectra collected

from a sample concentration. (B) Dose-response plot from triplicate calibration assays for
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AR-V7 from 0.02 mg mL! to 1.6 mg mL-1 and a negative control (1X PBS buffer). (C) Lower
range of the calibration curve showing the linear fit from 0.05 mg mL-! to 0.8 mg mL-1 (y =
1914.9x + 303.41; R2=0.9935). The LOD is estimated to be ~ 16 pg mL-1 determined by
the signal of the blank sample plus three times its standard deviation. The signal at the cut-
off for the LOD is indicated by the dashed pink line. Data points in (B) and (C) represent an
average and standard deviation of the peak height of the vs(C=N) at 2221 cm! resulting
from the measurement of 50 different locations for each sample of triplicate
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substrate for AR-V7 at a high concentration of VCaP cell lysate (1.6 mg mL-! total protein
concentration). Bright white circular features in the micrograph are consistent with ~ g30
nm AgNP to produce biogenic ERLs. For Raman spectroscopy, 2 pm laser spot size used for
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Figure 5-7. Representative scanning electron micrograph of a SERS immunoassay
substrate for a blank sample (PBS buffer, 0 mg mL-1 total protein concentration). For
Raman spectroscopy, 2 um laser spot size used for interrogation..... ....oneeenenseeneeneeseeeneens 221
Figure 5-8. Calibration plot correlating SERS-based immunoassay results for AR-V7
protein and ddPCR results for AR-V7 mRNA expression from VCaP cells treated with
enzalutamide shown in the inset scheme. mRNA expression level was calculated by
interpolating the total AR-V7 mRNA expression level for the equivalent cell proportion and
calculating the mRNA content with the sample spot volume (3.0 pL) delivered to the SERS
capture substrate. The linear fit is for between 1004 — 16,058 transcripts loaded (y =

0.0948x + 303.07; R2 = 0.9935). X-axis error bars indicate 95% confidence interval for
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Poisson-calculated copies of transcript detected. Data points represent the average and
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Chapter 1. Introduction

1.1. Research scope and objectives

Quantitative and qualitative detection of biomolecules is an ever-increasing global
need. Results of such assays informs critical decision points ranging from industrial-scale
operations (e.g., health, environment, and food) to personal care (e.g., glucose monitoring,
pregnancy test). In health, bioassays with high specificity and high sensitivity are
constantly in high demand. The scope of this research work demonstrates use of
biologically synthesized (biogenic) spherical silver nanoparticles (B-AgNPs) as optical
labels for detection of a prostate cancer biomarker, androgen receptor splice variant 7 (AR-
V7), in a sandwich immunoassay platform with surface-enhanced Raman spectroscopy.
This research work aims to reveal unique properties of biogenic nanoparticles and deliver
on an unmet clinical need for prostate cancer, the world’s second most commonly
diagnosed cancer in men. Currently, an unmet clinical need is how to effectively sequence
systemic treatments for men with advanced stages of prostate cancer disease. Recently,
AR-V7 has been linked to resistance for two major hormonal therapies, enzalutamide and
abiraterone. Detection of AR-V7 enables triaging to other systemic therapies (e.g.,

chemotherapy).

Experimental research objectives are: (1) Develop and optimize a method to

biologically synthesize AgNPs; (2) Identify and characterize unique properties of B-AgNPs



in comparison to chemically synthesized counterparts; (3) Demonstrate feasibility of
surface modification of B-AgNPs; and (4) Demonstrate application of B-AgNPs in a surface-

enhanced Raman scattering (SERS)-based immunoassay for advanced prostate cancer.

This chapter will introduce pertinent topics that are fundamental to understanding
use of nanoparticles as labels for bioanalyses. Topics briefly examined below are: (1)
types of nanoparticles for (bio)analyses focusing on noble metal nanoparticles; (2) optical
properties of noble metal nanoparticles focusing on silver; (3) noble metal nanoparticles
for biosensing applications with emphasis on localized surface plasmon resonance (LSPR)
and SERS; (4) biologically synthesis of silver nanoparticles; and (5) importance of the
surface layer and its modification. A detailed introduction to prostate cancer and the

investigated biomarker, AR-V7, is provided in chapter 5.

1.2. Nanoparticles for (bio) analyses

Nanoparticle (NP) labels are often used in bioassays to enhance selectivity and / or
sensitivity in analyte detection. Figure 1-1 summaries the range of NP platforms (i.e.,
noble metals, silica, quantum dots), various transduction modalities (e.g., colourimetry,
luminescence, SERS), and their limits of detection (LOD).! In defining a nanoscale particle,
the most accepted size is ~ 100 nm in diameter.1-2 Consequently, the surface area to
volume ratio of a nanoparticle is substantially larger than the same material in bulk form.

As size diameter of a NP decreases, the atoms at the surface become a larger fractional



component of the material.! Thus, the surface plays a stronger role in the physical and
chemical properties exhibited. Unique physical and chemical properties displayed by
nanoparticles are the heart of transduction modalities employed in biosensing platforms.
Herein, [ will focus on noble metal nanoparticles and their optical properties for biosensing

applications.

Nanoparticle

Figure 1-1. Type of nanoparticles (blue) used in detection strategies for signal
transduction modalities (green) with reported limits of detection (pink) for each approach.
SPR = surface plasmon resonance; SERS = surface-enhanced Raman scattering; eCHEM =
electrochemical; QCuB = quartz crystal microbalance; GMR = giant magnetoresistance.
Adapted from Expert Review of Molecular Diagnostics 2016, 16 (8), 883-395.1



1.3. Optical properties of noble metal nanoparticles

Colloidal noble metal nanoparticles, particularly gold and silver, have been of
interest for centuries and have been widely used to vividly colour glass and ceramics.? The
most famous example is the Lycurgus cup, which changes colour depending on the
direction of light, was manufactured in the 4t or 5th century.3-4 Brilliant red and yellow
colours of stained glass of cathedrals in Europe are attributed to gold and silver
nanoparticles, respectively. In 1857, Faraday reported an initial understanding of gold
nanoparticles by investigating optical properties of thin films prepared from dried colloidal
solutions.> Since Faraday’s initial report, there has been continued strong interest in noble
metal nanoparticles for their physical and optical properties resulting in broad
applicability, particularly in biosensing platforms. The LSPR effects underpin scientific
interest and use of NPs as optical labels in biosensing platforms.6-° These effects result in
extremely high absorption and scattering (i.e., extinction) of light. Molar extinction
coefficients of metallic NPs are several orders of magnitude higher than organic dyes and
outperform fluorescent molecules as well, thus exhibiting promising application as

labelling reagents.10

In 1908, Gustav Mie presented a solution derived from Maxwell’s equations that
describes the influence of electromagnetic radiation on spherical colloids.® According to
Mie, when light impinges on a particle, the interaction can be summed by the extinction
cross section a,,;, which is made up of two terms, namely g, (absorbance) and o,

(scattering) as shown by Equation 1-1.6.8



Equation 1-1

Oext = Oabs T Osca
The extinction cross section can be calculated from equation 1-2.11

Equation 1-2

3/2

_ 12nR%ey, ( & )
ext = A [e, + 26,,]% + &2

The expression for o,,; in Equation 1-2 reveals that the extinction cross section is
dependent on particle volume (R3), the incident wavelength (1), the real and imaginary
parts of the particle’s dielectric function (er and &) and the real dielectric function of the
surround medium (em). The LSPR o,,; maximum occurs when the denominator of the term
in brackets approaches zero. This condition is satisfied at the wavelength where ¢; is small
and &r= —2em. Considering o,,; dependence on the nanoparticle volume term (R3), implies
that larger nanoparticles have a higher extinction cross section and will result in greater

absorption/scattering of light.

Figures 1-2 and 1-3 show the size and shape dependent properties, respectively, of
colloidal silver nanoparticles. The LSPR absorption band for silver (and gold nanospheres)
is found in visible region of the electromagnetic radiation spectrum. For example, in water,
it is well known that ~ 20 nm diameter spherical silver particles have their LSPR centred at
~ 420 nm.12 As particle size increase, the absorption band red-shifts as predicted by the

Mie equations (Equations 1-1 and 1-2).13-16
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Figure 1-2. Size (diameter) dependent optical property of colloidal silver nanospheres in
aqueous solution. Approximate diameters shown. Image obtained and used with
permission from nanoComposix.1? Copyright (2018) nanoComposix.
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Figure 1-3. Shape (aspect ratio) dependent optical property of colloidal silver triangular
nanoplates in aqueous solution. Approximate peak resonant wavelengths shown. Image

obtained and used with permission from nanoComposix.1® Copyright (2018)
nanoComposix.



1.4. Noble metal nanoparticles for biosensing applications

Among noble metal NPs, silver and gold nanospheres are the most widely used
biosensor labels. As shown in Figure 1-4, an exponential growth in scientific reports over
the past 15 years have been dedicated to the use of silver and gold for biosensing
applications. Widespread interest is being driven from two major aspects. First,
nanoparticles can be produced with tunable sizes, tailorable optoelectronic properties, and
straight-forward surface modification.19-21 Second, such materials have been applied in a
broad range of market sectors (e.g., human health diagnostics/imaging and therapeutic

monitoring, environmental monitoring, electronics, and energy).1, 22-25
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Figure 1-4. Web of Science search results on the use of gold or silver nanoparticles for
detection in biosensing platforms. Search performed on 12 May 2018 using the following
search parameters: (gold AND nanoparticle*) AND (biosens*); (gold AND nanoparticle*)
AND (detection); (silver AND nanoparticle*) AND (biosens*); (silver AND nanoparticle*)
AND (detection). Results shown have been aggregated.



Colloidal metallic nanoparticles are the simplest and most accessible substrates for
plasmonic (e.g., SERS) applications.26 However, there are two other major classes of SERS
substrates such as planar metallic structures on planer substrates (e.g., glass, silica, metals)
and metallic electrodes.?’ As previously stated, silver and gold NPs are most commonly
used in the visible to near-infrared range (400 nm - 1000 nm). Gold NPs have received
more attention compared to silver NPs for their longer periods of stability, acceptable
biocompatibility, and well understood surface chemistry. Thus, there are several reviews
and theses dedicated to AuNPs for chemical and biosensing applications.10. 19,24, 28-31
Previous reports have shown silver spherical nanoparticles to enhance SERS signals3? by
10-fold to 100-fold higher than those for similar sized spherical AuNPs.33 Therefore, I focus
on silver NPs for higher electric field enhancements and lower absorptivity (more negative

&- and lower ¢;) compared to Au for SERS application.2?

Reproducible preparation and structural stability of SERS substrates is important
for the reliability of surface assays.3* To manage reproducibility and structural stability,
the approach in this work uses spherical particle geometry that can be prepared more
reproducibly and are structurally stable.3* As a trade-off, spherically shaped particles do
not have large enhancements compared to faceted nanoparticles (e.g., cubes, blocks)35 and
other types of nanostructured materials (e.g., nanocavity arrays, nanostructured metal
surfaces, and porous metal films).34 36 However, this approach builds on the merits of
robust quantitative SERS consistent with other laboratories conducting SERS-based

analyses.32,34,37-39



Spherical silver particles are typically synthesized by reduction of silver nitrate
(AgNO3) in the presence of a reducing agent (e.g., NaBH4, ethylene glycol4?) and a
stabilizing agent (e.g., anions, polymers, surfactants) to avoid NP aggregation. A popular
method is a Lee-Meisel method published in 1982.41 In this method, AgNOs3 is reduced with
NaBH4 and sodium citrate. This simple method allows for control over size distribution

and stability. Therefore, paving the way for basic studies or biosensing applications.

A variety of signal transduction mechanisms have been demonstrated in biosensing
platforms using silver or gold NPs. Relevant to the work in this thesis, the following
sections expand on LSPR and SERS. Other referenced examples are: electrochemical,42-44

fluorescence quenching,*> quartz microbalance,*¢-47 and surface plasmon resonance.*8-50

1.4.1. Localized surface plasmon resonance (LSPR)

As depicted in Figure 1-5, the LSPR is a characteristic optical property of noble
metal NPs that occurs when incident light is resonant with the collective oscillations of
conduction electrons of the NP.>1 This condition occurs when the NP size is much smaller
than the impinging wavelength of light (NPradius A1 < 0.1).° The underlying sensing
principle is that the extinction spectrum of noble metal NPs is dependent on NP shape, size,
inter-particle distance, dielectric properties of the nanomaterial, and dielectric properties
of the surrounding medium.? 51-53 Sensitivity to these aspects allows for the detection of

binding events to the NP (Aem; refractive index sensor) or aggregation of NPs (A inter-



particle due to surface plasmon coupling; colourimetric sensor) to be monitored by extent
of Amax shift.% 54 Thus, LSPR based biosensors offer similar merits as SPR based biosensors
with added benefits such as higher spatial resolution and faster response time.3% 51,55
Formats for such assays involve either suspension of metallic NPs or LSPR sensors on
planar substrates (e.g., glass, paper, plastics).3° Planar formats have received more
attention than colloidal formats due to NP stability concerns. Colourimetric sensing
involves aggregation of silver NPs of appropriate sizes that typically results in a visible
colour change from yellowish to brownish at low (nM) concentrations.3? In the extinction
spectrum, aggregation of metallic NPs is observed as a red-shift in Amax and broadening on
the surface plasmon band largely due to inter-particle plasmon coupling.10.5¢ Many LSPR
sensors using metal nanospheres have been developed for detection of large biomolecules,

such as DNA and proteins.>4 57-61
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Figure 1-5. Localized surface plasmon resonance effect of a spherical metal nanoparticle.
(a) Illustration of the collective oscillations of conduction electrons. (b) Extinction
efficiency (ratio of cross section to effective area) of a spherical silver nanoparticle of 35
nm radius in vacuum |E|? contours for a wavelength corresponding to the plasmon
extinction maximum; peak |E|? = 85. Electric field is perpendicular to the incident light.
Reproduced with permission from Annual Review of Analytical Chemistry 2008, 1, 601-
626.62
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Drawing from the principles of LSPR of spherical metal NPs, this thesis focuses on
biogenic silver NPs as an optical label in a sandwich format immunoassay with a SERS

readout.

1.4.2. Surface-enhanced Raman scattering (SERS)

In 1928, Raman and Krishnan discovered a new type of weak irradiation known as
Raman scattering, which is used as a vibrational spectroscopic technique.®®> The cause of
weak Raman signals was later determined to be a result of only 1 in 106 — 108 inelastically
scattered photons.27.62-65 [n 1974, Fleischmann and co-workers first reported high Raman
signal intensities with pyridine adsorbed on a rough silver metal electrode.®® The authors
concluded that an increase in surface coverage led to enhanced signal intensities. In 1977,
Van Duyne and Jeanmaire concluded that the enhanced signal intensities is due to an
electric field effect.6” Concurrently, Albrecht and Creighton independently postulated
another mechanism for enhancement involving chemical effects.t® Collectively, these three
discoveries established the field of SERS. The SERS effect is observed for molecules on or
near the surface of metallic nanostructures that can support localized surface plasmon
resonances (i.e., SERS substrate).6# SERS substrates are typically rough metal substrates,
which may be rough electrodes, thin films, or NPs. As previously stated, colloidal NPs are
most popular for quantitative assays.®® SERS signals are several orders of magnitude
higher than in conventional Raman scattering, providing high sensitivity required for
bioanalytical and biomedical applications.®4 Signal enhancement factors of 104 -10°

compared to conventional Raman have been reported.6270-72 Additional enhancement
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(potentially up to 1011 — 1014) can be achieved under localized resonance between the
analyte and the excitation wavelength leading to single molecule detection,6% 71.73-74

rivalling the performance of fluorescence measurements.’>

The SERS phenomenon has been attributed to two primary mechanisms;
electromagnetic (EM) enhancement and chemical enhancement (CE).67-68,76
Electromagnetic process dominates the contribution to the SERS phenomenon. This
process arises from collective oscillation of the conduction electrons (i.e., LSPR) that results
when a metal is irradiated with light.”> When an adsorbate interacts with the LSPR, the
amplified EM field results in an enhancement of Raman bands. This enhancement has a
strong distance dependence between the adsorbate and surface, which varies inversely
with the 10t power of the distance from the surface.6? Electromagnetic theory predicts
that molecules on or very close (£ 10 nm)77 to the metal surface experience enormous field
enhancement.27.62 Adsorbate surface coverage and orientation on metal surface are also
play important roles in signal enhancement.6> The EM enhancement mechanism partially
explains aspects of the SERS phenomenon. Another contribution to SERS is a chemical
effect. This is based on a charge-transfer mechanism between the metal and adsorbed
scattering molecule. Consequently, a two-way transfer of electrons from the adsorbate to
surface occurs and vice versa.®> Due to an increase in molecular polarizability, the Raman
signal is enhanced by an order or two of magnitude. As described by Goodacre and co-
workers, there is still debate on the underlying mechanisms that are responsible for SERS

(see papers in Themed Collection: Surface Enhanced Raman Scattering, Faraday
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Discussions, 2017, 205, 1 — 626).55.78 However, this has not stopped SERS being used in a

vast area of applications.12 64.69,75,79-92

SERS applications have largely been driven by lower Raman instrument costs with
different system configurations (e.g., fibre optics), high power lasers, improved detectors,
and field-deployable capability. In addition, controllable fabrication of SERS substrate
paved the way for sensitive and reproducible measurements. To achieve high signals (i.e.,
high sensitivity) SERS labels often exploit strong Raman scattering of aromatic molecules
called Raman reporters. Preparation of extrinsic SERS labels will be discussed in detail in
chapter 4. SERS labels offer four main advantages over other optical probes, such as
organic fluorescent dyes and quantum dots (QDs).64 First, each label is coated with a large
number of reporter molecules (103 - 105).75> Therefore, each individual binding event
results in an amplified signal response. Second, Raman vibrational bands exhibit narrow
line width (~ 1 nm) compared to fluorescent bands (~ 50 nm). This allows for Raman
labels to be multiplexed. Third, extremely short lifetimes of Raman scattering minimizes
photo-bleaching, energy transfer, or quenching of Raman reporters in the excited state;
rendering high photostability. Fourth, optimal contrast can be achieved using red to near-
infrared (NIR) excitation to minimize the disturbing autofluorescence of cells and tissues,

enabling SERS labels to be used for non-invasive imaging in living objects.t4

In applying colloidal nanospheres as a SERS labels, two important factors to consider

are: size (diameter) and colloidal stability (i.e., inter-particle distance). To note, there are
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other factors to consider, however relevant emphasis is placed on size and colloidal
stability. Size of silver nanopheres have been shown to play a crucial role in SERS signal
enhancement.?3-94 Abale-Cela and co-workers explain the electromagnetic (EM) field
intensity is strongly dependent on the number of electrons excited, which relates to the
volume of the nanoparticle.33 The upper size limit is influenced by radiative damping
effects,33 which become increasing significant as particle size is increased (> 8250 nm).
The optimal size range suggested is 20 nm — g100 nm.?>-9¢ Another important factor to
consider is colloidal stability.?” As discussed above in the LSPR section, inter-particle
spacing influences the plasmon coupling. Aggregated NPs can also lead to irreproducibility
issues. SERS labels that employ Raman reporter molecules (for signal amplification) and a
biorecognition element (e.g., antibodies) for selectivity are required to maintain colloidal
stability throughout the modification process. Thus, a hypothesis is that biologically
produced silver nanoparticles will have enhanced colloidal stability compared to chemical
counterparts due an intrinsic biomolecular surface layer (corona) deposited at the time of

synthesis.

1.5. Biogenic silver nanoparticles (B-AgNPs)

The interest here in biogenic nanoparticles is to explore the possibility of using
these materials for SERS-based bioanalyses. Currently, there are only a few reports in the
literature that have explored biogenic nanoparticles as SERS labels.?8 This relatively
unexplored field presents an exciting opportunity. Guiding the approach towards SERS

bioanalyses is a large body of knowledge and applications amassed with chemically

14



synthesized nanoparticles. As mentioned in the previous section, a putative advantage of
biogenic nanoparticles over chemical counterparts is the inherent surface layer (corona).
This surface layer is believed to play a role in colloidal stability and is viewed as a
modification scaffold. Details on the surface layer of nanoparticles and modification are

presented in sections below. Prior to this, it is important to establish a foundation in the

biosynthetic process of producing nanoparticles. Figure 1-6 presents a visual overview of

the major steps involved to produce biogenic silver nanoparticles. The final product
showing a colloidally stable dispersion of nanoparticles with a characteristic yellowish

brown colour consistent with silver is shown in the lower panel of Figure 1-6d.
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Figure 1-6. Representative images of major steps involved in the production of ~ 30 nm
silver nanoparticles using Fusarium oxysporum. (a) Top down image of a seven day old F.
oxysporum culture on potato dextrose agar. This culture stage is used to start liquid
cultures shown in (b). Inoculum plug is located at the centre. (b) Liquid cultures of F.
oxysporum after four days incubation without AgNOs. This step is required to produce
fungal biomass that can be separated from growth media prior to AgNOs3 incubation. (c)
Liquid culture of F. oxysporum with and without AgNOs after exposure to heat (~ 45°C) for
three days. Fungus control flask (left) does not contain AgNOs. Right side flask contains
AgNOs. (d) Final product after fungal filtration. Colloidal silver nanoparticle dispersion
shown in lower image.

Microorganisms are widely viewed as self-organized systems that are capable of
autonomously synthesizing molecules on a nano- and micro-scale in a highly selective
manner. Various microorganisms, such as fungi and bacteria, have evolved resistance
mechanisms against metallic ions that involve oxidation-reduction reactions.?®-193 As such,

they are becoming increasingly popular candidates for metal nanoparticle synthesis.101-103
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A primary advantage fungi have over other planktonic microorganisms and plants is their
ability to tolerate high concentrations of metal ions.194 This is a result of their inherent
ability to produce higher protein titers that function to reduce metal ions to less toxic
forms.102.104 This reductive process is facilitated by enzymes (i.e., reductases) and perhaps
cytochromes or other electron transporters present in the cell wall, cytoplasmic
membrane, or within the cytoplasm.102-103,105-106 Thys, fungal organisms can be selected on

the basis of highest nanoparticle localization, either intracellular or extracellular.

Production of nanoparticles by a variety of fungal organisms has been explored.
Due to their antimicrobial activity as well as their optical properties, AgNPs have been the
target of many of these investigations. Fungal organisms such as Aspergillus fumigatus,
Aspergillus flavus, Fusarium semitectum and Penicillium fellutanum have all shown the
ability to produce AgNPs with somewhat controllable shape and size.197-110 The fungus
Fusarium oxysporum has also been shown to produce Ag as well as Au and CdS
nanoparticles.111-113 Relevant to the present work, Sastry and co-workers were first to
show that AgNPs are produced extracellularly by F. oxysporum.113 Duran et al. proposed a
mechanism for AgNP production by F. oxysporum that involves a nitrate-dependent
reductase and a quinone-based redox shuttle.10> Recently, AgNPs from F. oxysporum have
been employed as antifungal agents!14 and as labels for cellular imaging.?® These previous
reports indicate that F. oxysporum is able to produce stable AgNPs that can be valuable for a

variety of applications.
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1.5.1. Surface layer or corona of nanoparticles

The surface layer is believed to be a unique difference between biologically
synthesized NPs and chemically synthesized NPs. Chemically synthesized NPs are typically
capped with citrate ions or a surfactant species that affords colloidal stability. Whereas,
the surface chemistry of biogenic NPs is complex with biomolecules and can be exploited
for specialized applications.?® Currently, our understanding of the surface layer of biogenic

NPs is limited.

Over the past decade, there has been tremendous interest within the scientific
community on understanding the influence of adsorbed biomolecules on nanoparticles.115
125 Cedervall and co-workers first described a “protein corona,” which later became
“biocorona” of nanoparticles; and suggested it to define the biological identity of
nanoparticles.115120,126-127 Consequently, impact of the surface layer with the surrounding
environment can be beneficial or detrimental.128-130 Understanding the chemical and
physical makeup of the surface corona enables researchers to predict interactions within
an environmental matrix.131-132 There are several reports in the literature that discuss
chemically synthesized nanoparticles that are deliberately exposed to a variety of protein
matrices, such as the use of cationic gold nanoparticles exposed to serum.132 In this thesis,
attention is focused on the inherent surface layer of biologically synthesized nanoparticles.
Within this context, many researchers have previously purported that the surface layer of
biogenic nanoparticles consists of proteins.104-105,133-134 Though several techniques have

been used to probe the surface layer, the current body of evidence is inconclusive in
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providing structural and compositional details. Currently, there are no reports describing
the surface layer of biogenic AgNPs providing both direct and indirect structural and
compositional evidence. To this end, chapter 3 provides systematic evidence of the surface
chemistry of biogenic AgNPs produced by F. oxysporum. Understanding the surface
chemistry enables modification to further advance towards a SERS-based biosensing

platform.

1.5.1.1. Surface modification

Though bare (unmodified) nanoparticles can be used for direct SERS measurements,
135136 typically SERS substrates are modified for indirect (extrinsic) measurements.
Schliicker summarizes two important components of an extrinsic SERS label, albeit Raman
reporter molecules (Raman labels) and a biorecognition agent.®# Raman reporter
molecules allow for enhanced sensitivity and simple identification. Biorecognition agents
such as oligonucleotides (DNA / RNA) or antibodies (protein) are used for target

specificity.64 69

Modification strategies are typically derived from modification schemes for planar
substrates and applied to surface modification of nanoparticles. Through this approach,
well understood systems can be applied and extended to a new substrate. Thus,
established techniques for modifying planar gold will be extended to biogenic silver

nanoparticles.
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A popular method to modify gold is through thiol self-assembled monolayers
(SAMs).137 In this system, a sulfur head group of a thiol molecule binds to gold while the
other end of the molecule, the terminal group, can be tailored to meet a specific surface
functionality. In 1983, Nuzzo and Allara first demonstrated spontaneous formation (self-
assembly) of thiol monolayers by adsorption of disulfides on gold.138 Since this initial
demonstration, a broad range of commercially available aryl and alkyl thiols with
numerous terminal functional groups have enabled applications ranging from molecular
electronics!39-140 to biomolecule immobilization.141-142 Beyond gold, thiols have also been

used to coat a variety of other substrates such as silver, platinum, and copper.137. 141, 143-144

Major benefits of using thiols to modify gold and silver surfaces include ease of use,
reproducible film formation, and flexibility of the terminal group allowing for expanded
capabilities.1#1 Figure 1-7 shows a scheme of an aryl thiolate monolayer formation on
gold. Thiolate film formation consists of several steps including diffusion to the surface and
re-arrangement into a crystalline film.141 Generally, thiols and disulfides are understood to
adsorb to gold surfaces as thiolates.14! This understanding is due to the strength of the
sulfur-gold interaction reported to be ~ 50 kcal mol-1, which is stronger than physisorbed
interaction.’#! Thiolate films have been documented on gold nanoparticles during

synthesis as capping agents and in the modification of preformed AuNPs.145-146
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Figure 1-7. Spontaneous self-assembly of aryl thiols on gold forming a well-ordered
monolayer.

Type of thiol used for modification plays a role in crystallinity. Long alkanethiols (C
> 9) produce more densely packed, organised structures stabilised by van der Waals
interactions between the alkyl chains.14? Monolayers on silver are structurally related to
those formed by adsorption on gold, but differ in orientation.137.143-144 Depending on the
chain length, n-alkanethiol molecules typically orient themselves tilted with respect to the
surface normal on gold (20° — 30°) and silver (10° — 15°) to maximize intermolecular
forces.137,144,147-148 (ollectively, thiol chemistry provides a robust foundation to approach
modifying the surface of biogenic nanoparticles with thiol-based Raman reporter

molecules.

For target specificity, antibodies are used in this work. Two common strategies for
antibody conjugation to SERS substrates are: (1) covalent attachment via, for example, a
bifunctional cross linker with N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide

hydrochloride (EDC) / N-hydroxysuccinimide (NHS) ester coupling via lysine residues!4°-
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150 or (2) electrostatic attachment.”5 151-152 Detailed preparation of extrinsic biogenic SERS

labels is presented in chapter 4.

1.6. Thesis outline

This thesis contributes in two major fields. First, the field of biogenic nanoparticles

by detailed investigations of the inherent surface layer (corona). Second, the field of
prostate cancer by advancing a prognostic and predictive immunoassay that uses AgNP-

labels and surface-enhanced Raman spectroscopy for the detection of AR-V7.

Chapter 2 explores biological synthesis of AgNPs from several isolates of F.
oxysporum representing different collection parameters; notably host/substrate, life
history, and geographic origin. Such information is considered pertinent when using
microorganisms for reliable nanoparticle synthesis and optimization. Control of final
product characteristics is gained through isolate selection and culture conditions such as
temperature and pH. A direct comparison between biologically synthesized AgNPs (B-
AgNPs) and commercially available, chemically synthesized AgNPs is presented.
Highlighted is a potential advantage of the organic surface layer inherent to B-AgNPs in

terms of colloidal stability and application development.

Chapter 3 characterizes the surface corona of silver nanoparticles produced by F.

oxysporum. Examination the surface corona of biogenic silver nanoparticles is valuable
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towards application development and understanding in vivo interactions. The approaches
involves both in situ analyses of silver nanoparticle dispersions (indirect) and desorption of
the surface corona (direct). Results presented show evidence for the surface corona
thickness, chemical composition, and relative chemical abundance. Highlighted is the
differences between our approaches and discuss the implications of each. Also highlighted
is contrasting results of the surface layer and discuss implications from an ecological

perspective. This may benefit a mechanistic understanding.

Chapter 4 advances the functionality of B-AgNPs towards a surface-enhanced
Raman scattering (SERS) sandwich immunoassay. Contained within this chapter is a
collection of experiments to demonstrate controlled surface modification of B-AgNPs by
adding Raman reporter molecules and antibodies. In parallel, efforts to optimize a capture
substrate that will be used in a SERS immunoassay will be presented. Evidence of
modifying 810 nm, 820 nm, and g30 nm B-AgNPs with five different Raman reporter
molecules in turn with control is demonstrated. Subsequent addition of IgG antibodies
(anti-androgen receptor full length, anti-AR-FL) is demonstrated to add selectivity to the
Raman labels. This paves the way for selective detection of protein biomolecules.
Successful modification is evidenced by UV-visible extinction and Raman spectroscopy
results. With each modification step, B-AgNPs were generally stable with few exceptions
that are discussed. Optimization of substrate was performed through plasmonic coupling
experiments to determine if 300 nm thick Au or 300 nm thick Ag films provide higher

Raman signal intensities. Based on these experiments, a biochip consisting of multiple
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metal film spots deposited onto a standard microscope slides were fabricated with the aim

of clinical use.

Chapter 5 reports the successful detection of AR-V7 protein at low levels in cultured
prostate cancer cells and in human serum using a SERS-based sandwich immunoassay.
Calibration results comparing AR-V7 protein and AR-V7 mRNA expression levels are
reported. This work uses enhanced expression of AR-V7 in cultured prostate cancer cells
to verify presence of AR-V7 protein. To establish a calibration curve and a linear range,
detection of AR-V7 protein is evidenced and compared with AR-V7 mRNA results from
cultured prostate cancer cells. To this end, a prospective pilot scale study to investigate the
clinical utility of a SERS-based immunoassay by using a blinded retrospective cohort of
seven mCRPC patients pre / post treatment with enzalutamide and / or abiraterone. The
results demonstrate the ability to identify AR-V7 status (positive or negative) in mCRPC
patients and provide quantitative measurements to enhance prognostic and predictive
value. Furthermore, the results begin to demonstrate the potential of a SERS-based
immunoassay to serve in an AR-V7 prognostic/predictive toolkit. Advancing this approach
to the clinic and further enhancing the prognostic and predictive potential is also briefly

discussed.
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Chapter 2. Fungal isolate optimized for biogenesis
of silver nanoparticles for enhanced colloidal

stability

2.1. Introduction

Noble metal nanoparticles are widely featured in scientific literature and are the
basis of a number of commercial products.24 153 Unique optical properties and high surface
to volume ratio of metallic nanoparticles, such as gold and silver, are the impetus for many
applications. In addition, the ability to synthesize metallic nanoparticles with controlled
size and shape via straight forward chemical approaches allows researchers to obtain,
either commercially or via in-house synthesis, sufficient quantities of these materials to
apply in a wide range of experiments. While methods to chemically synthesize metallic
nanoparticles have been finely tuned and widely applied,154158 there has recently been
increased attention toward biologically produced nanoparticles.159-160 Such particles are
produced in aqueous media (often metal salts dissolved in water) with generally low
toxicity and may possess chemical and physical properties that can be exploited in new or
improved ways. In terms of surface chemistry, chemically synthesized nanoparticles are
typically capped with citrate ions or some surfactant species that afford colloidal stability.
The chemical makeup of the surface layer of biologically produced nanoparticles is more

complex and can be targeted for specialized applications.?8
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Microorganisms are widely viewed as self-organized systems that are capable of
autonomously synthesizing molecules on a nano- and micro-scale in a highly selective
manner. Various microorganisms, such as fungi and bacteria, have evolved detoxification
mechanisms against metals that involve oxidation-reduction reactions.101-103 As such, they
are becoming increasingly popular candidates for metal nanoparticle synthesis.101-103 A
primary advantage fungi have over other planktonic microorganisms and plants is their
ability to tolerate high concentrations of metal ions.194 This is a result of their inherent
ability to produce higher protein titers that function to reduce metal ions to less toxic
forms.102.104 This reductive process is facilitated by enzymes (reductases) present in the
cell wall, in the cytoplasmic membrane, or within the cytoplasm.102-103,105 As such, fungal
organisms can be selected on the basis of highest nanoparticle localization, either

intracellular or extracellular.

Production of nanoparticles by a variety of fungal organisms has been explored.

Due to their antimicrobial activity as well as their optical properties, silver nanoparticles
(AgNPs) have been the target of many of these investigations. Fungal organisms such as
Aspergillus fumigatus, Aspergillus flavus, Fusarium semitectum and Penicillium fellutanum
have all shown the ability to produce AgNPs with somewhat controllable shape and size.107-
110 The fungus Fusarium oxysporum has also been shown to produce Ag as well as Au and
CdS nanoparticles.111-113 Relevant to the present work, Sastry and co-workers were first to
show that AgNPs are produced extracellularly by F. oxysporum.113 Duran et al. proposed a

mechanism for AgNP production by F. oxysporum that involves a nitrate-dependent
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reductase and a quinone-based redox shuttle.10> Recently, AgNPs from F. oxysporum have
been employed as antifungal agents!14 and as labels for cellular imaging.?® These previous
reports indicate that F. oxysporum is able to produce stable AgNPs that can be valuable for a
variety of applications. However, thorough optimization of AgNP synthesis by F.

oxysporum in terms of fungal isolate type as well as physical parameters such as
temperature and pH has not been undertaken. In addition, a direct comparison between
fungal produced AgNPs and commercial, chemically synthesized AgNPs has not been

reported.

In this study, we explore biological synthesis of AgNPs from several isolates of F.
oxysporum representing different collection parameters; notably host/substrate, life
history, and geographic origin. We consider such information pertinent when using
microorganisms for reliable nanoparticle synthesis and optimization. Control of final
product characteristics is gained through isolate selection and culture conditions such as
temperature and pH. We present a direct comparison between biologically synthesized
AgNPs (B-AgNPs) and commercially available, chemically synthesized AgNPs. We highlight
a potential advantage of the organic surface layer inherent to B-AgNPs in terms of colloidal

stability and briefly discuss application development.
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2.2. Experimental

2.2.1. Reagents and materials

All reagents and media used were analytical grade. Silver nitrate, ACS reagent, = 99% was
purchased from Sigma-Aldrich (lot# MKBD7719 V). Sodium chloride, ACS reagent, = 99%
was purchased from EMD (lot# TCO9C2EMS). Citrate-capped silver nanoparticle
dispersions were purchased from Sigma-Aldrich (Oakville, Ontario, Canada, 10 nm lot#
MKBR4545 V and 20 nm lot# MKBJ]6307 V) and Nanocomposix (San Diego, California, USA,
lot# DAG1159); each at a concentration of 0.02 mg/L. Particle size specifications ranged
from 10 nm to 20 nm in diameter. Deionized (DI) water with a resistivity of 18 MQ-cm was

used for all aqueous preparations.

2.2.2. Screening fungal isolates

Twelve F. oxysporum isolates were evaluated for extracellular AgNP production (Table 2-
1). Isolates were selected based on differences in host, life history, and geographic region.
Each isolate was initially cultured on potato dextrose agar (PDA) under light ((16 : 8 h (h),
light : dark (L : D)) at 23°C = 2°C. As an intermediate step prior to incubating in silver
nitrate solution, liquid medium was inoculated by removing a single 1 cm? solid PDA
growth medium piece containing mycelium and conidia from a six day old culture of each
isolate and transferring to a sterile 500 mL Erlenmeyer flask containing 100 mL of sterile
0.5% yeast extract (YE) broth. All inoculated flasks were incubated at 25°C + 1°C under

dark conditions with no shaking for 10 days.
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After 10 days incubation, fungal biomass was separated from the culture broth by using
sterile 50 mL centrifuge tubes and centrifuging at 9600 x g at 23°C for 20 min in an
Eppendorf 5810R centrifuge. Settled biomass was washed twice with one volume of sterile

deionized water, centrifuged for another 10 min and then weighed.

Harvested washed fungal biomass was added to 100 mL of sterile 1 mM aqueous silver
nitrate solution in Nalgene polymethylpentene (PMP) conical flasks with screw caps at
room temperature (23°C £ 2°C). After inoculating, all flasks were incubated at 25°C £ 1°C
under dark conditions with no shaking for 14 days. A negative control containing only

silver nitrate solution was maintained simultaneously under identical conditions.
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Table 2-1. Description of Fusarium oxysporum isolates screened for biosynthesis of silver
nanoparticles

Geographic Internal
Fungal identity Host/substrate  Life history origin accession #
Fusarium oxysporum Cabbage Plant pathogen USA 112a
Fusarium oxysporum Wheat Saprophyte Canada 180
Fusarium oxysporum Barley Saprophyte Canada 181
Fusarium oxysporum Canola Plant pathogen Canada 1915
Fusarium oxysporum Banana Plant pathogen Australia 404c¢
Fusarium oxysporum Pea Saprophyte Denmark 4054
Fusarium oxysporum Canola Plant pathogen Chile 410¢
Fusarium oxysporum Canola Plant pathogen Canada 521
Fusarium oxysporum Canola Plant pathogen Canada 522
Fusarium oxysporum Cabbage Plant pathogen Canada 535f
Fusarium oxysporum Canola Plant pathogen Canada 571
Fusarium oxysporum Canola Plant pathogen Canada 840

aQriginally obtained from American Type Culture Collection (identification #16600).
bOriginally obtained from Agriculture and Agr-Food Canada (identification # 9A).

<Originally obtained from American Research Service/NRRL (identification #25603).
40riginally obtained from American Research Service/NRRL (identification #31074).
¢Originally obtained from 20/20 Seeds (Alberta, Canada) (identification #346857).

fOriginally obtained from Crop Diversification Centre (Manitoba, Canada) (identification #471).
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2.2.3. Effect of temperature

Based on results of our screening trails (vide infra), we selected Fusarium oxysporum isolate
405 to move forward. Similar to our screening trials, F. oxysporum 405 was initially
cultured on PDA in the dark for seven days at 23°C £ 2°C. As an intermediate step prior to
incubating in silver nitrate solution, the liquid medium was inoculated by removing two 1
cm? solid PDA growth medium pieces containing mycelium and conidia from a seven day
old culture of each isolate and transferring to a sterile 500 mL Erlenmeyer flask containing
100 mL of sterile 1% yeast extract, 1% D-glucose and 1% Bacto-peptone (YGP). Through
experience gained in our screening trials, additional inoculum and medium design for our
size control trials were selected to increase nanoparticle production by increasing fungal
biomass. All inoculated plus control flasks were incubated in the dark at 23°C + 2°C
shaking at 150 rpm. After six days, fungal biomass was separated from the culture broth by
centrifuging at 4000 rpm in sterile 250 mL bottles at 23°C for 10 min in an Eppendorf
5810R centrifuge. Settled biomass was washed once with sterile DI water, centrifuged, and

weighed.

Harvested washed fungal biomass was added to 100 mL of sterile 1 mM aqueous silver
nitrate solution in sterile Nalgene PMP conical flasks with screw cap lids at 23°C £ 2°C.
After inoculating, all flasks were incubated either at: a) 25°C + 1°C, b) 50°C £ 1°C or c) 75°C
+ 1°C under dark conditions with shaking at 100 rpm for four days. In our screening trails,
we noticed that the fungal mycelium would generally be localized to the medium surface

unless cultures were shaken, which limited exposure of mycelium to silver nitrate to the
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relatively small submerged portion of mycelium. Shaking allows for complete surface area
exposure; however the revolutions per minute were purposefully maintained at a low rate
to prevent possible intracellular nanoparticle formation.1®? Simultaneously, a negative
control containing only silver nitrate solution and a positive control containing only fungus
was maintained under identical experimental conditions. Trials were conducted three

times.

2.2.4. Enrichment of nanoparticles

To separate and recover AgNPs, aqueous dispersions of AgNPs with fungi were transferred
to sterile 50 mL centrifuge tubes and sonicated for 20 min at 23°C + 2°C using a Branson
5510 ultrasonicator to separate nanoparticles from fungal mycelia post synthesis. After
sonicating, aqueous dispersions with fungal mycelia were briefly vortexed and filtered
using a sterile Millipore 0.45 um Durapore polyvinylidene difluoride 250 mL vacuum

filtration unit. Samples were stored in the dark at 4°C.

2.2.5. Effect of pH

Fusarium oxysporum 405 cultures were prepared as described above for size control trials.
Six-day-old harvested washed fungal biomass was added to 100 mL of sterile 1 mM

aqueous silver nitrate solution previously adjusted to either: a) pH 3, b) pH 5, c) pH 7 or d)
pH 9 using either 0.2 M NaOH or 0.2 M HCl in sterile Nalgene PMP conical flasks with screw

caps at 23°C £ 2°C. After inoculating, all flasks were incubated at 75°C = 1°C under dark
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conditions with shaking at 100 rpm for 24 h. AgNPs were separated from the biomass as

described above.

2.2.6. Extinction spectroscopy

For screening experiments, bioreduction of Ag* in aqueous solution was monitored at room
temperature using a Bio-Rad Microplate Manager, Version 5.2. Aliquots (0.2 mL) of
suspension were periodically sampled and the absorbance measured at 405 nm, 450 nm,
490 nm and 540 nm. The maximum absorbance for AgNP solutions was at 405 nm.
Aliquots of fungal cultures were briefly centrifuged (i.e., pulsed) to avoid
spectrophotometric interference from the fungal biomass. Deionized water was used as

the blank. Prior to the measurement, the plate was shaken for 5 sec.

For temperature experiments, all nanoparticle dispersions were diluted by a factor of 4
with deionized water before analysis. Extinction spectra were collected in absorbance
mode on a double-beam Perkin Elmer Lambda 35 spectrophotometer. Spectra were
scanned from 900 - 200 nm with a scan rate of 240 nm/min. Deionized water was used as

the blank. Measurements were done at room temperature.
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2.2.7. Scanning electron microscopy (SEM)

Samples of fungal mycelium were air-dried, mounted on specimen stubs with double-sided
adhesive tape, sputter coated with gold/palladium and examined under Philips/FEI XL 30

SEM at 20 kV.

2.2.8. Energy dispersive spectroscopy (EDS)

A sample of fungal mycelium was air-dried prior to mounting on specimen stubs with
double-sided adhesive tape and sputter coated with carbon and examined under a Zeiss
EVO MA 15 LaB6 filament SEM. Backscattered images were taken using a silicon diode
detector. Energy dispersive analysis was performed with a Peltier-cooled 10 mm? Bruker
Quantax 200 Silicon drift detector with 123 eV resolution. Secondary electron images were
obtained using an Everhart-Thornley detector. Working distance was 6.5 mm with an

accelerating voltage of 10 kV.

2.2.9. Transmission electron microscopy (TEM)

A droplet of aqueous sample was deposited onto a Formvar 300 micron copper-coated
mesh grid. After approximately one minute, excess suspension was wicked-off using
Whatman filter paper and then the grid was air-dried at room temperature before analysis.
All sample grids were examined under a Philips FEI Morgagni 268 TEM at 80 kV. Images

were collected using a Gatan Orius charge-coupled device camera. High-resolution images
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were collected by examining sample grids under a 200 kV JEOL 2200 FS field emission TEM

equipped with an in-column omega type energy filter.

2.2.10. Dynamic light scattering (DLS)

Hydrodynamic diameter of AgNPs was determined by DLS or photon correlation
spectrometry with a Malvern Zetasizer Nano-ZS. Results were collected with a 4 mW He-
Ne laser set at 633 nm with a 173° back scattering angle and an avalanche photodiode
detector. Measurements were performed under the following conditions: particle
refractive index 1.590; particle absorption coefficient 0.013 for Sigma products and 0.118
for B-AgNPs (based on absorbance values recorded at 633nm); water refractive index 1.33;
viscosity 0.8872 cP; and temperature 25°C; equilibrated for 120 sec.; 15 runs; n =3

measurements.

The size distribution is calculated using an inverse Laplace transform algorithm and the
hydrodynamic radii is calculated using Stokes-Einstein equation. Hydrodynamic diameter
(Dnya) reported represents the mean diameter based on intensity of scattered light. Values

reported are an average of three measurements + standard deviation.
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2.2.11. Zeta potential (ZP)

Zeta potentials of AgNPs were determined by Malvern Zetasizer Nano-ZS based on
electrophoretic light scattering. A 4 mW HeNe laser with 633 nm wavelength was used as
the light source. All measurements were performed under the following conditions:
temperature 25°C; equilibrated for 120 sec.; 20 runs; n = 3 measurements; Smoluchowski

model.

2.2.12. Colloidal stability

Biologically produced and chemically produced silver nanoparticles with average size
diameters of 10 nm and 20 nm were each mixed with aqueous 0.6 M sodium chloride to
yield the following final sodium chloride concentrations: 0 mM (AgNPs ‘as is’), 120 mM,
200 mM, 300 mM, 400 mM, 480 mM. Immediately after mixing, samples were inverted
three times and measured in absorbance mode on a double-beam Perkin Elmer Lambda 35
spectrophotometer. Spectra were scanned from 800 - 300 nm with a scan rate of 240
nm/min. Deionized water was used as the blank. Measurements were done at room

temperature and trials were conducted three times.

36



2.3. Results and discussion

2.3.1. Screening fungal isolates for production of silver nanoparticles

Although there have been previous reports on the generation of AgNPs by fungi,107-
110 jncluding F. oxysporum,113 an examination of a wide range of isolates has not been
reported. One previous study reported AgNP production from several strains of F.
oxysporum, however the strains were not compared with respect to the quantity, shape or
size of the AgNPs produced.1%> Another report has documented an optimal set of culture
conditions for AgNP production of a single isolate of F. oxysporum.1%4 This later study is a
useful point of reference. We believe a careful understanding of the organism, incubation
conditions, and synthesized products are important for providing a path forward towards
application development. Our results show that fungal organisms exhibit variability among
isolates. We present our inter-isolate screening results and characterize AgNPs that were

obtained from our highest yielding isolate.

Twelve Fusarium oxysporum isolates were evaluated that exhibited differences in
substrate/host, life history, and geographic region. Screening these isolates involved
probing the synthesis of extracellular elemental silver nanoparticles production at 25°C +
1°C under dark conditions with no shaking for 14 days (Table 2-1). Figure 2-1 contains
the results of the screening 12 Fusarium oxysporum isolates after exposure to AgNO3 in
vitro over 14 days for AgNP production. The inset of Figure 2-1 is a photograph showing

the characteristic colour change of the solution from colourless to yellowish-brown that
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can be detected as early as a few hours. It is well established that the yellow colour is due
to the localized surface plasmon resonance (LSPR) of AgNPs.108 All isolates studied
induced a colour change when exposed to silver nitrate. Such colour change is consistent

with previous reports.105, 113,162

As the extinction (absorbance) peak widths were similar, magnitude of the
extinction LSPR band of AgNPs at 405 nm was used to compare the output from the
different isolates. Figure 2-1 contains a plot of the extinction as a function of incubation
time. A negligible absorbance signal was recorded for 1 mM silver nitrate solution without
fungal inoculum (i.e., negative control) throughout a 14 day period. All solutions that
contained fungal isolates exhibited absorbance at 405 nm higher than the background,
indicating production of AgNPs. No decrease in absorbance was observed implying that
the nanoparticles were stable with no evidence of flocculation several weeks post reaction.
However, Figure 2-1 shows that production over time varies considerably from isolate-to-
isolate, despite all isolates belonging to the same fungal species. Of the isolates included in
this study, F. oxysporum 405 synthesized the highest quantity of silver nanoparticles more
rapidly over time compared to other F. oxysporum isolates. Based on our observations with
F. oxysporum and other fungal organisms (i.e., F. commune, Aspergillus flavus, and Beauveria
bassiana) that we tested (data not shown), we hypothesize saprophytic organisms are
more effective at reducing aqueous metals than pathogenic organisms. We speculate
saprophytes may be more often exposed to aqueous metals in the environment, thus rely

on efficient detoxification mechanisms for survival; whereas pathogens commonly
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associated with host disease may be less efficient at detoxification. We recognize that this

hypothesis needs further testing, however, in moving forward in this work, we selected F.

oxysporum 405, a saprophyte, for further evaluation based on its enhanced AgNP

production.
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Figure 2-1. Extinction at 405 nm (Amax) as a function reaction time of 1 mM AgNOs3
solution with Fusarium oxysporum isolates cultured at 25°C in the dark with no shaking for
14 days. Inset shows visual production of silver nanoparticles. Flask with colourless

solution (left) is 1 mM silver nitrate solution without fungal inoculum (negative control).
The yellowish-brown colour (right) is primarily due to characteristic surface plasmon

resonance of silver nanoparticles.
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Figure 2-2. Scanning electron micrograph of Fusarium oxysporum 405 mycelia incubated
in 1 mM silver nitrate solution at 25°C in the dark with no shaking for 14 days. (a)
Individual silver nanoparticles deposited on the surface of fungal mycelia (arrow). Note:
Fungal mycelia has collapsed due to air-drying. (b) Energy dispersive X-ray spectrum of
silver nanoparticles from spot profiles to confirm elemental silver.
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Figure 2-2 shows the morphology of nanoparticles synthesized by F. oxysporum 405
and confirms elemental silver composition. Figure 2-2a is an SEM image showing AgNPs
on the surface of the fungal mycelium. The particles appear spherical and uniform in
morphology (see discussion of Figure 2-4). This is in contrast to initial work with F.
oxysporum wherein the morphology of AgNPs was highly variable and featured spheres and
triangles.105113 A more recent study shows predominantly spherical AgNPs produced by F.
oxysporum?8 and AgNPs produced from other fungal species are primarily spherical.107-110
The particles observed in Figure 2—2a are well separated on the surface of the fungus with
no apparent aggregation. Figure 2-2b is an energy dispersive X-ray spectrum containing
strong emission signals from silver in biogenic AgNPs. Weaker X-ray emission signals from
sulfur (S), chlorine (Cl), oxygen (0) and phosphorus (P) may originate from biomolecules
(e.g., proteins or glycans) that are bound to the surface of silver nanoparticles63 or from
organic fungal tissue. Strong carbon signals are due to a combination of organic fungal
tissue and the carbon coating of sample prior to analysis. These results confirm production

of spherical AgNPs by F. oxysporum 405.

2.3.2. Effect of temperature on the production of silver nanoparticles

A limited number of reports have examined the effect of temperature on fungal
produced nanoparticles. Our interest is controlling quantity and size (vide infra) of AgNPs
produced. Gericke and Pinches demonstrated that size of gold nanoparticles produced by
two different fungi could be controlled by temperature.1¢4 A study by Kathiresan et al.

showed a decrease in quantity of AgNPs produced by Penicillium fellutanum with
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increasing temperature based on optical density measurements.!19 Birla et al. report a
maximum production of AgNPs at elevated temperatures (80°C — 100°C) using the filtrate

of F. oxysporum isolated from banana fruit.104

Figure 2-3 presents extinction spectra of filtered aliquots of the incubation solution
consisting of 1 mM AgNO3 with F. oxysporum 405 at three different temperatures after
incubation for 3 days. The spectra for 75°C and 50°C contain a single LSPR band with
maximum absorbances at 411 nm and 402 nm, respectively. These spectra show no
evidence of aggregation. The spectrum for the 25°C solution does not exhibit a discernible
band due to a low quantity of nanoparticles produced at that temperature and time.
Although the width of the bands of the B-AgNPs (FWHM ~ 98 nm, 20 nm) are greater than
those of commercial, chemically produced AgNPs (FWHM ~ 68 nm, 20 nm), electron
microscopy analysis discussed below (Table 2-2) indicates that the polydispersity of
biogenic AgNPs is similar to commercial AgNPs. A discussion of the LSPR band widths and

positions is included below.

We can use the LSPR extinction magnitudes in Figure 2-3 to estimate quantity of
AgNPs produced at different temperatures by considering nanoparticle size and
corresponding extinction coefficient. As shown below, AgNPs produced at 25°C are
significantly larger (diameter > 50 nm) than those produced at higher temperatures, with
AgNPs produced at 75°C exhibiting the smallest diameter (10 nm). Though extinction

coefficients for AgNPs produced by F. oxysporum 405 have not been determined at this

42



time, extinction coefficients for citrate-capped AgNPs have been reported.16> Larger
nanoparticles exhibit higher extinction coefficients and the value for 50 nm particles is
roughly 100 times that of 10 nm particles. Thus, it is reasonable to conclude that higher
concentrations of AgNPs are produced at higher temperature. Based on extinction values
for citrate-capped AgNPs, we estimate F. oxysporum 405 produces a concentration of 6 x
1012 particles/mL at 75°C and 3 x 1011 particles/mL at 50°C. We have also estimated B-
AgNP concentration using ICP-MS to measure the total amount of silver (data not shown).
This analysis yielded concentrations of 5 x 1013 particles/mL at 75°C and 4 x 1012
particles/mL produced at 50°C. Both analyses indicate that incubation at 75°C produces
10-fold higher concentration of B-AgNPs than at 50°C. These results are also consistent
with those of Birla et al.,1%4 who concluded that 40°C and 60°C are optimal temperatures

based on amount and rate of AgNP production.
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Figure 2-3. Extinction plot demonstrating the effect of temperature on silver nanoparticle
biosynthesis. In all cases, 1 mM AgNOs solution was added to Fusarium oxysporum 405
incubated in the dark with shaking at 100 rpm for 3 days.

A method to separate and recover AgNPs from fungal biomass involving ultrasonic
treatment and filtration was used to obtain solutions of dispersed particles for further
analysis of size and for comparison with chemically synthesized AgNPs. Isolation of B-
AgNPs is also important for future applications. A working method employing 20 min
ultrasonic treatment (S) and 0.45 pm filtration (F) was used. We rationalize that ultrasonic
treatment would dislodge AgNPs from the fungal surface and filtration would remove the
biomass. As shown in Figure 2-4, we used extinction spectroscopy to examine AgNPs
produced at either 25°C, 50°C, or 75°C and measured aliquots pre and post ultrasonic

treatment and filtration. There appears to be no significant difference in the amount of
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dispersed AgNPs produced at 75°C pre and post ultrasonic treatment and filtration.
However, at 25°C and 50°C, a higher extinction is observed following ultrasonic treatment
and filtration. We believe more AgNPs are dislodged from F. oxysporum mycelia for these
samples. We surmise that the differences in recovery observed (Figure 2-4) are due to
variations in the surface composition of the AgNPs produced at different temperatures and
their interactions with mycelia. However, it is clear that AgNPs are not lost in the

purification treatment based on extinction measurements.

Extinction at 405 nm (A.U.)

Figure 2-4. Extinction spectra at 405 nm (Amax) demonstrating the effect of ultrasonication
(S) and ultrafiltration (F) on the recovery of silver nanoparticles produced by Fusarium
oxysporum 405 incubated for 4 days at three different temperatures.
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The effect of temperature on size, shape, and polydispersity of AgNPs isolated from
F. oxysporum biomass using the method described above was examined by TEM. Figure 2-
5 contains TEM images of AgNPs produced at 25°C, 50°C and 75°C. The particles are
spherical for all three temperatures; however, culture temperature significantly affects the
size and size distribution of resulting particles. AgNPs produced 25°C are larger (TEM
average diameter 39 + 30 nm) with a visibly larger size distribution. The particles
produced at 50°C exhibit an average diameter of 17 + 3 nm and those produced at 75°C are
9 + 4 nm in diameter. Higher temperatures also result in a narrower size distribution
relative to 25°C. Narrower size distribution can be further improved by decreasing the
temperature fluctuations by more stringent upper and lower temperature limits. The
control of AgNP diameter by temperature is consistent with previous reports.104 164 Due to
the influence of temperature on size, polydispersity, and quantity, we chose to use AgNPs

produced at 50°C and 75°C in our further studies described below.
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Figure 2-5. Transmission electron micrographs of silver nanoparticles produced by
Fusarium oxysporum 405 in 1 mM AgNOs solution at three different temperatures in the
dark with shaking at 100 rpm for 4 days (a) 25°C; diameter 250 nm (b) 50°C; diameter ~
20 nm (c) 75°C; diameter ~ 10 nm. Insets in each image are higher resolution images of a
single particle. Scale bar sizes of the insets are (a) 10 nm, (b) 5 nm and (c) 2 nm. Particle
size distributions shown below each corresponding TEM image. Images were analyzed
with Image] 1.48v166

2.3.3. Effect of pH on the morphology of silver nanoparticles

Consistent with previous studies104 164, varying pH affected shape and quantity of
AgNPs. Figure 2-6 contains TEM images examining AgNPs produced at pH 3, 5, 7 and 9. At
all pH values tested, F. oxysporum 405 is able to produce AgNPs. However, pH of the
solution did influence size, shape, and polydispersity of the resultant AgNPs. Nanoparticles
formed at pH 3 are variable in morphology consisting of rods, triangles, spheres, and other
irregular shapes. Nanoparticles produced at pH 5 and 7 are predominantly spherical with

relatively uniform size distribution. A pH of 9 produces a mixture of spherical and oblong
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shaped nanoparticles. Similar observations have been reported by Gericke and Pinches164
for gold NP synthesis by Verticillium luteoalbum. Considering our results and Gericke and
Pinches report, we speculate that varying pH would affect the protonation states of acidic
or basic amino acids that are likely involved in forming or stabilizing the nascent
nanoparticles. Changes to the protonation states may also change the overall peptide or
protein conformation resulting in variations in shape of shape. Similarly, Nayak et al.167
hypothesized that pH affects conformational changes in nitrate reducing enzymes, which
may change the morphology and size of silver nanoparticles. Furthermore, it is known that
pH can affect the chelation of ionic silver and the redox potential of chelated silver ion.168
These effects may also lead to variations in shape / size. Our observations lead us to
conclude that the optimal pH range to produce uniform spherical nanoparticles is from 5 to

7.
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Figure 2-6. Transmission electron micrographs of silver nanoparticles produced by
Fusarium oxysporum 405 in 1 mM AgNOs solution at 75°C in the dark with shaking at 100
rpm for 24 hours (a) pH 3. Inset shows a different field of view showing rod
nanostructures (arrow) (b) pH 5 (c) pH 7 (d) pH 9. Nanoparticles formed at pH 3 were
variable in morphology such as rods, spherical, triangular and irregular, undefined shapes
ranging in diameter. Nanoparticles synthesized at pH 5 and at pH 7 were predominately
spherical in morphology and relatively similar in diameter. Nanoparticles synthesized at
pH 9 were predominately spherical or oblong.

2.3.4. Comparisons between biologically produced versus chemically
produced silver nanoparticles
As chemically synthesized, citrate-capped silver nanoparticles are primarily

considered for applications, we felt that a direct comparison between biologically produced
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AgNPs (B-AgNPs) and commercial products will uncover potential benefits of B-AgNPs.
Figure 2-7 contains TEM images of 10 nm and 20 nm Sigma products and F. oxysporum 405
50°C and 75°C products. As noted above, B-AgNPs produced at 50°C and 75°C possess
uniform characteristics (i.e., size and shape) and aggregate to a lesser extent. Thus, we
chose to exclude B-AgNPs produced at 25°C from further analyses. Dynamic light
scattering (DLS) and zeta potential (ZP) measurements were also used to further
characterize the physical and chemical properties of AgNPs. Table 2-2 contains physical
characterization results of particle size, polydispersity indices, surface potential, and

relative colloidal stability.
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Figure 2-7. Transmission electron micrographs comparing commercially-available,
chemically-produced, silver nanoparticles from Sigma-Aldrich with biologically produced
silver nanoparticles of comparable size diameters. (a) 10 nm aqueous dispersion from
Sigma-Aldrich (b) Fusarium oxysporum 405 at in 1 mM AgNOs solution at 75°C in the dark
with shaking at 100 rpm for 4 days; Diameter ~ 10 nm (c) 20 nm aqueous dispersion from
Sigma-Aldrich. Contrast region due to air-drying preparation of citrate buffer (d) Fusarium
oxysporum 405 in 1 mM AgNOs solution at 50°C in the dark with shaking at 100 rpm for 4
days; Diameter ~ 20 nm. Insets show size distributions for each corresponding TEM image
analyzed by Image] 1.48v.166

Table 2-2 shows results of all AgNPs possess a negative surface potential ranging
from -15 to -43 mV at pH 7.0. The ZP values for B-AgNPs were recorded at a range from -
15 to -24 mV, while those of the commercial AgNPs are more negative, 35 to 43 mV. The
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distribution of ZP values is similar for the B-AgNPs. The magnitude of the ZPs agrees with
measurements of similarly produced B-AgNPs in a recent report.?8 Also, an extrapolated
value of approximately -18 mV at pH 7.0 was reported by Birla et al.1%4 It is well known
that a surface potential < -30 mV and = +30 mV is diagnostic of colloidal stability.16° We
note that the lower observed ZP for B-AgNPs relative to the chemically synthesized,
commercial counterparts would indicate a less stable dispersion. However, as discussed
below, B-AgNPs show a higher degree of stability towards added salt than commercial

AgNPs.

Table 2-2. Characterization of chemically or biologically synthesized aqueous silver
nanoparticles by dynamic light scattering and zeta potential measurements

TEM Zeta potential
Sample diameter  Dnyd Polydispersity (mV) at pH LSPR peak
description (nm)?2 (nm)® index¢ ~ 7.0d (Amax, nm)
Sigma 10nm 10+3 20+ 1 0.3+0.1 43 +4 401
Sigma 20nm 24 +3 26 £1 0.5+0.1 -35+ 1 404
Foxy 405 50°C 17+3 52 £ 1 04+0.1 -24 + 1 402
Foxy 405 75°C 9+4 26 £ 1 0.3+0.1 -15+ 1 411

aTransmission electron micrographs were analysed with Image] 1.48v.166 Values reported
are an average of at least eight particles * standard deviation, however particle counts
were greater in most cases.

bHydrodynamic diameter (Z-average) based on intensity. Values reported are an average
of three measurements * standard deviation.

cValues reported are an average of three measurements * standard deviation.

dValues reported in millivolts at 25°C. pH values determined by Whatman pH indicator
paper (Type CF, pH 0-14).
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Comparison of TEM measured diameters of AgNPs with DLS measured
hydrodynamic diameters reveals some interesting differences. Our results show the
hydrodynamic diameter for Sigma 20 nm to be similar with TEM data. However, for Sigma
10 nm and both biological products, the measured hydrodynamic size is larger than values
obtained from TEM measurements. We believe the factor of 2 discrepancy between TEM
and DLS results for the Sigma 10 nm AgNPs is due to low levels of aggregation in this
product. This resultis corroborated by re-testing a two year old lot of 10 nm AgNPs and
measuring a diameter of 204 + 163 nm (n = 3) due to higher levels of aggregation. The
difference between the TEM measured diameter and the DLS results for B-AgNPs is more
pronounced. The hydrodynamic diameter of both sets of B-AgNPs are 3—-times larger than
TEM results. We believe this difference reflects the presence of a unique capping layer
formed around B-AgNPs. This layer is comprised of biomolecules (e.g. proteins) generated
by the host fungus. Such a biocorona layer has been the subject of recent reports.127.170
Given that fungi are known to secrete large quantities of biomolecules, it is reasonable for
these capping biomolecules to play a dual role in synthesis and stabilization of AgNPs.171-172
Several studies examining B-AgNPs by other fungal organisms have documented the use of
Fourier Transform infrared (FTIR) vibrational spectroscopy104 134173 and / or SDS-PAGE
analysis171-172,174 to partially characterize the surface layer. Such studies have led to
conclusions suggesting stability may be conferred by a proteinaceous layer. Potara et al. 98

have recently reported evidence of a stabilizing corona in TEM images.
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Given that proteinaceous biomolecules can adsorb to the surface layer and that our
ZP results confirm a negative surface potential, we investigated whether electrostatic
repulsion, steric effects or a combination of these afforded colloidal stability. Figure 2-8
visually shows the effect of varying the ionic strength of B-AgNPs and chemically produced
AgNPs. Furthermore, Figure 2-9 presents visible extinction spectra used to track the
aggregation of B-AgNPs with increasing ionic strength. As expected, the two citrate-
capped, chemically synthesized AgNPs materials destabilized (aggregated) upon addition
of NaCl at all concentrations used (120 — 480 mM). In contrast, B-AgNPs retain some
colloidal stability in the presence of added NaCl evidenced by the observed plasmon bands
in Figure 2-9a. Such effects are illustrated in Figure 2-9b, which plots extinction maximum
as a function of NaCl concentration for both types of AgNPs. Thus, our results lead us to
conclude that stability is afforded by a combination of both steric effects and electrostatic

repulsion.
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Figure 2-8. Visual demonstration of silver nanoparticles mixed with different
concentrations of NaCl ranging from 0 mM to 480 mM. In all cases, nanoparticles
destabilize (aggregate) with increasing ionic strength. However chemically synthesized
particles destabilize immediately, whereas bio-SNPs destabilize gradually due to both
steric and electrostatic effects. Image taken with a Canon PowerShot SD1000 7.1MP digital
ELPH camera.
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Figure 2-9. Destabilization of biologically synthesized or chemically synthesized silver
nanoparticles with increasing ionic strength using NaCl. (a) Extinction spectra recorded for
each AgNP product after mixing with different concentrations of NaCl. (b) Extinction plot
of plasmon absorbance peaks for each AgNP product with increasing NaCl concentration.
Experiments were run in triplicate with a standard deviation of + 0.01 A.U. Thus, error
bars are not shown.
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An examination of the UV region of the absorbance spectra of B-AgNPs provides
preliminary confirmation of the presence of protein in the filtered solution and, by
extension, in the capping layer as seen in Figure 2-10. A distinct band is observed at 260
nm which is typically ascribed to the absorbance of aromatic amino acids (e.g., tryptophan
and tyrosine). This band is not observed in the spectra of chemically produced AgNPs. We
have used an established method based on the absorbances at 260 nm and 280 nm175-176 to
estimate the amount of protein associated with B-AgNPs (Figure 2-10). The results show
that the magnitude of protein content increases with temperature. We speculate that the
protein containing capping layer is responsible for some of the observations in the
extinction spectra in Figure 2-3 and Figure 2-9. The widths of the B-AgNPs spectra are
greater than citrate capped counterparts. Since TEM size results suggest a similar
polydispersity, the broader band may be due to a distribution of capping layer
compositions, and thus a distribution of the dielectric constant on the B-AgNP surface. As
well, a difference in layer composition between particles synthesized at 50°C vs 75°C could
result in the unexpected trend in LSPR maxima listed in Table 2-2. We are currently
conducting a detailed analysis of the surface layer of B-AgNPs and will report on our

findings separately.
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Figure 2-10. Extinction plots of ‘as is’ (diluted 1:4) B-AgNPs (top-left) and chemically
synthesized AgNPs (top-right). Box highlights the spectral region for protein concentration
estimation (absorbance at 260 nm and 280 nm). Bottom shows a plot of protein
concentration for each of the conditions used for B-AgNPs synthesis. Estimated protein
concentration was calculated according to [Protein] mg/mL = 1.55*A280-0.7 6*A260.175-176
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Monopoli et al.127 refer to the biomolecular layer as a ‘corona’ that surrounds
nanoparticles. The authors27 describe the high surface energy of nanoscale materials
leads to progressive and selective adsorption of biomolecules by weak intermolecular
interactions in biological fluids, unless otherwise designed, to effectively lower the surface
energy. The corona has been described to be both ‘hard’ (static) and ‘soft’ (dynamic) due to
the affinity of adsorbed biomolecules and displacement by new biomolecules over a time
span associated with the nanoparticle surface.l?? Alarcon et al. have shown that of
chemically synthesized silver nanoparticles can be stabilized with biomolecules, such as
collagenl’?, a peptide / collagen mixturel78, or human serum albumin’° for improved
biocompatibility and anti-bacterial properties. Recently, it has been recently shown that
the corona surrounding B-AgNPs can serve as a biocompatible spectroscopic label for cell
imaging.’® We also view the corona as a biomolecular scaffold for bioconjugation
strategies. As such, understanding the composition and abundance of biomolecules
associated with B-AgNPs will be important for bioconjugation strategies and bioanalytical

applications.

2.4. Conclusion

Thorough optimization of AgNP synthesis by F. oxysporum, particularly in context of
intra-species variability and physical parameters such as temperature and pH has not been
previously conducted. In addition, a direct comparison between fungal produced AgNPs
and commercial, chemically synthesized AgNPs has not been reported. We studied 12

Fusarium oxysporum isolates for production of AgNPs and show intra-species variability

59



and note the importance of complete records for isolate selection. Based on our isolate
screening results, we selected a high AgNP yielding isolate and varied temperature or pH
conditions to demonstrate size and shape control, respectively. Separation of AgNPs from
fungal mycelium was done by ultrasonication and ultrafiltration. Ultrasonication was
found to moderately improve AgNP recovery for nanoparticles > g10nm. Characterization
was performed by UV-Vis spectroscopy, SEM, EDS, TEM, DLS, and ZP measurements. Our
results corroborate with increasing incubation temperature increased quantity, yet
nanoparticle diameter was inversely related; varying pH predominately influenced
nanoparticle morphology. Our results show B-AgNPs can be controllably produced that is
physically comparable to commercial, chemically synthesized AgNPs. However, our ionic
destabilization results highlight a unique chemical advantage associated with the fungal
produced layer (corona) surrounding B-AgNPs. We suggest stabilization is afforded by
electrostatic and steric interactions due to charged biomolecules adsorbed on the surface
of B-AgNPs. We propose that understanding the composition and relative abundance of
such biomolecules will be useful in bioconjugation strategies to link molecular recognition

elements (e.g. antibodies or aptamers) for biosensing applications.
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Chapter 3. Illuminating the surface corona of

biogenic silver nanoparticles

3.1. Introduction

In Chapter 2, the synthesis and optimization of biogenic silver nanoparticles from
Fusarium oxysporum was described. Biogenic silver nanoparticles were shown to exhibit
enhanced colloidal stability with increasing ionic strength compared to chemical
counterparts. Enhanced colloidal stability of biogenic silver nanoparticles was attributed
to the surface layer affording by both steric and electrostatic interactions due to putatively
adsorbed biomolecules. In this chapter, a systematic approach is undertaken to
characterize the surface layer for a better understanding of physical structure and chemical

composition.

Noble metal nanoparticles are of high interest in the scientific literature due their
high value applications in medicine, electronics, agriculture, and energy.180-182 Widespread
interest is principally driven by the optical properties and the high surface to volume ratio
of metallic nanoparticles. In addition, ability to synthesize metallic nanoparticles with
controlled size and shape via scalable chemical methods enables researchers to obtain
adequate quantities of such materials for a wide range of experiments. Though methods to
chemically synthesize metallic nanoparticles are well established, there is increasing

attention to biological organisms for nanoparticle synthesis. Such nanoparticles are
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typically produced in aqueous media with metal salts of interest. Generally, this approach
is considered to have lower environmental consequences and the resulting nanoparticles
may possess chemical and physical properties that can be exploited in new or improved
ways. A unique difference between biologically synthesized nanoparticles and chemically
synthesized nanoparticles is the surface chemistry. Chemically synthesized nanoparticles
are typically capped with citrate ions or a surfactant species that affords colloidal stability.
Whereas, the surface chemistry of biologically synthesized nanoparticles is complex with
biomolecules affording enhanced colloidal stability183 and can be exploited for specialized

applications.?8

The surface layer or corona of nanoparticles is known to define the biological
identity of nanoparticles.115 120,126-127,184 Consequently, the impact of the surface layer
with the surrounding environment can be beneficial or detrimental.128-130 Understanding
the chemical and physical makeup of the surface corona enables researchers to predict
interactions within an environmental matrix.131-132,185 There are several reports in the
literature that discuss chemically synthesized nanoparticles that are deliberately exposed
to a variety of protein matrices, such as the use of cationic gold nanoparticles exposed to
blood serum.132 In this chapter, we focus our attention to the inherent surface layer of
biologically synthesized nanoparticles. Within this context, many researchers have
previously purported that the surface layer of biogenic nanoparticles consists of
proteins.104-105,133-134 Though several techniques have been used to probe the surface

layer, the current body of evidence is inconclusive in providing structural and
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compositional details. Many of these previous reports principally provide indirect
evidence of proteins using methods such as UV-vis spectroscopy!13.162, yvibrational
spectroscopy,133-134 TEM-elemental spectroscopy imaging,186 SDS-PAGE analysis,171. 187 and
electron microscopy!88 investigating in situ AgNP dispersions. Currently, there are no
reports describing the surface layer of biogenic AgNPs providing both direct and indirect

structural and compositional evidence.

Herein, we characterize the surface corona of silver nanoparticles produced by F.
oxysporum. Examination the surface corona of biogenic silver nanoparticles is valuable
towards application development and understanding in vivo interactions. Our approaches
involve both in situ analyses of silver nanoparticle dispersions (indirect) and desorption of
the surface corona (direct). We present our results for the surface corona thickness,
chemical composition, and relative chemical abundance. We highlight the differences
between our approaches and discuss the implications of each. We also highlight our
contrasting results of the surface layer and discuss implications from an ecological

perspective. This may benefit a mechanistic understanding.

3.2. Experimental

3.2.1. Reagents and materials

Silver nitrate (ACS reagent grade, =2 99%, lot# MKBD7719 V, Sigma-Aldrich). 4-

nitrobenzene thiol (NBT, 80%, lot# MKBR2625, Sigma-Aldrich). Acetonitrile (HPLC grade,

63



Caledon Laboratories and Fisher Scientific). Ethyl alcohol (anhydrous, Commercial
Alcohols). BD Bacto yeast extract (product# 212750, lot# 5180630, Fisher), BD Bacto
peptone (product# 211677, lot# 2306004, Fisher), dextrose (ACS reagent, product# 73409,
lot# 720331, Fisher). Citrate-capped silver nanoparticle dispersion was purchased from
Nanocomposix (lot# DAG1159, San Diego, California). Citrate-capped vendor
specifications: nanoparticle concentration of 0.02 mg/L; 21 * 3 nm diameter based on TEM
measurements, and 4 x 1011 particles/mL. All reagents and materials were used as
received unless otherwise specified. Deionized (DI) water with a resistivity of 18 MQ-cm

was used for all aqueous preparations unless otherwise noted.

3.2.2. Production and separation of biogenic silver nanoparticles

A detailed description of silver nanoparticles production has been published!83 and has
appeared in the previous chapter. The following is a brief description with changes to
further optimize production. Fusarium oxysporum isolate 405 was initially cultured on
potato dextrose agar (PDA) in the dark for seven days at 23°C £ 2°C. As an intermediate
step prior to incubating in aqueous 1 mM AgNOs solution, F. oxysporum was set up as a
liquid culture by removing one piece (~ 1 cm x 2 cm) of solid PDA growth medium
containing mycelium and conidia and transferring to each sterile 500 mL Erlenmeyer flask
containing 100 mL of sterile 1% yeast extract, 1% D-glucose and 1% Bacto-peptone (1%
YGP). All inoculated flasks plus control medium flasks (i.e., no fungal inoculum) were
incubated in the dark at 23°C £ 2°C shaking at 150 rpm for four days. Next, fungal biomass

was separated from the culture broth by centrifuging at 2000 rpm for 5 min in swing out
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bucket centrifuge. Settled biomass was washed once with sterile DI water, centrifuged, and
weighed after supernatant was decanted. Average fungal fresh (wet) weight and standard

deviation was determined to be 42 * 4 grams (n = 15).

Harvested washed fungal biomass was added to 100 mL of sterile 1 mM aqueous AgNO3
solution (fresh) in sterile Nalgene PMP conical flasks with screw cap lids at 23°C + 2°C.
After inoculating, all flasks were incubated either at: a) 45°C + 0.3°C, b) 50°C £ 1°C or c)
75°C + 1°C under dark conditions with shaking at 100 rpm for three days. Simultaneously,
a negative control containing only silver nitrate solution and a positive control containing
only fungus was maintained under identical experimental conditions. Fungal culture flasks
were weighed post incubation. The average mass change and standard deviation in fungal

culture was determined to be a loss 0of 0.2 = 0.01 grams (n = 6).

3.2.3. Enrichment of biogenic nanoparticles

To separate and recover AgNPs, aqueous dispersions of AgNPs with fungi were sonicated
for 20 min at 23°C £+ 2°C using a Branson 5510 ultrasonicator to separate nanoparticles
from fungal mycelia post synthesis. After sonicating, aqueous dispersions with fungal
mycelia were filtered using a sterile 0.1 um polyethersulfone membrane 250 mL vacuum
filtration unit (Millipore, product# SCVPUO2RE, Massachusetts, USA). Negative fungal

control flasks were treated the same. All samples were stored in the dark at 4°C until use.
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3.2.4. Extinction spectroscopy

Biogenic nanoparticle dispersions were diluted by a factor of 2 and the citrate-capped
nanoparticle dispersion was diluted by a factor of 4 with deionized water before analysis
for similar concentrations. Extinction spectra were collected in absorbance mode on a
double-beam Perkin Elmer Lambda 35 spectrophotometer. Spectra were scanned from
900 - 300 nm with a scan rate of 960 nm/min. Deionized water was used as the blank.
Measurements were done at room temperature. Both biogenic and citrate-capped

nanoparticle dispersions were washed once with DI water prior to analyses.

3.2.5. Dynamic light scattering (DLS) spectrometry

Hydrodynamic diameter of AgNPs was determined using a Malvern Zetasizer Nano-ZS.
Results were collected with a 4 mW HeNe laser set at 633 nm with a 173° back scattering
angle and an avalanche photodiode detector. Measurements were performed under the
following conditions: particle refractive index 1.590; particle absorption coefficient 0.028
for the Nanocomposix product and 0.118 for B-AgNPs (based on absorbance values
recorded at 633 nm); water refractive index 1.33; viscosity 0.8872 cP; and temperature
25°C; equilibrated for 120 sec.; 15 runs; n = 3 measurements. Hydrodynamic radii is
calculated by the instrument software using the Stokes-Einstein equation for spherical
particles. Hydrodynamic diameter (Dhnyd) reported represents the mean diameter based on

intensity of scattered light.
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3.2.6. Zeta potential (ZP)

Zeta potential of AgNPs was determined using a Malvern Zetasizer Nano-ZS. A 4 mW HeNe
laser with 633 nm wavelength was used as the light source. All measurements were
performed under the following conditions: temperature 25°C; equilibrated for 120 sec.; 20

runs; n = 3 measurements; Smoluchowski model.

3.2.7. Transmission/scanning electron microscopy (TEM, S/TEM)

One mL of AgNPs were washed via centrifugation at 10,000 rpm for 10 min in an
Eppendorf 5417R microfuge. The supernatant was carefully removed and the AgNP pellet

was re-dispersed in 1 mL of DI water.

A droplet of aqueous sample was deposited onto an ultra-thin carbon film coated copper
400 mesh grid (Electron Microscopy Sciences, product# CF400-CU-UL). After one minute,
excess suspension was wicked-off using Whatman filter paper and then the grid was air-
dried at room temperature before analysis. For adlayer images, sample grids were
examined under a 200 kV JEOL 2200 FS field emission TEM equipped with an in-column
omega type energy filter. An objective aperture and an energy filter slit were applied to
obtain zero-loss bright field (BF)-TEM images, which enhanced the contrast of thin organic
layers around the AgNPs. Careful precautions were taken to minimize hydrocarbon

artefacts.18% Thickness measurements were done using the line profile tool (line width =
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10), which measures pixel intensity in Gatan Digital Micrograph (v2.31.734.0). For S/TEM,

images were collected using a Hitachi S4800 or Hitachi S5500 at 30 kV, 20 pA.

3.2.8. Heion Imaging

Sample grids were prepared as above for TEM and S/TEM. Grids were examined under a

Zeiss Orion NanoFab helium-ion microscope.

3.2.9. Raman spectroscopy

Silver nanoparticles were analyzed by surface-enhanced Raman scattering (SERS). A 2 pL
volume of AgNPs was deposited on an ethanol rinsed, ozone treated (10 min), gold-coated
(300 nm thickness) 25 x 75 x 1 mm plain microscope slide (Fisher Scientific), air dried, and
immediately analyzed. SERS spectra were recorded with a Renishaw inVia Raman
microscope. Irradiation of 514.5 nm from 30 mW Ar ion, air-cooled laser was used for
excitation. SERS spectra was integrated 10 s and the laser power at the sample was 50 * 3
uW. Laser power at the sample was measured using a handheld laser power meter
(Coherent, Laser Check model# 54-018, California, USA). All spectra were collected from
the edge of the droplet using a 50X objective (Leica, numerical aperture 0.75; free working
distance of 0.37 mm, ~ 0.8 um laser spot diameter199) at three different locations for a
signal average. All spectra were background subtracted by applying a single order least
squares polynomial fit using Wire (v3.4, Renishaw) for two baseline-definition points.

Visual inspections were conducted to deposit equivalent amounts of nanoparticles on the
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slide and to focus the laser beam in regions of similar nanoparticle density of each sample.

Calibration reference was periodically checked using 520 cm-! vibrational band of silicon.

3.2.10. SDS-PAGE

Proteins were separated using a 12% and 5% discontinuous tris-glycine SDS-PAGE system
(30% acrylamide/bis solution; 29:1; 3.3% crosslinker, Bio-Rad, catalog# 161-0156).191 To
remove proteins on the surface of biogenic AgNPs, samples were heated at 87°C for 2 min
in loading buffer consisting of 5X SDS sample buffer192, 33 mM dithiothreitol (DTT), and
50% glycerol. Additional glycerol was added to the reduced sample buffer (buffer plus
DTT) to increase viscosity of samples. This allowed for greater loading volume into the gel
well. Control samples (i.e. fungus only and media) were treated the same. All samples
were loaded (40 pL/well) into a 1.0 mm tris-glycine gel. For reference, Bio-Rad molecular
weight standards (Precision Plus Protein Dual Xtra, catalog#161-0377) was run with
samples (6 pL/well). Proteins were separated by electrophoresis in 1X tris-glycine-SDS
Running Buffer at 50 V (initial 30 min) for the stacking gel and then at 110 V for the
resolving gel. After protein separation, gels were briefly rinsed with distilled water and put
into a fixation solution?3 consisting of 50% methanol, 10% glacial acetic acid, and 100 mM
ammonium acetate for 1 h with gentle agitation. After fixation, gels were again briefly
rinsed with distilled water and stained with QC Colloidal Coomassie G-2501%4 stain (Bio-
Rad, catalog#1610803) overnight (~ 20 h) with gentle agitation. Note: short wash steps

between fixation and staining are important for low molecular weight detection. Gels were
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destained with distilled water and imaged using ImageQuant RT ECL imager (v1.0.1,

General Electric) in trans-illumination mode.

3.2.11. In-gel digestion

Protein bands were excised from gel and digested with 10 ng/uL trypsin (Trypsin Gold,
Mass Spectrometry Grade, Promega, catalog# V5280) diluted with DI water and filter-
sterilized using a Millex GV 0.22 pm syringe filter according to Shevchenko et al.19>
Digested and extracted peptides were concentrated in 20 pL 0.1% trifluoroacetic acid
solution. Extracted peptides were desalted using C18 reversed-phase Zip-Tip pipette tips
(Millipore, catalog# ZTC18S008) following manufacturer’s guidelines. Improved recovery
was achieved by concentrating (Savant SpeedVac) the initial extraction volume by ~ 4X,
repeated peptide binding/elution steps thrice, and dried final peptides extraction (Savant

SpeedVac) to reconstitute in 0.1% formic acid for LC-MS/MS.

3.2.12. MALDI-MS

a-cyano-4-hydroxycinnamic acid (HCCA) was used as matrix compound for peptide and
sinapinic acid was used as matrix compound for proteins. Matrix solution was prepared in
50% acetonitrile with a final concentration of 10 mg/mL. C4 and C18 reversed-phase zip-
tipped (Millipore) samples were mixed with the same volume of matrix solution and 0.8 pL

were spotted on an 800 um Bruker's anchorChip MALDI target (Bruker Daltonics) and air-
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dried. MALDI-MS was performed on an ultraflexXtreme™ MALDI-TOF/TOF (Bruker

Daltonics) mass spectrometer in positive MS mode.

3.2.13. LC-MS/MS

Desalted peptides were subject to LC-MS/MS analysis on a UPLC (Waters Corporation)
coupled with Q-TOF premier mass spectrometer (Waters Corporation). 5 pL of the
peptides were loaded onto a nanoAcquity UPLC system with peptide trap (180 um x 20
mm, Symmetry C18 nanoAcquity™ column, Waters Corporation) and a nano-analytical
column (75 pm x 150 mm, Atlantis C18 nanoAcquity™ column, Waters

Corporation). Desalting on the peptide trap was achieved by flushing trap with 1%
acetonitrile, 0.1% formic acid in water at a flow rate of 10 pL./min for 5 min. Peptides were
separated with a gradient of 5 — 95% solvent B (acetonitrile, 0.1% formic acid) over 50 min
at a flow rate of 350 nL/min. The column was connected to a Q-TOF premier (Waters

Corporation) for ESI-MS/MS analysis.

3.2.14. Protein identification

MS/MS data were analyzed using Mascot (v2.3, Matrix science)1°¢ and searching NCBI non-
redundant (nr) protein database (20160529; 88,331,457 sequences; 32,419,248,901
residues) and specifying Fungi taxonomy (5,570,423 sequences). Database search
parameters were: parent ion and MS/MS tolerance were set to 0.1 Da and 0.2 Da,

respectively; no enzyme was specified and thus 0 missed cleavages were
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selected; oxidation on methionine, histidine, and tryptophan were selected as variable
modification. Positive identification/extensive homology of protein/peptide were
calculated using Mascot’s scoring algorithm
(http://www.matrixscience.com/help/scoring_help.html) at P < 0.05. Manual inspection of
the original MS/MS spectra were often performed to ensure major b and y peaks in the
MS/MS spectra were matched and explained. Ion score is calculated by —-10*Log(P), where
P is the probability that the observed match is a random event (P < 0.05). Protein scores

are derived from ions scores as a non-probabilistic basis for ranking protein hits.

3.2.15. NMR analysis

1H NMR spectra were collected on a 700 MHz four channel Agilent VNMRS spectrometer,
equipped with a Z-axis gradient HCN cold probe. Samples were dispersed in
H20/CH3CN/10% D20 mixtures. Solvent suppression was performed using excitation
sculpting;197-198 suppressing both water and acetonitrile (CHs) resonances. All data were
referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) added as 20 pL of a 1% w/v

solution in deionized water.199

3.3. Results and discussion

3.3.1. Structure and composition of biogenic AgNPs surface corona

The surface of nanoparticles in a biological environment has been described to be

capped or covered with an adlayer of biomolecules such as proteins that leads to a
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biomolecular interface. This interface is considered to be loosely organized into two
components, referred to as the “hard” and “soft” coronas with “long” and “short” typical
exchange times.121.184 The biological identity of a nanoparticle is typically defined by the
surface corona.121.127 As Monopoli and co-workers state, the corona may be expressed as a
durable, stabilizing coating of the bare surface of NP monomers.21 Generally, biomolecules
in high abundance and lower molecular weight bind first (e.g., albumin), which are later
displaced by larger molecular weight biomolecules with higher affinity (e.g., fibrinogen);

first described by Vroman using blood serum proteins on surfaces.200-201

For biogenic nanoparticles, detailed structural and compositional data is limited.
Detailed knowledge of the surface layer will lead to successful applications by providing a
rationale for using native or modified biogenic AgNPs, predict possible interactions within
a biological milieu, and may provide mechanistic insights on NP synthesis. Previous
reports investigating biogenic AgNPs have purported that the surface layer is composed of
capping proteins.104-105,133-134 Many of these reports principally provide indirect evidence
of proteins using methods such as UV-vis spectroscopy,113 162 yibrational spectroscopy,133-
134 TEM-elemental spectroscopy imaging,186 SDS-PAGE analysis,171 187 and electron
microscopy?88 investigating in situ AgNP dispersions. Currently, there are no reports
describing the surface layer of biogenic AgNPs providing both direct and indirect structural

and compositional evidence.
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In this chapter, we report a detailed investigation on the surface layer of biogenic
AgNPs produced by Fusarium oxysporum isolate 405183 (Foxy) providing both direct and
indirect structural and compositional evidence. Our results are the first to thoroughly
describe the composition and propose a model of the surface layer. The work described in
this chapter follows our previous chapter and a published report!83 demonstrating
enhanced colloidal stability due to both steric and electrostatic effects. Based on our
previous work, we suspect that the surface layer is composed of an organic matrix made up
of proteineous macromolecules and possibly other biological macromolecules. We
indirectly examine the surface layer from in situ AgNP dispersions then turn our efforts to
desorbing the layer for a direct examination by isolating the NPs from excess biomolecules
in the dispersion. Herein, we present our results examining the surface layer and

characterize AgNPs that were produced by F. oxysporum.

Silver nanoparticles produced by Fusarium oxysporum at different culture
temperatures were selected on the basis that protein secretion is inversely related to
temperature over a finite period.194 183 Figure 3-1 contains a scheme of the workflow to
investigate B-AgNPs from F. oxysporum. The initial set of characterization studies shown in
Figure 3-1a involve in situ dispersions of nanoparticles. In situ dispersions consist of B-
AgNPs dispersed in aqueous (DI) medium that were obtained after 20 min sonication and
0.1 um filtration of fungal biomass after three days incubation in 1 mM AgNOs at a set
temperature condition. Thus, B-AgNPs are coated with a surface layer comprised of

biological macromolecules that are in dynamic equilibrium with free macromolecules in
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the medium. Our results of in situ dispersions is consistent with previous reports that use
AgNPs recovered from fungal cultures. As we explain below, the results of our initial
characterization studies (Figure 3-1a) led us to enrich B-AgNPs from excess biomolecules
in the dispersion medium and use acetonitrile to desorb the surface layer for further
analysis as shown in Figure 3-1b. Through this approach, we were able to enrich B-AgNPs
and examine the desorbed surface layer using a combination of techniques to reveal a
“hard” corona composed of peptides consistent with stress response proteins and show

evidence of carbohydrate detection.
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Figure 3-1. Characterization scheme for biogenic silver nanoparticles and the surface
corona using indirect and direct methods. (a) In situ characterization of biogenic silver
nanoparticles post filtration and separation from fungal biomass and indirect
characterization of the surface corona. (b) Direct characterization of the surface corona by
separation of excess biomolecules in the dispersion, desorption, and analyses of the
biomolecules at the nanoparticle surface.
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3.3.2. Insitu surface characterization of silver nanoparticles

dispersion

To corroborate presence of a corona or layer on the surface of AgNPs and measure
its thickness, we used both electron and helium ion microscopy. Our electron micrographs
shown in Figure 3-2 and our He-ion micrographs shown in Figure 3-3 provide visual
evidence of a surface layer surrounding biogenic silver nanoparticles produced by F.
oxysporum. To measure the thickness of the layer, we characterized and compared a series
of unmodified (i.e. native) biogenic, thiol modified (i.e., 4-nitrobenzene thiol; NBT)
biogenic, and commercial citrate-capped AgNPs with a diameter of ~ 20 nm. The latter two
AgNPs provide reference points of different molecular sizes for expected values of thiol and
citrate layers. Differences observed in TEM should result from surface layer differences on
AgNPs. Modified and unmodified AgNPs were imaged with high-resolution TEM to
quantitatively measure the layer thickness. This technique has been previously used to
image citrate,202 aliphatic thiols,#¢ and aryl diazonium30 derived films. Figures 3-4a-c
show representative transmission electron micrographs of individual AgNPs and the
thickness of the surface film measured using a line profile tool in Gatan Micrograph. Figure
3-4a shows an unmodified AgNP produced by F. oxysporum. The layer thickness is
measured to be 2.1 £ 0.3 nm. Visible variation in the layer thickness can be seen in Figure
3-4a. Asymmetry in the surface layer can be expected since the surface layer is suspected
to be composed of biomolecules (e.g., proteins). To calibrate our measurements, we
modified 20 nm AgNPs produced by F. oxysporum with NBT to displace the surface layer as

seen in Figure 3-4b. This approach allow us to calibrate our measurement to a known
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length of a NBT molecule. Also, as acid-base theory suggests, there is a greater propensity
of -SH to form a strong interaction with Ag due to -SH soft nucleophilicity. As such, we can
expect a symmetrical monolayer coverage as evidenced in Figure 3-4b. Similarly, Figure
3-4c shows a symmetrical film of citrate around chemically produced AgNPs, which is
consistent with an expected length of citrate molecule. Fernadndez-Iglesias and Bettmer
exposed citrate-stabilized gold nanoparticles to either bovine serum albumin or human
serum and reported TEM results in their supplementary information.2%3 The authors
conclude that formation of protein layer on 60 nm gold nanoparticles having a thickness of
approximately 3 nm indicates monolayer coverage. Thicker regions (7 — 8 nm), as seen
with 30 nm gold nanoparticles, indicates multilayer formation. Based on Fernandez-
Iglesias and Bettmer’s report, it is reasonable to infer that our result of 2.1 + 0.3 nm

indicates monolayer coverage.
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(a) Foxy50 (@20 nm)

Figure 3-2. Scanning electron micrographs showing spherical nanoparticles with a visible
surface film. (a-c) ~ 20 nm silver nanoparticles produced by Fusarium oxysporum at 50°C
(Foxy50). (d-f) ~ 10 nm silver nanoparticles produced by Fusarium oxysporum at 75°C
(Foxy75). Left panels show secondary emission, middle panels show bright field images in
transmission mode, right panels show dark field. Scale bar = 100 nm.

79



Model Scan Size — Working Distance
NanoFab 2048 x 2048 500 nm 9.004 Milimeters
Column Scan Dwell Time. GFIS Field Of View Acquisition Timestamp
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Figure 3-3. Helium ion micrographs showing ~ 20 nm spherical nanoparticles with a
visible surface film produced by Fusarium oxysporum at 50°C (Foxy50). Left panel scale bar

=500 nm. Right panel scale bar = 200 nm.
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Figure 3-4. Characterization of biogenic silver nanoparticles (~ 820 nm) produced by
Fusarium oxysporum 405 at 50°C (Foxy50) and commercial citrate-capped (~ 820 nm)
silver nanoparticles. (a-c) Bright field transmission electron micrographs show the
differences in surface layer thickness of unmodified biogenic silver nanoparticles, modified
biogenic silver nanoparticles with 5 mM nitrobenzene thiol (NBT), and commercial citrate-
capped silver nanoparticles. (d) Extinction plot demonstrating the relative localized surface
plasmon resonance (SPR) peak position of the two biogenic nanoparticle preparations
(unmodified and modified with NBT) in comparison to commercial citrate-capped
nanoparticles. For biogenic silver nanoparticles, a 1 mM AgNOs3 solution was added to
Fusarium oxysporum 405 and incubated in the dark with shaking at 100 rpm for 3 days.
The extinction maximum (Amax) for each spectrum is listed on the right.
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Effect of the layer structure and thickness on the extinction spectra is shown in
Figure 3-4d corresponding to the TEM measurements is discussed below for ~ g20 nm
nanoparticles. All three spectra contain a single LSPR band with maximum absorbances at
406,402, and 403 nm, respectively. These spectra show no evidence of aggregation.
Although the width of the bands of both unmodified B-AgNPs (FWHM ~ 106 nm) and NBT
modified B-AgNPs (FWHM ~ 118 nm) are greater than those of commercial, chemically
produced AgNPs (FWHM ~ 68 nm); analyses discussed below (Table 3-1) indicates that
the polydispersity of biogenic AgNPs is consistent with commercial AgNPs. Thus, we
attribute the breadth of the extinction band more to the surface layer and less to
polydispersity. In the case of NBT modified B-AgNPs, the width of the band is greater than
the unmodified B-AgNPs (FWHM A ~ 12 nm). We suspect an increase in bandwidth of ~ 12
nm is due to displacement of native layer with NBT and subsequent adsorption of free
biomolecules in in a competitive manner for the NP surface, which may also explain the
shift in peak position. According to Mie theory,® 204 modification of the nanoparticle
surface with organic molecules will change the dielectric constant of the medium affecting
the LSPR band position. As seen in Figure 3-4d, LSPR peak position of NBT modified B-
AgNPs is blue shifted by 4 nm. This indicates a change in the dielectric environment
immediately surrounding the B-AgNPs, which is likely due to desorption of the protein
corona. Jain and co-workers reported a similar blue shift observation when they desorbed

the protein corona of AgNPs produced by Aspergillus species NJPO2 by SDS boiling.205
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The absolute magnitudes of the extinction bands are not consistent. This likely due to a
higher starting concentration of commercial citrate capped nanoparticles compared to
biogenic nanoparticles. We attempted to achieve similar concentrations by diluting citrate

nanoparticles by four-fold and biogenic nanoparticles two-fold.

Table 3-1. Summary of calculated surface layer thicknesses and experimental
measurements taken from extinction spectroscopy, TEM images, dynamic light scattering,
polydispersity, and ¢ potential for ~ 820 nm silver nanoparticles: unmodified biogenic
(unmodified Foxy50), nitrobenzene thiol modified biogenic (NBT modified Foxy50), and
commercial citrate-capped.

Calculated
monolayer TEM film TEM Polvdisbersit 4
film thickness diameter yindgxf y potential
thiz:kne)zss (mV)e
nm
Unmodified c
Foxy50 (20 nm) 406 Unknown 2.1+0.3 173 5211 0411 -24 + 1
NBT modified c
Foxy50 (20 nm) 402 0.6-0.92 1.0+ 01 21+5 5712 041 -2+ 1
Citrate-capped 443 082  08+01 21%3¢ 21%1 041 33:3

(20 nm)

aTheoretical values for a monolayer thickness are based on reported values on Au
substrates.

bValues reported are average based on three individual nanoparticles with six
measurements per nanoparticle * standard deviation.

¢Transmission electron micrographs were analyzed with Gatan Digital Micrograph
v2.31.734.0 or Image] 1.51t.166 Values reported are an average + standard deviation.

d According to manufacturer’s specifications.

¢ Hydrodynamic diameter (Z-average) based on intensity. Values reported are an average
of three measurements * standard deviation.

fValues reported are the mean of three measurements + standard deviation.

gValues reported are an average of three measurements * standard deviation at 25°C.
Measurement were conducted at neutral pH (~ 7). pH values determined by Whatman pH
indicator paper (Type CF, pH 0-14).
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Table 3—-1 summarizes theoretical monolayer thickness calculations along with our
measurements obtained from extinction spectroscopy, TEM images, dynamic light
scattering, polydispersity indices, and surface potential for the series of three ~ 820 nm
AgNPs described above. In terms of calculated thickness values, we chose to make an
indirect correlation to Au substrates since values for Ag substrates have not been reported.
Our measured thicknesses for NBT modified B-AgNPs and citrate-capped AgNPs are
consistent with values previously reported for Au substrates. For native B-AgNPs, we are
unable to accurately report a calculated film layer thickness. This may vary considering the
biological matrix that the nanoparticles are within, size of the nanoparticles, surface

potential, the evolution of the biomolecular films, and the thickness calibration.

Our measurement of the film thickness is 2.1 + 0.3 nm. The standard deviation
provides an indication on the variability in layer thickness seen in Figure 3-4a. Less
variability is observed in the thiol modified layer and citrate-capped AgNPs. Dynamic light
scattering and zeta potential measurements were also used to further characterize the
physical and chemical properties of AgNPs. Table 3-1 contains physical characterization
results of particle size, polydispersity indices, surface potential, and relative colloidal

stability.

Examining the DLS-measured hydrodynamic diameters, our results are consistent
our previous report!83 stating that the hydrodynamic diameter for both B-AgNPs is ~ 3

times larger than the TEM results (17 + 3 nm for unmodified) compared to citrate-capped
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AgNPs. As we stated in our earlier report, we believe this difference reflects the presence
of a unique capping layer formed around B-AgNPs. Table 3-1 also shows the results of all
AgNPs possessing a native surface potential ranging from approximately -2 to -33 mV at
neutral pH. Consistent with previous results,183 the ZP values recorded for B-AgNPs were
less negative than commercial AgNPs. A low ZP value of -2 mV recorded for NBT modified
B-AgNPs can be explained by displacement of ionized biomolecules by neutral NBT
molecules; thus increasing the surface potential. Increase in ZP also suggests that the
biomolecular layer is largely contributing to the surface potential. Despite a lower ZP
value, NBT modified B-AgNPs were highly stable. We suspect that a fraction of
biomolecules re-adsorbed to the NP surface after being initially displaced by NBT. We note
NPs with Raman active molecules such as NBT that exhibit colloidal stability would be

beneficial for studies involving Raman active NP-labels.

Vibrational spectroscopy (e.g., Fourier transform infrared, Raman) is well known for
providing information on molecular structure. Previous studies have documented the
FTIR104,134,173 and Raman?8 133 spectroscopy to examine the surface layer of B-AgNPs from
fungi and have concluded that the NP surface is capped with proteins. Though vibrational
data is informative in providing molecular specificity, defining the surface layer with this
technique leads to uncertainty. Also, studies that report infrared frequency assignments
alone without showing spectra data require additional validation.134 Since we are
investigating the surface layer around AgNPs, we chose Raman scattering to corroborate

previous reports examining F. oxysporum?8 and other fungi.133 The advantage of using
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Raman and noble metal nanostructures is that this technique is able to provide large signal
enhancements of 104 — 10 when molecules are located at or within a few nanometers from
the surface of nanostructures commonly referred to as surface-enhanced Raman scattering
or SERS.62.71,206-207 The primary mechanism of this surface enhancement is an increased
electric field generated by the excitation of the surface plasmon of the metal NP. Thus, we
used Raman scattering to examine the possibility of proteins on the surface by
interrogating unmodified ~ 10 nm biogenic NPs along with ~ 20 nm citrate-capped NPs
for comparison shown in Figure 3-5. We do not show the spectrum for ~ 20 nm in Figure
3-5 because the signal to noise is lower than that of ~ g10 nm. The SERS spectra for both
unmodified biogenic and citrate AgNPs shown in Figure 3-5 exhibit typical vibrational
bands for the respective molecules. Proteineous and citrate molecules are poor Raman
scatterers, which are represented by weak Raman band intensities observed. However, the
major bands appear to be consistent with proteins and citrate molecules. For B-AgNPs,
1624 cm! is assigned to Amide Il band; 1577 cm! is assigned to the asymmetric COO-
stretching mode; and 1378 cm-! for the symmetric COO- stretching mode. For citrate-
capped NPs, 1571 cm1 is assigned to the asymmetric COO- stretching mode, 1378 cm1 is
assigned to the symmetric COO- stretching mode, and 930 cm! band is assigned to C-OH
deformation. Considering our measurements were collected from a drop-cast of
aggregated nanoparticles, other carbonaceous species resulting from photo-damage may
have also contributed to the spectra collected (Figure 3-5). Though our spectral richness
contrast the works of Mukherjee et al.133 and Potara et al.,”8 possibly due to differences in

experimental configuration, sample material, or sample preparation; our results are
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consistent with these works suggesting proteineous molecules are associated with biogenic

AgNPs.
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Figure 3-5. Raman spectra collected from unmodified biogenic silver nanoparticles (g10
nm) to show intrinsic signals compared to commercial citrate-capped silver nanoparticles
(620 nm). Raman signals collected from drop-casted nanoparticle on a planar gold
substrate using a 514.5 nm laser at 50 = 3 pW at the source and an integration time of 10 s.

Spectra offset for clarity.
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To identity putative proteins associated with AgNPs produced by F. oxysporum and
estimate protein attributes of molecular weight and abundance; a standard technique of
discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)?208
was employed. This established technique is based on the principle that proteins are
separated by electrophoresis according to the protein’s molecular weight (size) with larger
proteins migrating slower and smaller proteins migrating faster. The result is typically a
discrete band that can then be correlated to molecular weight standards to provide an
estimate of protein size.20° There are a few reports that document the use of SDS-PAGE for
the analysis of biogenic AgNPs from fungi,171.187 including F. oxysporum.172 However no
reports have systematically examined B-AgNPs ranging in sizes produced over a range of
temperatures by F. oxysporum. We examined three sets of samples produced from F.
oxysporum corresponding to three different temperature conditions (i.e., 45°C, 50°C, and
75°C). Temperature conditions inversely correlate to nanoparticle diameters (i.e., ~ 830
nm, ~ 20 nm, and ~ ¢10 nm, respectively) and directly correlate to protein synthesis
levels (i.e., generally higher abundance of proteins at higher temperatures). Each sample
set included two controls, 1% YPG media and fungal filtrate (fungal culture without
AgNOs3). Figure 3-6 shows a representative image of a 12% SDS-PAGE gel showing the
most abundant proteins/peptides resolved by analyzing a set of samples corresponding to
three different incubation condition and NP size. The 1% YPG media control lanes in all
three cases principally shows a single band ~ 10 kDa in Figures 3-6A, 3-6D, and 3-6G.
This result can be explained by ~ 12% of peptone, the major protein source in YPG
medium, consists of 5-10 kDa peptides with the remaining ~ 88% consisting of smaller

peptides.210 Figures 3-6B, 3-6E, and 3-6H show fungal filtrate in the absence of AgNOs.
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Three bands at ~ 100 kDa, ~ 24 kDa, and ~ 9 kDa are evident for both Foxy45 and Foxy50;
however Foxy75 (Figure 3-6H) has a single band at ~ 9 kDa. Given the temperature
condition of 75°C, it is likely that larger proteins have degraded to short chain polypeptides
as evidenced by the polypeptide staining pattern (i.e., smear) seen in Figure 3-6. In the
case of Foxy45 and Foxy50, we note the possibility of two starred bands at ~ 47 kDa
(Figure 3-6B) and ~ 35 kDa (Figures 3-6C and 3-6E) in low abundance. Although these
bands are faint, they may be consistent with a ~ 44 kDa nitrate reductase reported by
Kumar et al. working with F. oxysporum?11 and a ~ 25 kDa (~ 36 kDa molecular weight
resolved by LC-MS/MS) glyceraldehyde-3-phosphate reported by Zhang et al. also working
with F. oxysporum.172 For samples containing AgNPs, the most notable result is the
enriched band between ~ 2 kDa and ~ 5 kDa seen in Figures 3-6C and 3-6F for Foxy45
and Foxy50, respectively. This band for Foxy75 is less pronounced (Figure 3-6I). Our
results show that this enriched band is specific to the production of AgNPs. In comparing
fungal cultures with and without AgNO3 exposure there are two important results. First, a
~ 24 kDa band consistent between filtrate (Figures 3-6B and 3-6E) and the AgNPs
(Figures 6C and 6F), suggesting constitutive expression. Second, is a ~ 100 kDa band that
appears to be in less abundance for the AgNPs (Figures 3-6C and 3-6F) compared to the
filtrate (Figures 3—-6B and 3-6E), suggesting down-regulation or inhibition. With Foxy75 it
is difficult to draw conclusions since the temperature condition (75°C) is not ideal for
protein stability. However, the stronger band intensity seen in Figures 3-6H and 3-6I for
~ 9 kDa supports the notion of increased protein abundance at higher temperatures based
on higher staining intensity with increasing protein/peptide abundance. Though Foxy50

and Foxy75 are the predominantly investigated in this chapter, we report results for
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Foxy45 as we plan to use NPs from this temperature condition for our future surface-
enhanced Raman spectroscopy (SERS) based immunoassay studies. Subsequent chapters

will report further details on AgNP modification and application.

250 kDa
150 kDa

100 kDa
75 kDa

50 kDa

37 kDa

25 kDa

20 kDa

15 kDa

10 kDa
5 kDa
2 kDa

Figure 3-6. Representative grayscale image of a 1-D 12% sodium dodecyl sulfate
polyacrylamide gel with proteins/peptides profiles associated with the production of silver
nanoparticles by Fusarium oxysporum (Foxy) at 45°C, 50°C, and 75°C. Lane (A) Foxy45 1%
yeast-peptone-glucose media control. Lane (B) Foxy45 fungal filtrate without 1 mM AgNO:s.
Lane (C) Foxy45 with 1 mM AgNOs exposure resulting in silver nanoparticles (30 nm).
Lane (D) Foxy50 1% yeast-peptone-glucose media control. Lane (E) Foxy50 fungal filtrate
without 1 mM AgNOs. Lane (F) Foxy45 with 1 mM AgNO3 exposure resulting in silver
nanoparticles (20 nm). Lane (G) Foxy75 1% yeast-peptone-glucose media control. Lane
(H) Foxy75 fungal filtrate without 1 mM AgNOs. Lane (I) Foxy75 with 1 mM AgNOs
exposure resulting in silver nanoparticles (610 nm). MW represents molecular weight
standards. The numbered bands correspond to excised bands that were further analyzed
using ESI-LC-MS/MS. Stars (*) indicate possible bands in low abundance.
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For protein identification, the numbered bands shown in Figure 3-6 were excised,
trypsin-digested, and analyzed by LC-MS/MS. Table 3-2 lists the most abundant proteins
identified based on extensive homology from the gel-extracted bands. Figure 3-7 contains
the tandem mass spectra of the highest Mascot peptide scores for the corresponding gel-
extracted bands. Peptide sequences were confirmed by tandem mass spectra providing
evidence of high signal intensities and consistent peptide fragments (a and b ions) shown
in Figure 3-7. Discrepancy between the estimated molecular weights seen in Figure 3-6
compared to the molecular weights obtained from the NCBI database noted in Table 3-2
may be attributed to either post-translational modification (e.g., glycosylation or
phosphorylation), post-translational cleavage, or splice variants by F. oxysporum. In
analyzing the results contained in Table 3-2, bands 1 and 4 (~ 100 kDa) were both
identified as a catalase-peroxidase 2 protein from F. oxysporum. Identification of a
catalase-peroxidase enzyme result supports previous reports purporting the involvement
of a reductase enzyme in F. oxysporum.10> 113 We also suspect catalase-peroxidase
enzyme(s) play a major role in studies that demonstrate AgNPs production using fungal
culture filtrate. Catalase-peroxidase is an enzyme commonly found in virtually all aerobic
organisms and functions to decompose H202 to water and molecular oxygen.212 This
enzyme is among a class of antioxidants that are involved in counterbalancing reactive
oxygen species (ROS) and defend the organism from exceeding oxidative stress.212 Sun et
al. confirm catalase-peroxidase enzymes are involved in ion transport and metabolism and
respond to oxidative stress in F. oxysporum; which may contribute to higher virulence in
banana wilt disease.?13 Reactive oxygen species such as hydrogen peroxide (H202) and

superoxide anion (O2*) are a group of free radicals, reactive molecules, and ions that are
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byproducts of normal metabolism produced by partial reduction of oxygen during

respiration.214-215
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Table 3-2. Identification of the most abundant proteins from excised bands separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis

Gel band #; Mascot NCBI

Protein

Molecular protein Mascot Molecular accession
weight Description score? threshold® identification® weight (Da) number®

Catalase-peroxidase 2
290 >54 [Fusarium oxysporum 85264 477517042
forma specialis cubense]

Fungus control,

1; ~100 KDa Foxy50

Fungus control, Low mass peptides

2; ~ 24 KDa Foxy50 - --- resulted in no protein -
matches

Hypothetical protein
57 >54 FOXB_11747 [Fusarium 19699 342876063
oxysporum Fo5176]

. e Fungus control,
3;~9KDa Foxy50
~ 20 nm Catalase-peroxidase 2
4; ~100 KDa 58 >52 [Fusarium oxysporum 86036 477514144
AgNPs, Foxy50 o
forma specialis cubense]

~ 320 nm Superoxide dismutase,
5; ~ 24 KDa 95 >54 [Fusarium oxysporum 23229 475668421
AgNPs, Foxy50 o
forma specialis cubense]

. ~ 220 nm Ubiquitin C [Fusarium
6; ~9 KDa AgNPs, Foxy50 136 >53 oxysporum Fod7] 25731 587693765
~ 20 nm Low mass peptides

7; ~3 KDa AgNPs, Foxy50 - - resulted in no protein -
matches

Fungus control, Low mass peptides

8;~9KDa oxy75 -- --- resulted in no protein —-
matches
. ~210 nm Ubiquitin C [Fusarium
9; ~9 KDa AgNPs, Foxy75 126 >53 oxysporum Fod7] 25731 587693765
~ 210 nm Low mass peptides

10; ~ 3 KDa AgNPs, Foxy75 - - resulted in no protein -—-
matches

aProtein ion score is -10*Log(P), where P is the probability that the observed match is a random
event

bIndividual ion scores above threshold indicate identity or extensive homology at P < 0.05
cIdentification based on most extensive homology to abundant protein

dNational Center for Biotechnology Information (NCBI) Protein database
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(a) Foxy50, 820 nm AgNPs, ~100 kDa (b) Foxy50, 820 nm AgNPs, ~24 kDa
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Figure 3-7. Tandem mass spectra of highest peptide scores for gel extracted bands. Plots
of intensity as a function of mass to charge (m/z) ratio. (a-c) Fusarium oxysporum exposed
to 1 mM AgNOs at 50°C resulting in ~ 20 nm silver nanoparticles. (d) Fusarium oxysporum

exposed to 1 mM AgNOs at 75°C resulting in ~ 10 nm silver nanoparticles. (e-f) Control
fungal filtrate at 50°C without exposure to 1 mM AgNOs.
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Aguirre et al. explain in the presence of trace metal ions, O2* can react with H202 and
generate a more reactive singlet oxygen species (102). In addition to reactive metal ions,
ROS production can increase in fungi due to various stress factors such as starvation,
ionizing irradiation, ultra-violet irradiation, visible light, temperature extremes, pH
extremes, medium osmolality, mechanical damage, and interactions with other living
organisms.212 Hydrogen peroxide, a major ROS and signaling molecule,?1¢ leads to the
production of hydroxyl radical (HO*), which can oxidase virtually any cellular molecule;
causing DNA damage, protein inactivation, protein cross-linking and fragmentation, and
lipid peroxidation.214 Thus, at high concentrations of ROS, damage to biomolecules occurs,
which may serve to be protective against interspecies competition; whereas, low/moderate
concentrations of ROS serve as intracellular signaling molecules regulating physiological
responses and developmental processes in fungi?1Z and plants.215> As F. oxysporum is
commonly considered to be a plant pathogen, hence mechanisms for regulating ROS
concentrations within fungi and plants may have co-evolved, since plants are known to
produce an oxidative burst?17 in response to fungal structures or activity.218 Redundancy
in ROS proteins may also explain relative abundance of ROS proteins detected in Figure 3-
6. As noted above, qualitative comparison between bands 1 and 4 (Figure 3-6) suggests a
decrease in abundance in fungal cultures exposed to AgNOs (Figures 3-6E and 3-6F).
Gavanji and co-workers report that catalase enzymes may be inhibited by high
concentrations of hydrogen peroxide in context of elevated reactive oxygen species
(ROS).21% Band 2 (~ 24 kDa) and Band 3 (~ 9 kDa) shown in Table 3-2 provide little
information with low mass peptides (Table 3-2, Band 2) and a hypothetical protein from F.

oxysporum (Table 3-2, Band 3). However, in examining the record contained within the
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NCBI database for the ~ 9 kDa hypothetical protein (Band 3), this protein is
phylogenetically clustered with other mitogen-activated protein (MAP) kinase kinase
proteins from fungi, including F. oxysporum.220 Mitogen-activated protein kinase cascades
are evolutionarily conserved proteins in eukaryotic cells that are involved in transducing a
variety of extracellular signals and regulating growth and differentiation processes.221 We
provide further discussion on MAP kinase cascades below. Band 5 (~ 24 kDa) shown in
Table 3-2 is identified to be consistent with superoxide dismutase (SOD) from F.
oxysporum. Though we did not identify the adjacent band in the fungus control (Table 3-2,
Band 2), we suspect a similar protein with SOD activity. Like catalase-peroxidase enzymes,
SOD proteins have antioxidant activity in regulating oxidative stress.212 SOD enzymes
catalyzes dismutation of superoxide anion (02* ) producing H202 and Oz. As Gessler et al.
report, O2* can be produced by 02 reduction with an NADPH catalyzed oxidase.212 This
would be consistent with Duran et al. mechanistic proposal of B-AgNPs production
involving the reduction of NADP+ to NADPH and oxidization of NO3- to NO2-.105 SOD
enzymes believed to be the first line of defense against oxidative stress in eukaryotic
cells,?12 which would explain expression in both fungal cultures exposed (Figure 3-6E;
Table 3-2) and not exposed to AgNO3 (Figure 3—-6F; Table 3-2). From an ecological
perspective, an abundance of SOD enzymes can serve to be protective during saprobic
growth or can serve to be a competitive (i.e., virulence) factor in colonizing a plant host.
For example, a 24 kDa protein from Fusarium oxysporum culture filtrates has been reported
by Bailey and co-workers. Activity of this protein has been ascribed to eliciting ethylene
production and necrosis in coca leaves.222 We speculate that this 24 kDa protein is

involved in the ROS, possibly having SOD activity resulting H202 production; which would
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be consistent with our conclusions. Thus, it would be reasonable to infer F. oxysporum
exposure to a solution of AgNOs3 for the production of AgNPs would lead to increased
concentrations of ROS. This notion would be consistent with the observed protein profiles
(Figure 3-6) and identification of highly abundant proteins (Table 3-2). Aguirre et al.
comment that filamentous fungi [such as F. oxysporum] have additional mechanisms to
handle ROS, such as the presence of a larger number of phosphorelay sensor kinases,
antioxidant enzymes, and secondary metabolites with antioxidant properties.214 Bands 6
and 9 (~ 9 kDa) was consistently identified as ubiquitin (likely from the ubiquitin c gene,
UBC223) from F. oxysporum. Ubiquitin is a highly conserved regulatory protein?24 that is
widely expressed in eukaryotes and has a molecular weight of 8500.225 Effects of
ubiquitinylation include protein degradation, protein trafficking, cell-cycle regulation, DNA
repair, apoptosis, and signal transduction.?23 For more details on ubiquitin function, please
refer to Hershko and Ciechanover review on the ubiquitin system.224¢ Ubiquitin has been
reported to be one of the most abundant proteins in eukaryotic cells, however ubiquitin
does not seem to be in excess, but rather regulated as a free pool of adequate levels
contingent on cell conditions.223 Ubiquitin C has been ascribed to the UBC gene in
mammals that is responsive to UV irradiation, heat shock, oxidative stress, and
translational impairment.?223 Also, site-specific interactions between ubiquitin and gold
nanoparticles have been reported.226 Collectively, these pieces of evidence support our
inference of adaptive or stress responsive proteins are involved with silver ion exposure by
F. oxysporum. For enriched bands seen in Figure 3-6 for Foxy50 (band 7) and Foxy 75
(band 10), mass spectrometric results yielded low mass peptides with no protein matched

(Table 3-2).
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Thus, to identify enriched bands associated with B-AgNPs, we took a unique
approach to desorb the surface corona using acetonitrile (Figure 3-1b) and analyzed the
desorbed fraction using both MALDI-MS and LC-MS/MS. Prior to mass spectrometric
analyses, we sought to confirm the effectiveness of acetonitrile in desorbing the surface
corona by extinction spectroscopy and DLS. Figure 3-8 contains an extinction plot
showing ~ 20 nm AgNPs with a single extinction band with a surface plasmon peak
centred at 402 nm. After these NPs were treated with 40% acetonitrile, centrifuged, and

resuspended in DI H20, the AgNPs destabilized as evidenced by the loss in the extinction

band in Figure 3-8. We also used extinction spectroscopy to estimate the total protein at

each step for an approximate protein recovery by recording the absorbance at 260 nm and

280 nm. Tables 3-3 and 3-4 contain our estimated protein concentrations for both ~ 20

nm and ~ g10 nm treated with either 40% acetonitrile (more polar) or 80% acetonitrile

(less polar), respectively.
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Figure 3-8. Extinction plot of ~ 20 nm silver nanoparticles produced by Fusarium
oxysporum with and without acetonitrile treatment to desorb the surface corona. The black
spectra shows the extinction band of ‘as prepared’ nanoparticles with a surface plasmon
peak at 402 nm. The blue spectra shows the extinction of the ~ 820 nm treated with 40%
acetonitrile, centrifuged, and resuspended in deionized water. Inset shows the ‘as
prepared’ nanoparticles with characteristic yellow colour indicting of plasmonic AgNPs
(top), the middle tube is the acetonitrile supernatant removed after centrifugation, the
bottom tube show AgNPs resuspended in water after acetonitrile treatment. Grayish
coloured solution is characteristic of destabilized (aggregated) nanoparticles, suggesting
removal of the surface corona.
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Consistent with our previous work,83 ~ g10 nm AgNPs have a higher abundance of
proteins compared to ~ g20 nm AgNPs. In all cases, most proteins are removed (~ 80-
94%) in the supernatant after centrifugation (Tables 3-3 and 3-4). Itis important to note
that in situ characterization of capping proteins would contain more abundance of these
proteins, resulting in higher levels of excess or background protein. For ~ 20 nm AgNPs,
2-7% of proteins are recovered within the acetonitrile fractions with more recovered
using 40% rather than 80% (Tables 3-3 and 3-4). For ~ g10 nm AgNPs, 5-15% of
proteins are recovered in the acetonitrile fractions with a more pronounced improvement
using 40% acetonitrile (Tables 3-3 and 3-4). The residual protein fraction recovered after
the removal of the surface corona and resuspension in DI H20 is < 5%, except for ~ 10 nm
treated with 80% acetonitrile (Tables 3-3 and 3-4). Though most protein fraction can be
displaced with a single wash step, a small fraction of proteins will likely remain chemically
bonded to the nanoparticle surface (e.g., cysteine or amine linkages). Based on our
estimated protein analyses, we selected 40% acetonitrile to be our choice for desorbing the
surface corona. To track destabilization of the AgNPs after removal of the surface corona,
we used DLS to monitor the change in hydrodynamic diameter. We expect that the AgNPs
will destabilize (aggregate) by removing the surface corona. Table 3-5 contains our results
confirming an increase in hydrodynamic diameter with acetonitrile treatments. For ~ 20
nm AgNPs, the hydrodynamic diameter increases from 57 # 1 nm to 687 * 351 nm after
two treatments of 40% acetonitrile. We also tried 80% acetonitrile and a similar, yet less
pronounced increase in hydrodynamic diameter is recorded for ~ 820 nm AgNPs. Our
results for ~ 320 nm AgNPs were consistent with our ~ g10 nm AgNPs. Thus, our DLS

study confirms that the NPs destabilize (aggregate) with the removal of the surface corona
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and 40% acetonitrile was more efficient than 80% in desorbing the surface corona. Thus,
we proceeded to determine the surface corona composition of B-AgNPs by removal of
excess free proteins, 40% treatment of the AgNPs, followed by mass spectrometry and

nuclear magnetic resonance.
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Table 3-3. Protein concentration of biogenic silver nanoparticles in situ and desorbing of
the surface layer using 40% acetonitrile.

Biogenic

nanoparticle Total proteina Normalized percent

diameter Sample description (mcg/mL) recoveryb

'‘As prepared' AgNP

~ @20 nm , _c 1439 £ 23 100%
dispersion
Supernatant fraction 1279 + 10 87 —91%
Supernatant from 40%
acetonitrile treated 737 5-7%
AgNPs
40% acetonitrile
treated AgNPs pellet o
and resuspended in 29£19 1-3%
water (2" treatment)d
'‘As prepared' AgQNP

~ @10 nm , _c 1883 £ 11 100%
dispersion
Supernatant fraction 1537 + 36 80 — 83%
Supernatant from 40%
acetonitrile treated 251+ 25 12 - 15%
AgNPs
40% acetonitrile
treated AgNPs pellet

45 + 36 1-4%

and resuspended in

water (2" treatment)d
a Estimated protein concentration was calculated according to [Protein] mg/mL = 1.55*Ag0-
0.76*A260.175-176 Values reported in micrograms/millilitre. Error is reported as standard deviation
of three measurements.
b Normalized to ‘as-prepared’ sample. Reported values are approximations.
¢ Silver nanoparticles dispersed in aqueous medium recovered post separation from fungal culture
(i.e. post filtration).
d AgNPs treated with 40% acetonitrile, centrifuged, and resuspended in water (2»d treatment).
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Table 3-4. Protein concentration of biogenic silver nanoparticles in situ and desorbing of
the surface layer using 80% acetonitrile.

Biogenic

nanoparticle Total protein” Normalized

b
diameter Sample description (mcg/mL) percent recovery

'‘As prepared' AQNP

~ @320 nm , _c 1439 £ 23 100%
dispersion
Supernatant fraction 1352 £ 106 85 —-94%
Supernatant from 80%
acetonitrile treated 47 +19 2-4%
AgNPs
80% acetonitrile
treated AgNPs pellet o
and resuspended in 16+3 1-3%
water (2 treatment)d
'‘As prepared' AgNP

~ @310 nm , _c 1883 £ 11 100%
dispersion
Supernatant fraction 1543 + 33 81 —-83%
Supernatant from 80%
acetonitrile treated 1115 5-6%
AgNPs
80% acetonitrile
treated AgNPs pellet

120 £ 63 3-10%

and resuspended in
d
water (2" treatment)

a Estimated protein concentration was calculated according to [Protein] mg/mL = 1.55*Ag0-
0.76*A260.175-17¢ Values reported in micrograms/millilitre. Error is reported as standard deviation
of three measurements.

b Normalized to ‘as-prepared’ sample. Reported values are approximations.

¢ Silver nanoparticles dispersed in aqueous medium recovered post separation from fungal culture
(i-e. post filtration).

d AgNPs treated with 80% acetonitrile, centrifuged, and resuspended in water (2nd treatment).
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Table 3-5. Tracking changes in hydrodynamic diameter of biogenic silver nanoparticles in
situ and desorbing of the surface layer using either 40% or 80% acetonitrile.

Biogenic

nanoparticle Hydrodynamic diameter’
diameter Sample description (nm)

~@20 nm  'As prepared' AgNP dispersionb 57 +1

40% acetonitrile treated AgNPs pellet

and resuspended in water (1st 69 + 1
treatment)C

40% acetonitrile treated AgNPs pellet
and resuspended in water (2nd 687 + 351

treatment)C
80% acetonitrile treated AgNPs pellet

and resuspended in water (1st 126 + 1
treatment)C

80% acetonitrile treated AgNPs pellet
and resuspended in water (2nd 371 + 15

treatment)C

~@10 nm  'As prepared' AgNP dispersionb 221

40% acetonitrile treated AgNPs pellet
and resuspended in water (1st 64 + 1

treatment)C
40% acetonitrile treated AgNPs pellet
and resuspended in water (2nd 779 + 56

treatment)C
80% acetonitrile treated AgNPs pellet
and resuspended in water (1st 82 +2

treatment)C
80% acetonitrile treated AgNPs pellet
and resuspended in water (2nd 319 + 12

treatment)C
a Z-Average based on intensity. Error is reported as standard deviation of three measurements.
b Silver nanoparticles dispersed in aqueous medium recovered post separation from fungal culture
(i.e. post filtration).
¢ Silver nanoparticles treated with acetonitrile, centrifuged, and resuspended in water.
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3.3.3. Determination of the surface corona composition

To understand the surface corona in more detail, we removed excess proteins in the
dispersion and desorbed the surface layer of biogenic AgNPs using 40% acetonitrile
(Figure 3-1). This approach enabled us to interrogate the biomolecules associated with
the NPs and provide information on the < 5 kDa enriched SDS-PAGE bands we observed in
Figure 3—4. Our three-pronged characterization approach involved (1) MALDI-MS to
confirm the molecular size range of all proteins associated with B-AgNPs; (2) LC-MS/MS for
identification; and (3) NMR to investigate our suspicion of carbohydrates. Figures 3-9 and
3-10 contain our MALDI-MS and LC-MS/MS results for ~ 20 nm, ~ ¢10 nm, and the
corresponding controls, respectively. Based on our MALDI-MS results shown in Figures 3-
9a-d and 3-10a-d, we conclude that there are expected spectral differences among the
samples and that the highest signals were recorded below 5 kDa. Future work may include
tracking the origin the peptides and examining the influence of culture media. In context of
m/z signal similarities, the MALDI spectrum recorded from the acetonitrile desorbed layer
is more consistent with the fungal control rather than that of the media (Figures 3-9 and
3-10). Our results suggest that the biomolecules associated with the corona primarily
originate from F. oxysporum and not from the culture media (Figures 3-9 and 3-10). In
terms of size ranges for MALDI analysis, we also tested ranges up to 20 kDa and 220 kDa,
however the signal to noise ratio was low suggesting low abundance (data not shown).
Thus, our MALDI-MS provides evidence that the surface corona is composed largely of
peptides. Next, we proceeded to identify the peptides in each sample by LC-MS/MS.
Figures 3-9e-h and 3-10e-h contain our base peak ion chromatograms (BPI) for

acetonitrile treated ~ 20 nm AgNPs and ~ 10 nm AgNPs; supernatants of the ‘as
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prepared’ dispersions, fungus control (without AgNOs), and media control (1% YPG).
Consistent with MALDI-MS spectral differences among the samples, our BPI
chromatograms show differences among samples. However, most peptides have short
retention time (~ 5 min) suggesting that there is a higher ratio of more polar than less
polar peptides, which would be reasonable given that the NPs are dispersed in an aqueous
medium. Figure 3-11 contains our tandem mass spectra and peptide sequences with the
highest Mascot scores. Peptide sequences were confirmed by tandem mass spectra
providing evidence of high signal intensities and consistent peptide fragments (a and b

ions) shown in Figure 3-11.
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Figure 3-9. Mass spectrometry results from ~ g20 nm silver nanoparticles produced by Fusarium oxysporum at 50°C
(Foxy50) compared to controls: fungus only with no silver nitrate exposure and media used to culture fungus. MALDI-MS
spectra (a-d) are shown on the left and corresponding LC-MS/MS chromatograms (e-h) are shown on the right. (a and e)
Results collected from an acetonitrile fraction containing the desorbed layer. (b and f) Results collected from the supernatant
after centrifugation of silver nanoparticles. (c and g) Results collected from F. oxysporum culture filtrate in the absence of 1
mM silver nitrate. (d and h) Results collected from 1% yeast-peptone-glucose media incubated at 50°C. This media was used
to initially culture F. oxysporum and used as a negative control during nanoparticle production.
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Figure 3-10. Mass spectrometry results from ~ g10 nm silver nanoparticles produced by Fusarium oxysporum at 75°C
(Foxy75) compared to controls: fungus only with no silver nitrate exposure and media used to culture fungus. MALDI-MS
spectra (a-d) are shown on the left and corresponding LC-MS/MS chromatograms (e-h) are shown on the right. (a and e)
Results collected from an acetonitrile fraction containing the desorbed layer. (b and f) Results collected from the supernatant
after centrifugation of silver nanoparticles. (c and g) Results collected from F. oxysporum culture filtrate in the absence of 1
mM silver nitrate. (d and h) Results collected from 1% yeast-peptone-glucose media incubated at 50°C. This media was used
to initially culture F. oxysporum and used as a negative control during nanoparticle production.
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from ~ 620 nm and ~ ¢10 nm biogenic silver nanoparticles produced by Fusarium
oxysporum (Foxy) at either 50°C or 75°C. Plots of intensity as a function of mass to charge
(m/z) ratio. (a) Surface layer desorbed from ~ g20 nm silver nanoparticles with
acetonitrile (ACN). (b) supernatant fraction of ~ 20 nm silver nanoparticles post
centrifugation. (c) Surface layer desorbed from ~ g10 nm silver nanoparticles with ACN.
(d) supernatant fraction of ~ 10 nm silver nanoparticles post centrifugation. (e-f) Control

fungal filtrate at 50°C or 75°C without exposure to 1 mM AgNOs.

Figure 3-11. Tandem mass spectra of highest peptide scores for desorbed surface layer
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Tables 3-6 and 3-7 contains the most abundant proteins identified with extensive
homology for ~ 20 nm and ~ 10 nm AgNPs, respectively, based on tandem mass
spectrometry. All proteins identified in the desorbed surface corona of both ~ 20 nm and
~ $10 nm AgNPs are homologous to F. oxysporum (Tables 3-6 and 3-7). In Table 3-6,
phosphoenolpyruvate carboxykinase, glyceraldehyde-3-phosphate dehydrogenase, and
malate dehydrogenase enzymes have been reported to be involved in carbohydrate
transport and metabolism with co-enzyme nicotinamide adenine dinucleotide.213 227
Identification of elongation factor 2 suggests the abundance of a protein involved in protein
synthesis (Table 3-6). The supernatant of ~ 20 nm AgNPs contains phosphoenolpyruvate
carboxykinase (Table 3-6). The abundance of phosphoenolpyruvate carboxykinase
suggests that F. oxysporum is expressing proteins in high abundance involved in the
generation of high energy molecules such as adenosine triphosphate (ATP). In comparison
with Foxy50 fungal filtrate control, cultures exposed to AgNOs have upregulated or have
higher expression levels consistent with carbohydrate metabolism as evidenced by the
hypothetical proteins from other fungal organisms shown in Table 3-3. These results are
consistent with the fractions derived ~ 10 nm AgNPs and the related Foxy75 controls
(Table 3-7). Changes in relative protein abundance could be attributed to differences in
production temperature (50°C versus 75°C) and protein stability. For our medium control,
we identified a peptide with extensive homology to Saccharomyces cerevisiae, which is
consistent with the yeast extract component (Table 3-6). Low mass peptides resulting in
no protein matches were found for the medium control for ~ g10 nm; likely due to protein

degradation at 75°C (Table 3-7).
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Table 3-6. Identification of the most abundant proteins based on extensive homology
from ~ ¢20 nm silver nanoparticles or culture filtrate produced by Fusarium oxysporum at
50°C.

Samole Mascot Mascot Molecular NCBI
P protein b Protein identification® weight accession
description a threshold d
Score (Da) number
Desorbed
surface Phosphoenolpyruvate
corona from 302 >73 carboxykinase [F. oxysporum 36980 902727943
220 nm forma specialis lycopersici]
AgNPs
Glyceraldehyde-3-phosphate
135 >73 dehydrogenase sgqg5 475671174
[F. oxysporum forma specialis
cubense]
Elongation factor 2
116 >73 [F. oxysporum forma specialis 50294 902732414
lycopersici]
82 >73 Malate dehydrogenase, 31158 587669178
[F. oxysporum]
620 nm Phosphoenolpyruvate
AgNPs 113 >73 carboxykinase [F. oxysporum 36980 902727943
supernatant forma specialis lycopersici]
Foxy50 Hypothetical protein
fungus 282 >73 TGAMO01_01851 89417 969886537
control® [Trichoderma gamsii]
80 >73 Hypothetical protein, variant 134233 389623189
[Magnaporthe oryzae)
Medium 163 >71 YGR192C 35666 45269553
control [Saccharomyces cerevisiae)

aProtein ion score is -10*Log(P), where P is the probability that the observed match is a
random event.

bIndividual ion scores above threshold indicate identity or extensive homology at P < 0.05
cIdentification based on most extensive homology to abundant protein

dNational Center for Biotechnology Information (NCBI) Protein database

¢ Fungus cultured without 1 mM AgNOs

1% yeast-peptone-glucose broth
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http://129.128.128.155/mascot/cgi/protein_view.pl?file=../data/20161101/F009589.dat&hit=gi%7c902732414&db_idx=1&px=1&ave_thresh=73&_ignoreionsscorebelow=0&report=0&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0

Table 3-7. Identification of the most abundant proteins based on extensive homology
from ~ ¢10 nm silver nanoparticles or culture filtrate produced by Fusarium oxysporum at

75°C.
Samole Mascot Mascot Molecular NCBI
P protein b Protein identification® weight accession
description 2 threshold d
Score ({F)] number
Desorbed
surface Malate dehydrogenase, NAD-
corona from 84 >73 dependent [Fusarium 34862 587669372
210 nm oxysporum]|
AgNPs
910 nm . . ,
AgNPs 90 >73 Hypothetical protein, variant 454535 39693189
[Magnaporthe oryzae]
supernatant
Putative serine
73 >73 endopeptidase protein 101362 629667903
[Eutypa lata]
Foxy75 . . .
fungus 84 >73 Hypothetical protein, variant 134533 389623189
e [Magnaporthe oryzae]
control
Hypothetical protein
75 >73 TGAMO01_01851 89417 969886537
[Trichoderma gamsii]
Medium . . Low mass peptides resulted . .
controlf in no protein matches

aProtein ion score is -10*Log(P), where P is the probability that the observed match is a

random event.

bIndividual ion scores above threshold indicate identity or extensive homology at P < 0.05
c¢Identification based on most extensive homology to abundant protein

4 National Center for Biotechnology Information (NCBI) Protein database

¢ Fungus cultured without 1 mM AgNOs3

f 1% yeast-peptone-glucose broth
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http://129.128.128.155/mascot/cgi/protein_view.pl?file=../data/20161028/F009573.dat&hit=gi%7c969886537&db_idx=1&px=1&ave_thresh=73&_ignoreionsscorebelow=0&report=0&_sigthreshold=0.05&_msresflags=1025&_msresflags2=2&percolate=-1&percolate_rt=0

Our results profiling the composition of the surface corona is consistent with a
previous report identifying glyceraldhehyde-3-phosphate dehydrogenase from 128 + 70
nm gold nanoparticles synthesized by F. oxysporum.172 Zhang et al. also identified a 3-
glucan binding protein that contrasts our results; however both proteins are consistent
with carbohydrate metabolism. Sun et al.?13 reported 99 proteins expressed by mainly two
pathotypes (low and high virulence) of F. oxysporum that cause banana wilt. Based on the
author’s cluster analysis of orthologous groups of proteins, the largest functional
classification is carbohydrate transport and metabolism (~ 30% of total proteins).213 Gene
ontology analysis revealed that most of 99 proteins were involved in either processes
related to carbohydrate metabolism or antioxidation.213 Thus, the authors conclude that
carbohydrate metabolism and ion transport may be important in the pathogenesis of
Fusarium wilt disease in bananas.?13 In an ecological context, high abundance of proteins
involved in carbohydrate metabolism and ion transport for activating antioxidant

molecules would be consistent with biotic and abiotic stress response.

Our in situ characterization and our direct characterization of the surface corona by
acetonitrile desorption suggests that the peptides identified with extensive homology to
proteins involved in either carbohydrate metabolism or responding to reactive oxygen
species (i.e., anti-oxidation). We hypothesis that higher expression of proteins involved in
carbohydrate metabolism or anti-oxidation are ultimately regulated by mitogen-activated
protein (MAP) kinase cascades. Segorbe and co-workers228 describe MAP kinase cascades

as a family of evolutionarily conserved three-tiered protein kinase modules composed of a
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MAP kinase kinase kinase (MAP3K) that phosphorylates downstream MAP kinase kinase
(MAP2K), which activates a MAP kinase for downstream transmission of cellular signals
and gene transcription. Phosphorylation occurs at the hydroxyl group of serine, threonine,
and tyrosine residues. These evolutionarily conserved pathways in a variety of organisms
from fungi,220-221,228-229 p]ants,218, 230 to mammals231-232 function as crucial signal
transducers of environmental stimulus, stress adaptation, and host recognition to activate
gene transcription for cellular responses (e.g., apoptosis, proliferation, differentiation,
defense). A previous report indicates that MAP kinases are associated with the regulation
of physiological traits and virulence in banana wilt disease caused by F. oxysporum forma
specialis cubense.?20 Recently, three MAP kinases Fmk1, Mpk1, and Hog1 are involved in
the regulation of development (e.g., hyphal growth, fusion, and aggregation), stress
response (e.g., cell wall integrity, heat, hyperosmotic, oxidative), and virulence of F.
oxysporum against plant and animal hosts.233 Segorbe and co-workers describe Mpk1 and
Hog1 regulate cellular adaptation to different types of stress, whereas Fmk1 and Mpk1
jointly contribute to ROS homeostasis. Both processes impact fungal growth and affect
virulence towards plants or animal hosts.228 Thus, our results leads us to conclude that the
surface corona of B-AgNPs produced by F. oxysporum is composed of peptides from
adaptive or protective proteins likely responding to environmental stress. We postulate F.
oxysporum is predominantly responding to reactive silver ions and to a lesser extent heat
stress and upregulating expression of proteins involved in metal detoxification. Given that
surface corona is composed of peptides, we suspect that the mechanism of Ag* ions
reduction to AgNPs may be consistent with Kracht and co-workers?34 report demonstrating

AgNPs synthesis using peptide aggregates in the presence of chloride ions as a medium for
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electron transfer. We have previously shown an energy dispersive X-ray spectrum with a
strong signal originating from chloride collected from spot profiles of AgNPs on fungal

mycelia.183

In another study investigating B-AgNPs from using culture filtrate of Aspergillus
tubingensis, Ballottin and co-workers?235 identified eight proteins in situ from ~ 35 nm
AgNPs by mass spectrometry. Based on the enzyme commission (EC) numbers provided in
Ballottin et al. paper, three proteins identified were glucan 1,4-alpha-glucosidase (EC
3.2.1.3)236, acid phosphatase (EC 3.1.3.2)237, and prolyl oligopeptidase (EC 3.3.21.26).238
The authors conclude that all proteins were involved in metabolic pathways and are
important for carbon, phosphorus, and nitrogen uptake, and for fungal growth.
Furthermore, the authors claim identified proteins are involved in the formation and
stabilization of B-AgNPs. Though we agree with Ballottin and co-workers that
protein/peptides are involved in formation and stabilization of B-AgNPs, our identified
proteins from F. oxysporum contrasts those of Ballottin’s report. Though the studies
examine different fungal organisms, we believe it is more important to evaluate the
characterization approach for a fair comparison. Thus, we provide an explanation below in
examining our characterization approaches of in situ versus a more direct investigation of

the surface corona.

In examining our two characterization approaches (Figure 3-1), a few key points

must be noted. Both approaches led to identifying peptides that have extensive homology
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to protective or adaptive proteins. However, the exact proteins identified through each
approach were different. The difference can be explained by higher background protein
expression levels in situ. As discussed above, 80 — 91% of total protein abundance is found
in the supernatant after centrifuging AgNPs (Tables 3-3 and 3-4). Higher protein
backgrounds affect the overall protein profile and careful interpretations must be made in
context of the surface corona. Differences in protein abundance and protein profiles should
be interpreted in context of the fungal culture conditions. For example, temperature
conditions will influence protein expression levels and stability. Initial culture media may
also play arole. Also, organism variability may influence specific proteins expressed,
however we believe that most fungal proteins will lead to adaptive or protective proteins in
the event of metal ion exposure. Thus, we encourage researchers investigating the surface
corona of B-AgNPs to carefully document methods of characterization to enable

appropriate treatment of the data for ecological interpretations.

We now turn our attention to our hypothesis of glycosylated proteins on the surface
of B-AgNPs. Based on our discussion above related to post-translational modification of
proteins in context of our SDS-PAGE results and our experience producing AgNPs, we
hypothesized that a fraction of amino acid residues may be glycosylated. Wan and co-
workers state that glycosylation is one of the most abundant post-translational protein
modifications.23° As such, we investigated the possibility of carbohydrates associated with
the surface layer of B-AgNPs by one dimensional 1H NMR. Figure 3-12 shows our 1H NMR

spectrum with signals collected at ~ & 3.6 and ~ & 5.2 ppm consistent with carbohydrates,
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likely anomeric resonances of glucose.24? Further investigation using 2D NMR and possibly
coupled with liquid chromatography may help identify the carbohydrates more definitely.
The broad bands with densely crowded resonance lines seen between ~§ 1.2, ~§ 3.8, ~ &
7.3, and ~ & 8.0 ppm are consistent with proteins.24! Currently, there are no reports of the
surface corona of B-AgNPs being comprised of carbohydrates. We are the first to provide
evidence of surface corona composed of peptides and carbohydrates. The implications for
carbohydrates is broader modification strategies, role in colloidal stability,23° possible
effect on nanoparticle size/morphology,242 use as effective capping agents,243-245 and
influencing nanoparticle-cell interactions either by enhancing cell membrane adhesion and

uptake or stimulating the immune system in humans.23°
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Foxy75 acn fraction

I

Figure 3-12. 1H Nuclear magnetic resonance spectrum collected from an acetonitrile
fraction containing the desorbed surface layer (purple in cartoon) of ~ g10 nm silver
nanoparticles produced by Fusarium oxysporum in heavy water (i.e., deuterium oxide).
Highlighted regions (pink arrow and boxes) show signals consistent with carbohydrates,
likely anomeric resonances of glucose. Signals for deuterium oxide resonance seen at ~ §
4.4 and acetonitrile resonance seen at ~ § 2.1 ppm.246
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We propose the model shown in Figure 3-13 to depict our current understanding of
the surface corona of AgNPs produced by F. oxysporum based on our results. We believe
that the surface corona is a thin mixed layer comprised predominately of peptides
originating from adaptive or protective proteins from MAP kinase cascades triggered by
environmental stress (e.g., reactive silver metal ions). To lesser extent, other primary or
secondary metabolic peptides may be part of the layer. Peptides are presumed to adsorb

stochastically around the silver nanoparticle effectively lowering the surface energy.247-248
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In terms of specific amino acid residues interacting with the AgNP surface, there are
reports of proline and hydroxyl-containing residues, along with Cys, Leu, Lys, Arg, Ser, Met,
and NHz groups are known to interact with Ag ions.179,247,.249-250 Collectively, the selection
and arrangement of peptides enable nanoparticle stability, establish a reducing
environment,?47 and provide a biological identity. Based on Monopoli and co-workers
descriptions of a “hard” and “soft” corona,!21 we also believe that such an interface extends
to B-AgNPs wherein the mixed corona layer is made up of a “hard” corona with peptides
bound to the nanoparticle surface and a “soft” corona that is in equilibrium with the
aqueous medium. To this end, we note that other factors such as NP size, shape, surface
potential, and biological backgrounds will influence corona formations. Hence, we

acknowledge that our assumptions will need to be tested for confirmation.
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are glycosylated (not depicted)

Figure 3-13. Model of the surface corona of biogenic AgNPs produced by Fusarium
oxysporum based on optical and mass spectrometric results. The mixed layer (purple) is
predominately comprised of peptides from adaptive or protective proteins (pink) and
peptides from transient proteins (blue) synthesized by F. oxysporum in response to
environmental stress. A fraction of peptides form a “hard” corona that is bound to the
surface and others form a “soft” corona that is in equilibrium with the aqueous medium.
Amino acid side chains are shown with black atoms representing carbon, red atoms
representing oxygen, and blue atoms representing nitrogen. A fraction of amino acids will
be glycosylated, however proportion and N- or O-linked chemistry is unknown.
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3.4. Conclusion

The surface corona of nanoparticles is the interface with the environment. As such,
a detailed understanding of the surface corona is valuable for application development and
understanding in vivo interactions. Currently, our understanding the inherent surface
corona of biogenic silver nanoparticles is limited. Previous reports investigating biogenic
silver nanoparticles have suggested that the surface layer is comprised of capping proteins.
However, many of these reports have contributed indirect evidence to substantiate claims
and have not clearly addressed excess biomolecules in the dispersion. Currently, there are
no reports describing the surface corona of biogenic silver nanoparticles providing both
indirect and direct structural and compositional evidence. Using our previously optimized
fungal isolate of Fusarium oxysporum, we examination involved both in situ analyses of
silver nanoparticle dispersions (indirect) and desorption of the surface corona (direct).
Using a series of orthogonal characterization techniques such as UV-visible spectroscopy,
TEM, SEM, DLS, ZP, Raman spectroscopy, SDS-PAGE, MALDI-MS, LC-MS/MS, and NMR; we
show evidence the surface corona of biogenic silver nanoparticles produced by Fusarium
oxysporum is comprised of a thin mixed layer of peptides and carbohydrates. We
hypothesize the origin of these peptides is from adaptive or protective proteins from the
mitogen activated protein kinase cascades triggered by environmental stress (e.g., reactive
silver metal ions). Peptides are presumed to adsorb stochastically around the silver
nanoparticle to minimize surface energy; thus conferring nanoparticle stability, a reducing
environment, and biological identity. We believe careful documentation of methods used

to characterize the inherent surface corona of biogenic silver nanoparticles will allow for
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more judicious interpretations. Important implications of the surface corona will impact
application develop by defining modification strategies with enhanced colloidal stability for

nanoparticle-enhanced bioassays and influence nanoparticle-cell interactions in vivo.
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Chapter 4. Evidence for controlled modification of

biogenic silver nanoparticles

4.1. Introduction

In Chapter 3, the surface corona of biogenic silver nanoparticles produced by a
fungus, Fusarium oxysporum, was examined in detail. Examination of the corona involved
both in situ analysis of silver nanoparticle dispersions (indirect) and desorption of the
surface corona (direct). Using a series of orthogonal characterization techniques such as
UV-visible extinction spectroscopy, TEM, SEM, DLS, ZP, Raman spectroscopy, SDS-PAGE,
MALDI-MS, LC-MS/MS, and NMR; we showed evidence of the surface corona is comprised
of a thin mixed layer of peptides and carbohydrates. We hypothesize the origin of these
peptides is from adaptive or protective proteins that are part of mitogen activated protein
kinase cascades triggered by environmental stress (e.g., reactive silver metal ions).
Peptides are presumed to adsorb stochastically around the silver nanoparticle to minimize
surface energy. This process confers nanoparticle stability, establishes a reducing
environment, and provides biological identity. We believe careful documentation of
methods used to characterize the inherent surface corona of biogenic silver nanoparticles
will allow for more judicious interpretations of composition. Understanding the surface
corona of biogenic nanoparticles will impact applications by defining surface modification
strategies, enhancing colloidal stability, and allowing prediction for in vitro or in vivo

interactions.
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This chapter advances the functionality of biogenic AgNPs (B-AgNPs) towards a
surface-enhanced Raman scattering (SERS) sandwich immunoassay. Contained within this
chapter is a collection of experiments to demonstrate controlled surface modification of B-
AgNPs by adding Raman reporter molecules and antibodies. In parallel, results to optimize
a capture substrate that will be used in a SERS immunoassay are presented. Figure 4-1
displays an overview of the modification strategy and preparation of the capture substrate.
Step one involves modifying the surface of B-AgNPs with Raman reporter molecules to
produce extrinsic Raman active labels (Figure 4-1A). As discussed in chapter 2, B-AgNPs
have a weak intrinsic scattering cross section. Thus, it is important to increase the Raman
signal intensity by adding Raman reporter molecules. We demonstrate this by modifying
10 nm, 20 nm, and 30 nm B-AgNPs with five different Raman reporter molecules in
turn with control. Subsequent addition of IgG antibodies (anti-androgen receptor full
length, anti-AR-FL) is demonstrated to add specificity to the Raman labels. Successful
modification is evidenced by UV-visible extinction spectroscopy and Raman spectroscopy
results. With each modification step, B-AgNPs were stable with few exceptions that are
discussed in this chapter. Optimization of substrate was performed through plasmonic
coupling experiments to determine if 300 nm thick Au or 300 nm thick Ag films provide
higher Raman signal intensities. Based on these experiments, a biochip consisting of
multiple metal film spots deposited onto a standard microscope slides were fabricated with

the aim of clinical use.
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A) Controlled modification and optimization of biogenic extrinsic Raman label

Raman reporter molecules Antibodies
(five different chemicals) (lgG)
— —
Biogenic silver ¥ Raman active
nanoparticle ) biogenic silver
(three different sizes) nanoparticle Biogenic extrinsic
Raman label
B) Capture substrate design and optimization
Capture Standard microscope
substrate slide with Au spots

Plasmonic coupling
experiments

— versus
300 nm Au film 300 nm Ag film

fabrication for
clinical use

Raman active Silane treated DTSP modified
biogenic silver glass Au spot
nanoparticle

Figure 4-1. Overview scheme to modify the surface of biogenic silver nanoparticles and to
optimize a substrate to capture bio-analytes towards biosensing platforms. (A) Three
different sizes of biogenic silver nanoparticles were used in modification strategies using
five different Raman reporter molecules. After this step, the B-AgNPs were verified to be
Raman active. These Raman active AgNPs were further modified with the addition of
antibodies for selective targeting of protein biomolecules. (B) To optimize Raman signal
intensity, a comparison of two metal films was evaluated for enhanced electronic coupling
leading to the design of a substrate aimed for clinical use. The substrate consisted of a
standard microscope slide with multiple gold spots. The gold spots were later modified
with a bifunctional linker, dithiobis(succinimidyl propionate) (DTSP), for antibody
coupling.152.251 The glass surface was treated with tridecafluoro-1,1,2,2-tetrahydrooctyl
dimethylchlorosilane to provide a hydrophobic background and minimize droplet
spreading from the gold spots.
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4.2. Experimental

4.2.1. Reagents and materials

The following reagents were used as received: acetonitrile (HPLC grade, Caledon), ethyl
alcohol (anhydrous, Commercial Alcohols), H2S04 (95-98%, Caledon), 4-
mercaptobenzonitrile (95%, product# SS-7247, Batch# L44964, Combi-Blocks, California,
USA), tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane (DMS, product#
SIT8170.0, Gelest, USA), anti-androgen receptor-full length antibodies (ab74272, lot#
GR315793-3, Abcam, Canada). The following reagents were obtained from Sigma-Aldrich
and used as received: 2-naphthalene thiol (99%, product# 270849-5G), 4-mercaptophenol
(90%, product# 275395-5G), 4-nitrobenzene thiol (80%, product# N27209-5G), 4-
mercaptobenzoic acid (90%, product# 662534-5G), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC, 2 99%, product# 03449-1G), N-
hydroxysuccinimide (NHS, 98%, product# 130672-5G), bovine serum albumin (BSA, =
98%, product# A3059-50G, lot# SLBT8252), H202 (30%, ACS reagent, product# 216763-
500 mL), dithiobis(succinimidyl propionate) (DTSP, product# D3669-500 MG), Sodium
chloride (ACS reagent, = 99.0%, catalog# S9888), silver nitrate (= 99%, ACS reagent,
209139-25G). The following reagents were obtained from Thermo Fisher Scientific and
used as received: BupH borate buffer (BB) packs (catalog# 28384), Pierce 20X phosphate-
buffered saline (PBS, catalog# 28348), standard microscope slides (25 mm x 75 mm x 1
mm, Fisher Scientific product# 12-550-A3), BD Bacto yeast extract (product# 212750, lot#
5180630), BD Bacto peptone (product# 211677, lot# 2306004 ), dextrose (ACS reagent,

product# 73409, lot# 720331). Deionized (DI) water with a resistivity of 18 MQ-cm was
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used for all aqueous preparations unless otherwise noted. All buffers were prepared in

deionized water.

4.2.2. Production and separation of biogenic silver nanoparticles

A detailed description of silver nanoparticles production has been published83 and has
appeared in the previous two chapters with further optimization in chapter 3. Briefly,
Fusarium oxysporum isolate 405 was initially cultured on potato dextrose agar (PDA) in the
dark for seven days at 23°C £ 2°C. Next, F. oxysporum was set up as a liquid culture by
removing one piece (~ 1 cm x 2 cm) of solid PDA growth medium containing mycelium and
conidia and transferring to each sterile 500 mL Erlenmeyer flask containing 100 mL of
sterile 1% yeast extract, 1% D-glucose and 1% Bacto-peptone (1% YGP). All inoculated
flasks plus control medium flasks (i.e., no fungal inoculum) were incubated in the dark at
23°C £ 2°C shaking at 150 rpm for four days. Next, fungal biomass was separated from the
culture broth by centrifuging at 2000 rpm for 5 min in a swing-out bucket centrifuge.
Settled biomass was washed once with sterile DI water, centrifuged, and weighed after
supernatant was decanted. Average fungal fresh (wet) weight and standard deviation was

determined to be 42 + 4 grams (n = 15).

Harvested washed fungal biomass was added to 100 mL of sterile 1 mM aqueous AgNOs3
solution (fresh) in sterile Nalgene PMP conical flasks with screw cap lids at 23°C + 2°C.

After inoculating, all flasks were incubated either at: a) 45°C + 0.3°C, b) 50°C £+ 1°C or c)
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75°C £ 1°C under dark conditions with shaking at 100 rpm for three days. Simultaneously,
a negative control containing only silver nitrate solution and a positive control containing
only fungus was maintained under identical experimental conditions. Fungal culture flasks
were weighed post incubation. The average mass change and standard deviation in fungal

culture was determined to be a loss 0f 0.2 = 0.01 grams (n = 6).

4.2.3. Enrichment of biogenic nanoparticles

To separate and recover AgNPs, aqueous dispersions of AgNPs with fungi were sonicated
for 20 min at 23°C £+ 2°C using a Branson 5510 ultrasonicator to separate nanoparticles
from fungal mycelia post synthesis. After sonicating, aqueous dispersions with fungal
mycelia were filtered using a sterile 0.1 um polyethersulfone membrane 250 mL vacuum
filtration unit (Millipore, product# SCVPUO2RE, Massachusetts, USA). Negative fungal

control flasks were treated the same. All samples were stored in the dark at 4°C until use.

Biogenic nanoparticles produced at 50°C exhibit an average diameter of 17 nm + 3 nm (~
20 nm) and those produced at 75°C are 9 nm = 4 nm (~ ¢10 nm) based on previous TEM
measurements.183 Nanoparticles produced at 45°C exhibit an average diameter of 27 nm +

5 nm (~ ¢30 nm) based on TEM measurements shown below.
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4.2.4. Preparation of biogenic extrinsic Raman labels

4.2.4.1. Postsynthesis modification

Biogenic ERLs were prepared in batches using a 1 mL aqueous suspension of AgNPs and
adding 10 pL of selected Raman reporter regent in 100% acetonitrile (fresh) and
incubating in the dark at room temperature (22°C). For modification with antibodies, 20
uL of anti-human AR-FL pAb (1 mg mL-! stock solution) was added after 1 h incubation
with Raman reporter reagent and further incubated overnight (~ 18 h) at room
temperature (22°C) in the dark. Excess reactants were removed by centrifugation
(Eppendorf 5417R microcentrifuge) at 5000 rpm for 10 min. The resulting supernatant
was carefully removed and the ERL pellet was resuspended in 1 mL of DI water or 1% BSA

in 2.0 mM BB.

4.2.4.2. In situ modification

At the time of silver nanoparticle production (i.e., introduction of 1 mM AgNO3 in culture),
1010 pL of sterile 5 mM solution of MBN (fresh) in anhydrous ethanol was immediately
added to designated PMP flasks after AgNOs addition. Final in situ concentration of MBN
was 0.05 mM. The 5 mM stock solution was sterilized using a 0.22 pm syringe filter to
maintain aseptic technique through the production process. Ethanol was selected as the
carrier for MBN due to its lower toxic effects on biological organisms (e.g., fungi) compared

to acetonitrile and for its comparable solubility of MBN.

129



4.2.5. Fabrication of SERS capture substrates with Au or Ag films

Standard microscope slides (25 mm x 75 mm x 1 mm) was purchased from Fisher
Scientific and used as the substrate base. The substrates were cleaned using hot piranha
solution (4:1, H2S04: 30% H202) for 30 min followed by thorough rinsing with DI water and
blown dry using Ar gas. [Warning: Piranha solution should be handled with extreme care; it
is a strong oxidant and reacts violently with many organic materials. When mixed with
incompatible chemicals, this solution presents an explosion hazard. All work should be
performed in an appropriate chemical fume hood with appropriate personal protective
equipment.] The cleaned and dried substrates were mounted on a custom holder designed
for whole slide coverage or mounted on a mask that exposed twenty-eight 2 mm diameter
round spots (three by three arrays and one spot for slide orientation) as seen in Figure 4-
1B and placed into the chamber of a thermal evaporator (Torr International Incorporated,
New York). Metal films of 10 nm chromium (5N purity) and 300 nm gold (4N purity) or
300 nm silver (5N purity) were sequentially coated on the glass substrate through the
holder or the mask under vacuum (< 10-¢ mbar). After removal from the evaporator, the
substrates were then either stored in anhydrous ethanol at room temperature (whole
slides covered with metal film) or exposed to a vapour of DMS under reduced pressure
(dynamic, i.e., continuous) at room temperature (22°C) for ~ 18 h overnight. DMS
treatment of the glass substrate with spotted metal films created a hydrophobic
background on the glass surface. To modify the glass surface with DMS, a glass vial
containing 1 mL of neat DMS was placed in the centre of the desiccator base. Substrates
were placed as a single layer in stacked square petri dishes with radially offset ajar lids (3

slides/dish) on top of a vented ceramic platform directly above the glass vial containing
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neat DMS. Selection of DMS silane reagent was based on one hydrolyzable Cl group
offering monolayer coverage on the glass and minimizing modification of the Au surface.252
We found that it is important to consider the number of hydrolyzable functional group
when using silane reagents. In our experience, we observed silane reagents with three
hydrolyzable Cl groups (e.g., tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane) will lead
to multilayer surface coverage (IRRAS data not shown). Also, higher number of
hydrochloric acid leaving groups will etch the Au surface and foster modification.2>3 Also,
when using silane reagents with >1 hydrolyzable groups, vacuum condition (i.e., dynamic
versus static) is important. Under dynamic vacuum, we have visually observed a
modification gradient when using tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane.
After silanization, the prepared SERS substrates were stored in a desiccator under dynamic

(continuous) vacuum at room temperature until use.

4.2.6. Extinction spectroscopy

UV-visible extinction spectra were collected in absorbance mode with a double-beam
PerkinElmer Lamda 35 spectrometer equipped with a photodiode detector. The UV-visible
spectrum was scanned from 300 nm to 900 nm with a scan rate of 960 nm min-1.

Deionized water was used as a reference for each measurement. Measurements were

conducted at room temperature and replicated thrice.
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4.2.7. Raman spectroscopy

Biogenic silver nanoparticles were analyzed by surface-enhanced Raman scattering (SERS).
A 2 pL volume of AgNPs was deposited on an ethanol rinsed, high purity nitrogen dried,
ozone-treated (10 min), gold-coated (300 nm thickness) 25 x 75 x 1 mm plain microscope
slide, air dried, and immediately analyzed. For silver films, ozone-treatment was omitted
due to film degradation. Raman reporter reagent powder was deposited as a thin uniform
layer on an ethanol rinsed, high purity nitrogen dried, ozone-treated, 300 nm gold-coated
microscope slide. Raman spectra were recorded with a Renishaw inVia Raman microscope
equipped with a 1200 lines/mm grating and a charged coupled device (CCD) detector.
Irradiation sources for excitation were a 514.5 air-cooled Ar ion laser and a 633 nm air-
cooled He-Ne laser. Power densities for each experiment are provided within the Figure
captions. A power meter (Coherent, Laser Check model# 54-018, California, USA) was used
to measure laser power at the sample. The microscope attachment was a Leica system. A
5X objective was used to first focus the light path and a 50X objective (Leica, numerical
aperture 0.75, ~ 0.8 um laser spot diameter2>4) or a 20X objective (Leica, numerical
aperture 0.4, ~ 2 um laser spot diameter255) was used to collect spectra. All reported
spectra are an average of three to five point locations each with either five to ten second
integration time. Visual inspections were conducted to deposit equivalent amounts of
nanoparticles on the slide substrate and to focus the laser beam in regions of similar

nanoparticle density of each sample.
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4.2.8. Raman data analysis

All Raman spectra were imported into Spectragryph v1.2.525¢ for baseline correction and
data extraction. For baseline correction, spectra were treated twice with individual

baseline correction using the “adaptive” curve function (coarseness 10, offset 0).

4.2.9. Dynamic light scattering (DLS) spectrometry

Hydrodynamic diameter of AgNPs was determined using a Malvern Zetasizer Nano-ZS.
Results were collected with a 4 mW He-Ne laser set at 633 nm with a 173° back scattering
angle and an avalanche photodiode detector. Measurements were performed under the
following conditions: particle refractive index 1.590; particle absorption coefficient 0.118
for B-AgNPs (based on absorbance values recorded at 633 nm); water refractive index
1.33; viscosity 0.8872 cP; and temperature 25°C; equilibrated for 120 sec; 15 runs; n=3
measurements. Hydrodynamic radii is calculated by the instrument software using the
Stokes-Einstein equation for spherical particles. Hydrodynamic diameter (dnyd) reported

represents the mean diameter based on intensity of scattered light.

4.2.10. Zeta potential (ZP)

Zeta potential of AgNPs was determined using a Malvern Zetasizer Nano-ZS. A 4 mW HeNe
laser with 633 nm wavelength was used as light source. All measurements were performed
under the following conditions: temperature 25°C; equilibrated for 120 sec; 20 runs; n = 3

measurements; Smoluchowski model.
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4.2.11. Electron microscopy

A droplet of aqueous nanoparticle sample (1X washed with DI water) was deposited onto
an ultra-thin carbon film coated copper 400 mesh grid (Electron Microscopy Sciences,
product# CF400-CU-UL). After one minute, excess suspension was wicked-off using
Whatman filter paper and then the grid was air-dried at room temperature before analysis.
Electron micrographs were collected on a Hitachi S4800 field emission electron microscope
in transmission mode. Image acquisition was conducted with a 20 — 30 kV accelerating
voltage, 20 pA emission current, and a working distance of approximately 8 mm. Images

were analysed with Gatan Digital Micrograph (version 2.31.734.0) and Image]J 1.51t.166

4.2.12. Energy dispersive X-ray spectroscopy (EDX)

EDX spectra were collected with a Hitachi S5500 field emission electron microscope
equipped with a Bruker EDX detector at a 15 kV accelerating voltage for Au and 10 kV
accelerating voltage for glass; a working distance of ~ 1.1 mm, and an acquisition time of ~

5 min. Beam spot size ~ g50 pm.257

4.2.13. Atomic force microscopy (AFM)

Slide substrates with either 300 nm Au or 300 nm Ag films stored previously in anhydrous
ethanol were dried with a gentle stream of high purity nitrogen, cut, rinsed with ethanol,
and dried again with nitrogen prior to AFM measurements. Measurements were

performed in tapping mode using a Digital Instruments Nanoscope III Multimode
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microscope using super sharp silicon cantilevers (Nanosensors, product# SSS-NCHR-50)
with a spring constant of 50 N/m. Experiments were conducted with a resonant frequency
was 274 + 3 kHz. Images were collected with an amplitude setpoint range of 0.7 - 1.7 V,
scan rate of ~ 4 Hz, and a tip velocity of ~ 16 um secl. AFM micrographs were analysed

using Gwyddion (version 2.45) open source software?>8 to generate height profiles.

4.2.14. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed using an AXIS Ultra Spectrometer (Kratos Analytical) and a
monochromatic Al Ka source (hv = 1486.6 eV) at 210 W. The base pressure of the analysis
chamber during experiments < 5 x 10-10 Torr. A hemispherical electron-energy analyzer
with a beam spot size of approximately 400 um x 700 pm was used to collect spectra. High-
resolution spectra were collected for C 1s, O 1s, N 1s, Si 2p, and F 1s with pass energy of 20
eV and a step size of 0.1 eV. Charging effects were corrected by calibrating to the C 1s line

at 284.8 eV. XPS data was analysed with CasaXPS version 2.3.16.

4.3. Results and discussion

Towards a SERS-based bioassay platform using B-AgNPs, this chapter provides
evidence for controlled modification with Raman active molecules for signal amplification
and antibodies for specific biomolecular recognition. This chapter also provides details on
substrate design and optimization to be used in a planar surface immunoassay format.

Figure 4-1 presents an overview scheme to outline the approach and major experiments
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contained within this chapter. As depicted in Figure 4-1, three different sizes of silver
nanoparticles were sequentially tested with five different Raman reporter molecules and
then further modified with IgG antibodies to produce biogenic extrinsic Raman labels (B-
ERLs). We show below UV-visible extinction and Raman spectroscopy data to verify each
modification step. To optimize the substrate that will be used to capture the bio-analyte of
interest, initial experiments focused on a comparison of 300 nm thick Au and 300 nm thick
Ag films for enhanced electronic coupling to maximize Raman scattering signal intensity.
These experiments led to designing a substrate that employs a standard glass microscope
slide with metal spots aimed at clinical deployment. Presented below is a collection of
experiments that led to the design and optimization of both the B-ERLs and the substrate
for SERS-based bioassay platforms. As most experiments presented are based on UV-
visible extinction spectroscopy and Raman spectroscopy, it is important to establish a brief
theoretical basis of each to interpret the results. Thus, the results are treated in this

context.

Extinction spectroscopy is a common technique to monitor nanoparticle
modification.? 51.259 The position of the extinction band is influenced by nanoparticle
size,260-261 shape,260-261 flgcculation,>> 146 and the dielectric constant of the particle and the
medium.>> 146,261 Modification of the nanoparticle surface with organic molecules will
affect the dielectric constant of the surrounding medium and in turn affect the localized
surface plasmon resonance (LSPR) band position. The sensitivity towards changes in the

dielectric constant of the surrounding medium with addition of organic molecules to the
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nanoparticle surface can be used as a diagnostic tool to confirm successful surface
modification. Equation 4-1 demonstrates the effect of adsorbed molecules on the surface

by shift in Amax caused by changes in refractive index.? 259

Equation 4-1

2d
AAmax ~m (nadsorbate - nmedium) (1 —e€ ld)

In Equation 4-1, AAmax is the LSPR spectral shift in response to changes in refractive
index, m is the bulk refractive-index response of the nanoparticle(s) (nm per refractive
index units), n refers to the refractive index of either the adsorbate or the surrounding
medium, d is the adsorbed molecules effective thickness (nm), and /s is the electromagnetic
field decay length (nm).% 259 Typically, the refractive index of an organic monolayer (1.5 -
1.6)147,262 js higher than the refractive index of a solvent (nwater = 1.33)°1 resulting in a red

shift of the LSPR band.

Extinction spectroscopic results provide evidence for successful surface
modification of biogenic AgNPs with a mixed layer consisting of thiolate Raman reporter
molecules and native biomolecules. Extinction spectroscopy also provides an indication of
colloidal stability of the modified AgNPs. Figure 4-2 contains extinction spectra of 410 nm
and g20 nm B-AgNPs modified with different solution concentrations of 4-nitrobenzene
thiol (NBT) ranging from 1 mM to 20 mM. For both size diameters, the LSPR peak position

initially decreases (blue-shifts) with the addition of acetonitrile (ACN) and then increases
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(red-shifts) with increasing [NBT]. This is also consistent with the LSPR band width,
defined by full width half maximum (FWHM), with the expectation of 820 nm particles
exposed to ACN control solution. Based on our previous results shown in Chapter 3, we
suspect ACN is desorbing a fraction of the native biomolecular layer (biocorona). Thus, the
shifts in the LSPR band and the LSPR band width indicates variations in the organic coating.
However, the exact origin of the shift or band width changes is unclear. We hypothesize
that a strong interaction of the thiolate layers> and the adsorption of biomolecules results
in a film with a slightly higher refractive index. Nanoparticle solution stability can be
evaluated by monitoring the extinction spectrum in the region between 500 to 700 nm for
the appearance of a second adsorption band that indicates aggregation. As shown in Figure
4-2, there are no additional bands observed in any of the modified AgNPs solutions.

Modified AgNPs are stable for at least one month at 4°C.
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Figure 4-2. Normalized UV-visible extinction spectra collected for biogenic silver

nanoparticles before and after modification with 4-nitrobenzene thiol (NBT) dissolved in

100% acetonitrile (ACN) at four different solution concentrations; 1 mM, 5 mM, 10 mM,

and 20 mM. Inset shows LSPR peak position, denoted by Amax and peak width, denoted by

full width at half maximum. (A) ¢10 nm AgNPs. (B) 420 nm AgNPs.
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A detailed discussion of Raman spectroscopy and surface-enhanced Raman
scattering (SERS) has appeared in chapter 1. Briefly, Raman spectroscopy is a vibrational
technique that provides rich chemical structural information. The technique generally
suffers from low signal levels, however molecules located at or very near the surface (~ nm
length scales) of noble metal nanostructures provide signal enhancements of 104 - 106 or
higher depending on conditions.1232.71 The primary mechanism of this signal
enhancement is an increased electric field generated by the excitation of the surface
plasmons of the metal nanoparticle.62 206-207 We used Raman spectroscopy and SERS to
further characterize modified B-AgNPs. SERS spectra were recorded for two sizes of
modified B-AgNPs, which were air-dried on 300 nm Au substrates. Initially, we selected
NBT as our starting Raman reporter based on the strong symmetric vs(NO2) feature centred

at ~ 1335 cm seen in Figure 4-3.
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Figure 4-3. Raman spectrum of 4-nitrobenzene thiol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 £ 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are labelled.

Figure 4—-4 presents our SERS results for 10 nm and g20 nm B-AgNPs modified
with four solution concentrations of NBT incubated overnight (~ 18 h) at room
temperature (21°C) in the dark. For both size diameters, we initially observe an expected
dose response by tracking the symmetric vs(NOz) stretch at 1333 cm-! (Figure 4-4).
However, with solution concentrations of NBT (= 10 mM), a surprising decrease in peak
height intensity at 1333 cm! is observed. In further examining the SERS spectra in Figures
4-4A and 4-4C, we observe a increases in three other peaks; vs(C-N) at 1143 cm1, §5(C-H)
at 1392 cm1, and vs(N=N) at 1436 cm!. These frequencies are consistent with photo-

reduction of the NO2 group to dimercaptoazobenzene (DMAB) on Ag surfaces described by
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previous reports.263-265 Previous reports suggest that dimerization is dependent on
wavelength, power, and integration time; translating to input energy level. In our
experiments, photo-reduction was observed using a low input energy of 28 + 3 uW for 10
sec from a 514.5 nm laser suggesting sensitive and rapid catalysis. Table 4-1 summarizes
the assigned peak frequencies collected from NBT powder and NBT adsorbed on B-AgNPs.
The peak frequencies are in agreement with previously published Raman spectra for
nitrobenzene.266-268 The peak frequencies recorded with NBT adsorbed on B-AgNPs are
similar with those of NBT powder with the exception of photocatalytic effects263-265
observed with increases to three peak frequencies at 1192 cm-1, 1392 cm-1, 1436 cm-1, and
a striking decrease at 1333 cm-! (Table 4-1). Our results indicate that biogenic AgNPs can
be controllably modified with NBT, however photo-reduction occurs with solution
concentrations of 2 10 mM. Consequently, we proceeded to determine the optimal
incubation time for Raman reporter modification with 5 mM because the photo-catalytic
effects are less pronounced and vs(NOz) stretch at 1333 cm™! remains a prominent spectral

feature to monitor.
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Figure 4-4. Raman spectra of 10 nm and g20 nm biogenic AgNPs modified with 4-
nitrobenzene thiol (NBT) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 28 + 3 uW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for
clarity. (A and C) Initial dose response at low [NBT] by tracking vs(NOz) at 1333 cm1. At
high [NBT], decrease at 1333 cm! and increases at 1143 cm-1, 1392 cm™ and 1436 cm;
consistent with NO2 photo-reduction to dimercaptoazobenzene (inset). (B and D) Bar plot
tracking the vs(NO2) at 1333 cm! and a ring breathing mode vs(C=C) at 1572 cm-1. Data
represent an average and standard deviation of the peak height intensity at the
corresponding frequencies from the measurement of three different locations for each
sample.
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Table 4-1. Peak frequencies and assignments for the Raman spectrum of solid 4-
nitrobenzene thiol and the SERS spectrum of nitrobenzene thiol on the surface of 20 nm
biogenic silver nanoparticles.263, 265,269

Raman shift (peak frequency, cm™)

Assignment Powder Adsorbed on B-AgNPs
C-H bend + C-N stretch 855 853 (weak)
C-H bend 1099 1080
C-N stretch - 1143
C-H bend 1181 1192
Symmetric NO, stretch 1335 1333
Symmetric C-H bend + ring stretch 1364 (weak) -
C-H bend - 1392
Asymmetric C-H bend + ring stretch 1426 (weak) -
N=N stretch - 1436
Asymmetric C-H bend + ring stretch 1480 (weak) 1475
Asymmetric NO, stretch 1506 (weak) -
Ring stretch 1575 1572
Ring stretch 1600 (weak) -

To determine the optimal incubation time for modification with Raman reporter
molecules, we tested g10 nm and 20 nm B-AgNPs over time and tracked with UV-visible
extinction and Raman spectroscopy. Figure 4-5 presents our extinction data tracking the
modification of 10 nm and 20 nm B-AgNPs with 5 mM NBT and incubating up to 8 h. The
position of the LSPR band seen in Figure 4-5 changes slightly (AAmax ~ 1 nm) for g10 nm
AgNPs modified with 5 mM, whereas at a higher change is observed for 820 nm (AAmax ~ 3
nm at 1440 min). More apparent changes are observed by the peak width, denoted by
FWHM. As discussed earlier, the shifts in the LSPR band and the LSPR band width clearly
indicates variations in the organic coating over time; thus we can infer that the surface of

AgNPs have been modified due to changes in the refractive index. With g20 nm AgNPs, we
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also observe a secondary absorption band between 500 to 700 nm, particularly at longer

incubation times of 4 h and 8 h. This indicates that a fraction of AgNPs have destabilized.

145



Peak width
Peak position (Full width half
(A, NM)  maximum, nm)
1.0 - Unmodified 10 nm AgNPs 413 116
10 min 414 119
5 60 min 414 118
<038 - 240 min 414 116
c 480 min 414 119
2 1440 min 414 120
H
%06 1
T —Unmodified
N —10 min
E 0.4 4 —60 min
=] —240 min
4
—480 min
0.2 - —1440 min
0.0

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

B 1.2
Peak width
Peak position (Full width half
(Aya: NM)  mMaximum, nm)
1.0 - Unmodified 20 nm AgNPs 406 108
10 min 405 105
3 60 min 405 105
<038 - 240 min 405 102
- 480 min 402 106
-% 1440 min 403 112
£
%06 —Unmodified
§ —10 min
5 —60 min
E04 1 —240 min
2 —480 min
—1440 min
0.2 -
0.0

o —

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4-5. Normalized UV-visible extinction spectra collected for biogenic silver
nanoparticles before and after modification with 5 mM 4-nitrobenzene thiol (NBT)
dissolved in 100% acetonitrile over time. Inset shows LSPR peak position, denoted by Amax
and peak width, denoted by full width at half maximum. (A) 10 nm AgNPs. (B) 820 nm
AgNPs.
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Figure 4-6 presents our time-resolved SERS results for 410 nm and 20 nm B-
AgNPs modified with 5 mM NBT. For both ¢10 nm and ¢20 nm B-AgNPs, the highest
Raman signal intensities are recorded at 60 min incubation. For 10 nm B-AgNPs, Figure
4-6B shows that the highest signal is recorded at 60 min, followed by variable yet
indistinguishable signal intensity at longer measured time points. For 20 nm B-AgNPs,
the results are more defined. Consistent with 10 nm AgNPs, the highest signal recorded
was at 60 min followed by a decline in signal intensity with longer incubation. We
hypothesize that the decline in signal intensity beyond 60 min is due to the native
biomolecules (biocorona) re-establishing equilibrium after being displaced by the strong
interaction of the thiolate layer. Thus, we proceeded with an incubation time of 60 min to
maximize the number of adsorbed Raman reporter molecules and minimize the possibility

of AgNP destabilization at longer incubation times.

Though the vs(NO2) stretch is a strong spectral feature in Raman spectroscopy,
chemicals with this functional group are not compatible with AgNPs. Therefore, the
proceeding set of experiments seek to identify a suitable Raman reporter candidate for
AgNPs. We examined four other Raman reporter molecules, namely 2-napthalene thiol, 4-
mercaptophenol, 4-mercaptobenzoic acid, and mercaptobenzonitrile. Results and

conclusions of our experiments are presented below in turn.
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Figure 4-6. Time resolved surface modification of 10 nm and 20 nm biogenic AgNPs
modified with 5 mM 4-nitrobenzene thiol (NBT) dissolved in 100% acetonitrile at different
incubation times. (A and C) Raman spectra collected with a 514.5 nm laser at 28 + 3 pyW
laser power and an integration time of 10 sec. Spectra averaged from three different
locations of visually equal amounts of AgNPs and offset for clarity. NBT control spectrum
has been magnified by a factor of 50. (B and D) Bar plot tracking the vs(NO2) at 1333 cm!
and a ring breathing mode vs(C=C) at 1572 cm-!. Data represent an average and standard
deviation of the peak height at the corresponding frequencies from the measurement of

three different locations for each sample.
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Figure 4-7 shows a Raman spectrum collected from 2-napthalene thiol powder on a
300 nm Au substrate. We selected 2-napthalene thiol for its large Raman cross section,
multiple ring breathing vibrational modes, and minimal steric hindrance with the thiol in

the ortho (2) position.
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Figure 4-7. Raman spectrum of 2-napthalene thiol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 £ 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are labelled.

To demonstrate surface modification with 2-napthalene thiol with 820 nm B-AgNPs,

Figure 4-8 presents our Raman spectroscopy data and Figure 4-9 contains our UV-visible

extinction data.
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Figure 4-8. Raman spectra for 20 nm biogenic AgNPs before and after modification with
2-napthalene thiol (NT) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 70 = 3 pW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for
clarity.

Figure 4-8 shows Raman spectra collected from g20 nm B-AgNPs before and after
treatment with different solution concentrations of NT. As evidenced by the labelled
bands, a dose response is distinguishable between 5 mM NT to 20 mM NT. The small
vibrational features at ~ 682 cm-1, ~ 1236 cm-! (Amide III band, N-H bend), and
~ 1633 cm-! (amide I band, C=0 stretch) seen in the unmodified and control acetonitrile
spectra are consistent with protein structural components.269-270 Table 4-2 summarizes
the assigned peak frequencies collected from NT powder and NT adsorbed on 20 nm B-

AgNPs. The peak frequency positions are in agreement with previously published Raman
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spectra for 2-napthalene thiol.271-272 The peak frequencies recorded with NT adsorbed on

B-AgNPs are similar with those of NT powder.

Table 4-2. Peak frequencies and assignments for the Raman spectrum of solid 2-
napthalene thiol and the SERS spectrum of napthalene on the surface of 20 nm biogenic
silver nanoparticles.26% 271

Raman shift (peak frequency, cm'1)

Assignment Powder Adsorbed on B-AgNPs
C-H bend + Ring deformation 768 767
C-H bend + Ring deformation - 846
C-H bend + Ring breathing 1021 -
C-H bend 1069 1066
C-H bend 1082 -
C-H bend 1145 1158 (weak)
Symmetric C-H bend + ring stretch 1380 1379
Asymmetric C-H bend + ring stretch 1432 1429
Asymmetric C-H bend + ring stretch 1454 1453
Ring stretch 1569 1583
Ring stretch 1623 1622

Following our encouraging Raman data, our UV-visible extinction results shown in Figure
4-9 also provided encouragement. Consistent with our previous extinction results using
NBT (Figure 4-2), we observe a similar trend with an initial blue shift in band position
followed by a red shift (= 10 mM). Similarly, we observe an initial narrowing in band width
followed by a broadening (10 mM). Figure 4-9B shows a visual representation of colloidal
stability. Ata solution concentration of 20 mM, a secondary absorption band is evident
(Figure 4-9) indicative of destabilized AgNPs. Thus, NT is a compatible candidate for B-

AgNPs at a solution concentration of 5 mM consistent with NBT.
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Figure 4-9. Normalized UV-visible extinction spectra collected for 820 nm biogenic silver

nanoparticles before and after modification with 2-napthalene thiol (NT) dissolved in

100% acetonitrile at four different solution concentrations: 1 mM, 5 mM, 10 mM, and 20
mM. (A) Inset shows LSPR peak position, denoted by Amax and peak width, denoted by full
width at half maximum. (B) Photograph of 820 nm biogenic silver nanoparticles with no
treatment (unmodified), or treated with 100% acetonitrile (ACN) or a solution

concentration of NT dissolved in 100% acetonitrile for 60 min.
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Figure 4-10. Raman spectrum of 4-mercaptophenol (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.17 £ 0.01 mW laser

power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are labelled.

Next, we used 4-mercaptophenol (MP) to modify the surface of 820 nm B-AgNPs. In
following the same approach as previous modification experiments, we began with
collecting a Raman spectrum of MP powder to identify prominent spectral features shown
in Figure 4-10. Figure 4-11 shows our Raman spectroscopy results and Figure 4-12
shows our UV-visible extinction results in modifying 820 nm B-AgNPs. Figure 4-11 shows
Raman spectra collected from g20 nm B-AgNPs before and after treatment with different
solution concentrations of MP. Consistent with our Raman results for NT, a dose response
is distinguishable between 5 mM NT to 20 mM NT as shown by the labelled bands in Figure

4-11. Table 4-3 summarizes the assigned peak frequencies collected from MP powder and
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MP adsorbed on g20 nm B-AgNPs. The peak frequency positions are in agreement with
previously published Raman spectra for 4-mercaptophenol.2’3 The peak frequencies

recorded with MP adsorbed on B-AgNPs are similar with those of MP powder.

o™
[-=]
(=
-—

500 counts

829

20 mM MP modified

10 mM MP modified

W il

1 mM MP modified

UV T NI U ARV RY L SR S

Control acetonitrile modified

Intensity

20 nm unmodified AgNPs

N Nt RPN AN AN b AN NNt v sl BN

600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm-)

Figure 4-11. Raman spectra for 20 nm biogenic AgNPs before and after modification with
4-mercaptophenol (MP) dissolved in 100% acetonitrile at four different solution
concentrations; 1 mM, 5 mM, 10 mM, and 20 mM. A 514.5 nm laser was used to collect
each spectrum at 70 + 3 uW laser power and an integration time of 10 sec. Spectra
averaged from three different locations of visually equal amounts of AgNPs and offset for

clarity.
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Table 4-3. Peak frequencies and assignments for the Raman spectrum of solid 4-
mercaptophenol and the SERS spectrum of mercaptophenol on the surface of 20 nm
biogenic silver nanoparticles.269 273

Raman shift (peak frequency, cm'1)

Assignment Powder Adsorbed on B-AgNPs
C-S stretch 638 640 (weak)
O-H bend + C-H bend 700 -
C-H bend 812 -
C-H bend 829 829 (weak)
C-H bend 921 -
C-H bend + ring breathing 1012 -
C-H bend 1082 1082
C-H bend 1102 -
C-H bend + C-O bend 1170 1171
C-H bend + C-O stretch 1249 1254 (broad, weak)
Asymmetric C-H bend 1491 1496
Ring stretch 1591 1581
Ring stretch 1602 1602

The UV-visible extinction results shown in Figure 4-12 reveals important
considerations in using MP. Consistent with previous extinction results using NBT (Figure
4-2) and NT (Figure 4-9), we observe a similar trend with an initial blue shift in band
position followed by a red shift (= 10 mM). Similarly, we observe an initial narrowing in
band width followed by more pronounced band broadening at a higher solution
concentrations (= 5 mM) indicative of destabilized AgNPs. Figure 4-9B shows a visual
representation of colloidal stability with distinct red-shifted colour changes. Our results
led us to conclude that MP is a not a compatible Raman reporter candidate for B-AgNPs.
One hypothesis for this remarkable destabilization is due to the disruption of electrostatic
interactions at the surface of B-AgNPs. As the pKa of substituted phenols ranges from 7.0-
10.3,274-275 it is likely that most hydroxyl groups will remain protonated and neutral in a

AgNPs solution with a pH of 6-7. However, a fraction of hydroxyl groups will be
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deprotonated, hence charged. Thus, we suspect that the electrostatic interactions are
disrupted due to a combination of (mostly) hydrogen bonding and a fraction of ionic

interactions within an aqueous solution of B-AgNPs.
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Figure 4-12. Normalized UV-visible extinction spectra collected for 20 nm biogenic
silver nanoparticles before and after modification with 4-mercaptophenol (MP) dissolved
in 100% acetonitrile at four different solution concentrations: 1 mM, 5 mM, 10 mM, and 20
mM. (A) Inset shows LSPR peak position, denoted by Amax and peak width, denoted by full
width at half maximum. (B) Photograph of 820 nm biogenic silver nanoparticles with no
treatment (unmodified), or treated with 100% acetonitrile (ACN) or a solution
concentration of NT dissolved in 100% acetonitrile for 60 min.

156



In further testing our hypothesis of electrostatic disruption of the biocorona, we
performed a single experiment to modify the surface of 420 nm B-AgNPs with 4-
mercaptobenzoic acid (MBA) at a solution concentration of 5 mM for 60 min. As seen in
Figure 4-13, our UV-visible extinction plot shows the peak position blue shifted as
previous modifications; however, the band width dramatically expands with a secondary
absorbance band seen between 550 nm to 600 nm indicative of destabilized NPs. Our

extinction results of MBA supports the notion that biocorona is sensitive to electronic

disruption resulting in destabilization.
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Figure 4-13. Normalized UV-visible extinction spectra collected for 20 nm biogenic
silver nanoparticles before and after modification with 4-mercaptobenzoic acid (MBA)

dissolved in 100% acetonitrile. Inset shows LSPR peak position, denoted by Amax and peak
width, denoted by full width at half maximum.
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The last Raman reporter molecule evaluated is 4-mercaptobenzonitrile (MBN). A
major impetus for selecting this Raman reporter is the vs(C=N) at 2225 cm-1. This
particular vibrational mode is in a relative quiet region (2000 cm! — 2500 cm-1) of the
Raman spectrum, where few organic molecules have characteristic frequency modes.26° As
our aim is designing a SERS-immunoassay for bio-specimens (e.g., serum, plasma, urine)
that are rich in organic biomolecules, measuring a vibrational feature in an uncrowded
region would be ideal. Thus, we start by presenting a powder spectrum of MBN shown in

Figure 4- 14 to identify prominent vibrational bands.
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Figure 4-14. Raman spectrum of 4-mercaptobenzonitrile (inset) powder on 300 nm Au
substrate. A 514.5 nm laser was used to collect the spectrum at 0.93 + 0.01 mW laser
power and an integration time of 10 sec. Spectra averaged from three different locations.
Major bands are labelled.
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Figure 4-15. ¢20 nm biogenic AgNPs before and after modification with 5 mM 4-
mercaptobenzonitrile (MBN) dissolved in 100% acetonitrile for 60 min in the dark. (A)
Normalized extinction plot before and after modification. Inset shows peak position,
denoted by Amax and peak width, denoted by full width half maximum. (B) Raman spectra
collected using a 514.5 nm laser at 70 yW * 3 uW laser power and an integration time of 10
sec. In the unmodified spectrum, a weak peak ~ 1640 cm-! is consistent with Amide I band.

Spectra averaged from three different locations of visually equal amounts of AgNPs and
offset for clarity.
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Figure 4-15 contains UV-visible extinction and Raman results to demonstrate modification
of 320 nm B-AgNPs. Consistent with previous extinction results, a blue shift in the
extinction plot and a decrease in peak width is observed (Figure 4-15A). No secondary
absorbance is evident, suggesting a very low level of NP aggregation. Thus, changes in the
peak position and peak width suggest modification of the surface layer. Confirmation of
the MBN on or near the surface is confirmed by Raman spectroscopy shown in Figure 4-
15B. Table 4-4 summarizes the assigned peak frequencies collected from MBN powder
and MBN adsorbed on 30 nm B-AgNPs. The peak frequency positions are in agreement
with previously published Raman spectra for 4-mercaptobenzonitrile.276-279 The peak
frequencies recorded with MBN adsorbed on B-AgNPs are similar with those of MBN

powder.

Table 4-4. Peak frequencies and assignments for the Raman spectrum of solid 4-
mercaptobenzonitrile and the SERS spectrum of MBN on the surface of 30 nm biogenic
silver nanoparticles.26°

Raman shift (peak frequency, cm'1)

Assignment Powder Adsorbed on B-AgNPs
C-H bend 1096 -
C-H bend 1183 -

Ring stretch 1593 1582

C=N stretch 2225 2221
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In summarizing up to this point, we have established that B-AgNPs can be
controllably modified with different Raman reporter molecules. Ideal conditions consist of
a 5 mM stock solution concentration, 60 min incubation time for surface modification, and
neutral molecules with minimal secondary intermolecular interactions is desired. Among
the five Raman reporter chemicals evaluated, we selected MBN for all subsequent
experiments. In moving forward in context of a SERS-based bioassay platform, we decided
a larger size diameter would benefit to a higher SERS signal intensity. We chose ~ g30 nm
AgNPs based on our previous work with AuNPs for SERS-based immunoassays3% and
considerations for B-AgNPs production with relatively uniform characteristics and
maintaining a relatively narrow size distribution. Prior to presenting our UV-visible
extinction and Raman spectroscopy results of modifying 30 nm AgNPs, we present our
characterization results after biosynthesis. Figure 4-16 contains our transmission electron
micrographs and our size distribution results represented by an average shifted
histogram.?80 Consistent with our previous report!83 and in chapter 2, the nanoparticles
produced are predominately spherical in morphology (Figure 4-16A and 4-16C) and have
an average size of 27 nm and a standard deviation of 5 nm (~ 18.5% relative standard
deviation) based on 320 nanoparticles.281 Using dynamic light scattering (DLS), we also
report an average hydrodynamic diameter of 57 nm * 1 nm (based on intensity, n = 3) and
a polydispersity index value of 0.4 + 0.04. Consistent with our previous work, ~2X
difference between our TEM diameter and our solution based hydrodynamic diameter is
largely due to the biomolecular surface layer around B-AgNPs. Our zeta potential (ZP)

measured -23 mV + 1 mV at pH ~ 7 (n = 3) indicative of acceptable colloidal stability.16°
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Both DLS and ZP measurements are consistent with our previous report with 10 nm and

20 nm B-AgNPs.183

B

A
Average = 27 (5) nm
% N = 320

T T T T
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30.0kV 8.0mm x300k TE 100nm

20.0kV 8.2mm x500k 100nm

Figure 4-16. Transmission electron microscopy characterization of ~ g30 nm biogenic
silver nanoparticles produced by Fusarium oxysporum at 45°C * 0.3°C shaking at 100 rpm
in the dark for 3 days. Accelerating voltage, working distance, and magnification are shown
in (A) and (C). (A) Representative TEM micrograph of primarily spherical nanoparticles.
(B) Average shifted histogram?280.282 of the size distribution of 320 nanoparticles with an
average of 27 nm = 5 nm (~ 18.5% relative standard deviation). The pink line represents
the average shifts in bin origin. The blue shaded area comprises all the histograms
generated with the overlapping regions shown in darker areas. The thickness of the edge
gradient represents the uncertainty.280 Scott’s rule is used for optimal bin width.283 Below
the histogram is series of vertical lines that show the actual positions of each data point,
known as a “rug” plot.280 TEM images were analysed by Image] 1.51t166 and histogram
generation was performed using an online plotter.280 (C) TEM micrograph of a single
spherical nanoparticle at higher magnification (500k).
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Figure 4-17. ¢30 nm biogenic AgNPs before and after modification with 5 mM 4-
mercaptobenzonitrile (MBN) dissolved in 100% acetonitrile for 60 min in the dark. (A)
Normalized extinction plot before and after modification. Inset shows peak position,
denoted by Amax and peak width, denoted by full width half maximum. (B) Raman spectra
collected using a 633 nm laser at 0.7 mW * 0.1 mW laser power and an integration time of
5 sec. A weak peak ~ 1645 cm!is consistent with Amide I band. Spectra averaged from
five different locations of visually equal amounts of AgNPs and offset for clarity.
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Figure 4-17 contains UV-visible extinction and Raman results to demonstrate
modification of 830 nm B-AgNPs. Contrary to our previous extinction results, we observe a
red shift of 2 nm and a ~ 3 nm increase in peak width after treatment with 5 mM MBN
(Figure 4-17A). This phenomenon can be explained by the larger contribution of the larger
NP size (¢30 nm) resulting in a larger molar extinction or a relatively smaller contribution
from the refractive index change due to the native biomolecular surface layer. Though we
observe a red shift contrary to previous extinction results with smaller nanoparticles (10
nm and 20 nm), our results with 30 nm are consistent with extinction results generated by
commercial synthetic NPs modified with Raman reporter molecules.3? Confirmation of
MBN modification was further verified by Raman spectroscopy demonstrated by our

results presented in Figure 4-17B.

Thus far, we have demonstrated successful surface modification of B-AgNPs with
different Raman reporter molecules post synthesis. This approach is consistent with the
commonly performed modification approach of chemically produced NPs. As an alternate
approach, we attempted to incorporate Raman reporter molecules in situ during bio-
production of AgNPs. Our preliminary UV-visible extinction and Raman results are
presented in Figure 4-18. Our UV-visible extinction results shown in Figure 4-18A reveals
NPs are produced in both cases wherein fungal cultures were treated with AgNO3
compared to the fungus control with no AgNOs. The peak position of both the unmodified
AgNPs and the in situ modified are relatively consistent (~ 410 nm). Remarkably, the NP

concentration of in situ modified NPs is distinctly higher than that of unmodified NPs. We
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are working to understand this dramatic change. Visually, the inset of Figure 4-18A shows
that the NPs solution with 1 mM AgNOs and 5 mM MBN are stable in solution and that the
colour is darker suggesting higher NP concentration or larger NP size diameter. Successful
modification with MBN is confirmed by the Raman spectra shown in Figure 4-18B. In situ
labelling offers to speed up producing extrinsic Raman labels by eliminating or removing
preparative steps. Incorporation of Raman reporters in situ will be further examined as

water dispersible SERS substrates.
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Figure 4-18. In situ mercaptobenzonitrile (MBN) modification of 830 nm biogenic silver
nanoparticles produced by Fusarium oxysporum at 45°C = 0.3°C shaking at 100 rpm in the
dark for 3 days. (A) Extinction plot before and after modification. Samples are diluted 1:4
with deionized water. Inset shows final products. Fungus control (left), unmodified silver
nanoparticles (middle), and in situ modified silver nanoparticles (right). (B) Raman
spectra collected using a 785 nm laser at 72 pyW * 3 uW laser power and an integration
time of 10 sec. Spectra averaged from three different locations of visually equal amounts of
AgNPs and offset for clarity.

166



Going back to our post synthesis modification of B-AgNPs, we now turn our
attention to the incorporation of IgG antibodies. The purpose of adding antibodies is to
provide biorecognition for a specific biomolecule. To demonstrate, we used anti-androgen
receptor full length antibodies since we will be use these antibodies in chapter 5. Figure 4-
19 presents our UV-visible extinction results tracking the sequential modification of MBN
followed by the addition of antibodies. In Figure 4-19A, we recorded a red shift of 2 nm
and an increase in band width (~ 3 nm) after the addition of 5 mM MBN consistent with
our previous experiment shown above in Figure 4-17. Next, we recorded another red shift
of 1 nm and an increase in band width (~ 8 nm) after physisorbing anti-AR-FL IgG
antibodies (1 mg mL-1 stock concentration). The red shift in LSPR peak position and
relative magnitude is consistent with a change in the dielectric constant of the medium due
to changes in the mixed surface layer. The modified nanoparticles are stable evident by the
absence of a secondary absorbance band. Thus, our extinction results provide evidence of
successful modification of 30 nm B-AgNPs with both Raman reporter molecules (MBN)

and physisorbed antibodies.

To explain our rationale for physically adsorbing antibodies, it is important to draw
attention to previous reports that have investigated the coupling chemistry using
succinimidyl ester chemistry to immobilize antibodies.151-152 Antibody coupling occurs by
the primary amines from lysine residues reacting with the terminal succinimidyl ester to
covalently immobilize the antibody through the formation of an amide bond.15! Lim and

co-workers suggest that succinimidyl coupling is inefficient based on their work with DTSP,
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i.e,, Lomant’s reagent.2>! The authors report that the reaction kinetics of heterogeneous
hydrolysis of the succinimidyl ester is three orders of magnitude greater than that of the
heterogeneous aminolysis rate.’>2 Thus, we compared immobilizing antibodies different
methods, i.e., physically adsorbed, EDC-NHS chemistry, and succinimidyl ester (DTSP)
chemistry by UV-visible extinction spectroscopy shown in Figure 4-19. Figure 4-19B
reveals antibodies that are physically adsorbed are comparable to antibodies that have
been immobilized using DTSP based on consistent peak position (413 nm) and similar peak
width (~ 112 - 115 nm). Our extinction results agree with Filbrun and Driskell’s report
investigating 860 nm AuNPs and antibody surface coverage using a fluorescence-based
method.151 The authors report that the surface coverage of antibody immobilized via DTSP
(or DTSSP) corresponds to 298 + 46 antibodies per AuNP compared to 309 + 93 antibodies
per AuNP via direct adsorption.’>! The authors infer that the hydrolysis of DTSP-modified
AuNPs results in surface-bound carboxylates giving the AuNPs a negative surface potential
similar to that of unconjugated citrate-capped AuNPs. This explanation can be extend to B-
AgNPs since our native B-AgNPs also have a negative zeta potential of -23 mV + 1 mV. For
our EDC-NHS modified B-AgNPs, we observe a slightly greater red shift in peak position
(414 nm), however the peak width is dramatically broader (~ 140 nm) compared to DTSP
modified (~ 112 nm) (Figure 4-19B). We suspect the broader peak width is caused by the
inefficiencies of each reaction step i.e., EDC activation of the carboxylic acid groups found
within the biocorona followed by the addition NHS to o-acylisourea intermediate14°
resulting in heterogeneous reaction outcomes. Though our results with EDC-NHS coupling
following a method described by Hermanson!4? were variable, other researchers?84 have

reported success with EDC-NHS chemistry with higher concentrations of EDC (350 mM)
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and NHS (110 mM) in a 1:1 ratio.?85-286 As an alternate approach, we also attempted to
couple antibodies using cysteine residues via maleimide conjugation, however this
approach was unsuccessful due to low abundance of cysteine residues (XPS data not
shown). Thus, to simplify our process towards for an extrinsic Raman label and minimize
modification variability, we proceeded with physically adsorbing antibodies to the surface

of B-AgNPs.
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Figure 4-19. Normalized UV-visible extinction plot before and after modification with
mercaptobenzonitrile (MBN) followed by IgG antibodies (Ab) of 830 nm biogenic AgNPs.
All nanoparticle dispersions are washed once and resuspended in 2 mM borate buffer with
1% bovine serum albumin. (A) Extinction curves of unmodified nanoparticles (black),
nanoparticles modified with 5 mM MBN for 60 min (green), and nanoparticles modified
with MBN and physisorbed antibodies incubated overnight (~ 18 h) (purple). Inset shows
the LSPR peak position and peak width. (B) Extinction curves of unmodified nanoparticles
(black), nanoparticles with 5 mM MBN for 60 min (green), nanoparticles with MBN and
physisorbed Ab (blue), nanoparticles with MBN and Ab attached through EDC/NHS
chemistry (red), and nanoparticles with MBN and Ab attached through DTSP chemistry
(purple). Incubation with antibodies was overnight (~ 18 h). O/N = overnight.
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We now turn our attention towards optimizing the capture substrate, which
consists of a standard microscope slide with multiple metal film spots (Figure 4-1B). To
produce the metal film spots, a custom aluminium mask shown in Figure 4-20 was
designed and fabricated. In selecting a metal film to generate high SERS intensity, we
tested 300 nm Au and 300 Ag films for enhanced plasmonic coupling.287 We selected 300
nm thick films to ensure bulk Au and to avoid the possibility of signal attenuation due to
electron tunnelling?79 288 observed in thinner films. Figure 4-21 shows our Raman results
using 20 nm B-AgNPs modified with 5 mM NBT on both Au and Ag films. Analysis of the
spectra reveal consistent vibrational features of NBT. In comparing the two films by
examining the vs(NOz) stretch at 1333 cm-1, we observe ~ 3X increase in signal intensity
and higher background signals (not shown due to background subtraction). Though results
with Ag are encouraging, a magnitude within one order did not give us a compelling reason
to select Ag films over Au films considering the drawbacks of Ag (e.g., oxidation and film
robustness). We further investigated bare Au and Ag films by AFM presented in Figure 4-
22 to explain our SERS signal differences. In analysing our AFM images of 300 nm Au and
300 Ag films, we measured the root mean square (RMS) corresponding to the surface
roughness to be 3.3 nm # 0.1 nm and 2.9 nm # 0.1 nm, respectively. Though high SERS
signal intensities can be achieved by using roughened silver surfaces,® 68.289 pur Raman
results did not provide compelling evidence of this compared to Au (Figure 4-21). Thus,
considering our experimental results in concert with ease of deposition, film robustness,

and film oxidation we proceeded with Au films typically used in SERS immunoassays.28 75,

84,290-291
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Figure 4-20. Fabricated mask for the deposition of plasmonic metal films for SERS-based
substrates designed for clinical use. The mask is designed to use standard microscope
slides. Each slide consists of three 3 x 3 array of g2 mm test spots. One spot in the top left
corner is designed for slide orientation. MTM represents the McDermott Research
Laboratory and exemplifies substrate branding. All measurements are in mm. Left shows
side view. Mask material is 6061 aluminium. Design drawing provided by Vincent Bizon
(University of Alberta, Department of Chemistry, machine shop).
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Figure 4-21. Raman spectra of 20 nm biogenic silver nanoparticles modified with 5 mM
nitrobenzene thiol on either 300 nm thickness Au or 300 nm thickness Ag film. A 514.5 nm
laser was used to collect each spectrum at 70 + 3 uW laser power and an integration time of
10 sec. Spectra averaged from three different locations of visually equal amounts of AgNPs
and offset for clarity. The vs(NOz) is labelled at 1333 cm-1.
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Figure 4-22. Tapping mode atomic force 2 x 2 pum micrographs of bare 300 nm thickness
Au and Ag films. (A and B) Au film. Surface roughness (root mean square, RMS) measures
3.3+ 0.1 nm. 1.5 pm blue line corresponds to the height profile in (B). (C and D) Ag film.
Surface roughness (root mean square, RMS) measures 2.9 + 0.1 nm. 1.5 um blue line
corresponds to the height profile in (C). Scale bar = 500 nm.
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In establishing Au films as our plasmonic substrate, it is important to consider the
remaining glass surface of the microscope slide. To use the Au spots effectively, the liquid
volume deposited at each address is required to exhibit minimal spreading. Fluid
spreading (low contact angle) is expected due to clean surfaces (i.e., absence of
contaminating hydrocarbons). One way is minimize spreading is to increase the
hydrophobic background of the glass. A common approach is to use silanating reagents
and covalently linking fluorine groups. Thus, we exposed our substrates after Au
deposition to a vapour of tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane (DMS)
under reduced pressure (dynamic) at room temperature (22°C) for ~ 18 h to create a
hydrophobic background on the glass surface. Alkyl silane reagents are known to react
with silanols to form relatively ordered monolayers driven by hydrophobic interactions
between the alkyl chains.3? The DMS silane reagent with one hydrolyzable Cl group offers
monolayer coverage on the glass and minimizes modification of the Au surface.292 We
found that it is important to consider the number of hydrolyzable functional group when
using silane reagents. We observed silane reagents with three hydrolyzable Cl groups (e.g.,
tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane) will lead to multilayer surface
coverage (data not shown). Higher number of hydrochloric acid leaving groups will etch
the Au surface and foster modification.2?3 Also, when using silane reagents with >1
hydrolyzable groups, vacuum condition (i.e., dynamic versus static) is important. Under
dynamic vacuum, we have observed a modification gradient when using tridecafluoro-

1,1,2,2-tetrahydrooctyl trichlorosilane.
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We demonstrate successful silanation of the glass surface and not the Au surface by
SEM/EDX and XPS analyses. Figure 4-23 shows an EDX spectra of 300 nm bare Au film
and the glass substrate. In the 300 nm Au film spectrum, Au and Si are the most abundant
features identified. In the glass substrate spectrum, there is a strong signal from Si and an
expected absence of Au. Centring on a kinetic energy of Ka 0.677 eV, there is a small F peak
height on the glass and absent on Au (Figure 4-23 inset). The other elements detected in
the glass substrate are likely surface or material impurities. Our SEM/EDX results confirm
that the glass surface has been selectively silanated with DMS and the Au film remains

unmodified.

To further characterization the DMS modified glass surface, we conducted XPS and
present our results in Figure 4-24. Figure 4-24 shows high resolution scans for Si (Figure
4-24A) to ensure beam is targeting the glass and F (Figure 4-24B). As evidenced,
detection of signal ~ 102.6 eV is consistent with the Si 2p line at 99 eV (Figure 4-24A).
Confirmation of the Si ensures the X-ray beam is targeting the glass. Detection of signal ~
687.9 eV is consistent with the F 1s line at 686 eV (Figure 4-24B). The slightly higher
binding energy could be due to charging effects or caused by impurities in the microscope
glass slide. Our XPS results led us to conclude that the glass surface has been successfully
modified with DMS. Due to the beam spot size of approximately 400 pm x 700 um and
close proximity of glass, we could not conclusively confirm absence of F 1s on a 2 mm Au
spot. Thus, we confirm the absence of fluorine modification on Au by EDX (Figure 4-23)

and infrared reflection absorbance spectroscopy (data not shown).
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Figure 4-23. Energy dispersive X-ray spectra of fabricated glass microscope slide
substrate (black spectrum) with g2 mm Au spots (green spectrum) exposed to
tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane by vapour deposition under
dynamic vacuum overnight (~ 18 h) at room temperature to confirm silane modification.
Major peaks are labelled. All spectra are offset for clarity. Inset shows magnified region
between 0.0 — 1.0 keV. Spectra are magnified by a factor of 50.
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Figure 4-24. X-ray photoelectron spectra of fabricated glass microscope slide substrate
exposed to tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane by vapour
deposition under dynamic vacuum overnight (~ 18 h) at room temperature to confirm
silane modification. Major peaks are labelled. Spectra have been calibrated to C 1s peak.
(A) High resolution scan for Si 2p. (B) High resolution scan for F 1s. Background
subtracted from spectrum.
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4.4. Conclusion

This chapter advances the functionality of biogenic AgNPs towards a surface-
enhanced Raman scattering (SERS) sandwich immunoassay. Evidence compiled from a
series of surface modification experiments demonstrates controlled modification of B-
AgNPs by sequentially adding Raman reporter molecules and IgG antibodies. Modified B-
AgNPs maintain colloidal stability under most conditions evaluated. Based on our results,
we will proceed with 830 nm AgNPs and mercaptobenzonitrile as our Raman reporter
reagent in our SERS-based immunoassay. We also presented our results to optimize a
capture substrate that will be used in a SERS immunoassay. Based on this work, we have
designed and fabricated a substrate that employs a standard microscope slide with

multiple Au spots to advance in our SERS-based immunoassay aimed at clinical use.
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Chapter 5. Detection of the advanced prostate
cancer prognostic and predictive biomarker
androgen receptor V7 in serum by surface-

enhanced Raman scattering

5.1. Introduction

In Chapter 4, controlled surface modification of biogenic silver nanoparticles with
Raman reporter molecules and antibodies were described to establish a basis for
bioanalyses (biosensing). To enhance SERS signal intensity, biogenic AgNPs were shown to
be controllably modified with Raman active molecules due to weak intrinsic signal
intensities. Modification with four Raman active reporters was described. Optimization of
Raman reporter modification was performed through concentration dependence and time
resolution studies. Among the Raman active molecules evaluated, 4-mercaptobenzonitrile
was selected to advance due to its vs(C=N) vibrational stretch at 2221 cm-1. As metal film
selection is an important contribution to SERS signal intensity, we found Au films to be
superior to Ag films. Thus, we optimized critical components of a SERS-based assay to a

point where it is ready for a real-world application.

Prostate cancer (PCa) is the second most common cancer in men according to the

International Agency of Cancer Research.2%4 In Canada and the US, PCa is the leading
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cancer type in men.2952% The International Agency estimated that 1.1 million men
worldwide were diagnosed with PCa in 2012; accounting for 15% of the cancer types
diagnosed in men. According to the National Institute of Health Surveillance,
Epidemiology, and End Results Program (NIH SEER)297 and Canadian Cancer Statistics,298
PCa ranks third both in the USA and in Canada as the leading cause of death by cancers in
males. Mortality is largely attributed to the advanced metastatic context with a five-year
survival rate of 29.8%.299-300 To improve prognosis in this high risk setting, identifying

treatment-specific biomarkers are needed for maximum patient benefits.

Huggins and Hodges seminal discovery in 1941 led to androgen deprivation therapy
(ADT) as the standard first-line treatment for men with advanced prostate cancer (PCa).301-
303 For the past 77 years, depleting androgens or blocking the receptor’s active site has
been the first-line standard of care. Upon treatment, most patients with PCa initially
benefit from a decline in prostate-specific antigen (PSA) levels, relief of symptoms, and
disease control.39%4 However, the initial clinical benefit is temporary. Most patients
eventually develop resistance to ADT and present with disease progression (e.g., rising PSA
levels, radiographic progression, and clinical progression) and transition to a castration-
resistant state that is inevitably fatal. Androgen deprivation therapy often fails due to one
or more resistance mechanisms within the androgen receptor (AR) signalling axis. On-
going efforts aim to understand these mechanisms. Known mechanisms have been
reviewed previously in detail.304-305 Briefly, AR resistance mechanisms are categorised into

two groups; androgen ligand—-dependent and androgen ligand-independent. Androgen
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ligand-dependent mechanisms reported include: AR gene amplification, autocrine
androgen production, and adrenal androgen synthesis. Androgen ligand-independent
mechanisms reported include: AR alternative signalling, AR mutations, AR bypass
signalling, and AR splice variants.3%4 Consequences of AR signalling resistance mechanisms
often results in a distinctly different prognosis due to varying responses to available
therapies. In our study, we focus on AR splice variant 7 (AR-V7) due to its resistance to two

hormonal therapies, abiraterone and enzalutamide.306

Through an understanding of AR resistance mechanisms and targeting the androgen
receptor signalling axis, the successful clinical development of two novel AR signalling
inhibitors, abiraterone and enzalutamide, have resulted.303.307-308 Both agents have been
approved by the United States Food and Drug Administration (FDA) to treat metastatic
castration-resistant prostate cancer (CRPC) on the basis of survival improvements.309-312
Currently, the four approved major systemic therapies for mCRPC patients are: (1) second
generation AR-signalling inhibitors (abiraterone and enzalutamide); (2) taxane
chemotherapy (docetaxel and cabazitaxel); (3) radiotherapy (radium-223); and (4)
immunotherapy (sipuleucel-T).3%4 The current Canadian guidelines for managing mCRPC
recommends the use of second generation of AR signalling inhibitors, followed by taxane

chemotherapy, radiotherapy, and immunotherapy in order of disease progression.313

An important unmet need for mCRPC patients is treatment-specific biomarkers to

guide treatment selection during the course of disease with the ultimate goal of maximizing
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benefits and limiting toxicity.314 Biomarkers are defined as objective clinical or molecular
characteristics that can be accurately and reproducibly measured to indicate a biological
state, including normal and pathologic states, or response to a specific therapeutic
intervention.304 315 As Terada and co-workers describe, biomarkers used for PCa are
considered to be prognostic (i.e., prediction of disease progression) and / or predictive (i.e.,
prediction of treatment response).314 According to Mehta and colleagues, prognostic
biomarkers aim to objectively evaluate the patient’s overall outcome, such as the
probability of cancer recurrence after standard treatment. The presence or absence of a
prognostic marker can be useful for the selection of patients for treatment but does not
necessarily predict the response to treatment. Predictive biomarkers aim to objectively
evaluate the likelihood of benefit from a specific clinical intervention, or the differential
outcomes of two or more interventions, including toxicity.31¢ Several categories of
biomarkers are used for prognostic or predictive value for patients with advanced PCa.
These include clinical features (e.g., pain), laboratory analytes (e.g., PSA, lactate
dehydrogenase, circulating tumour cell count), imaging features (e.g., sites of metastasis),
pathologic features (e.g., small cell), and molecular alterations (e.g., AR-V7+ detection, DNA
damage repair gene alterations).3%4 Due to the dynamic nature of PCa disease progression,
active monitoring with multiple periodic measurements of biomarkers is necessary. To
this end, liquid biopsies (e.g., blood, urine, semen, saliva) offer the potential for rapid,
sensitive, minimally invasive, serial temporal measurements of molecular targets allowing
for real-time monitoring, and early assessment of recurrence or treatment resistance.317-318
Furthermore, liquid biopsies often result in lower morbidity compared to more invasive

biopsies.
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Androgen receptor splice variant 7 (AR-V7) is a biomarker that can be detected in
the peripheral blood of CRPC patients. AR-V7 is the most abundant splice variant and best
characterized, particularly for its potential as a prognostic and predictive character in CRPC
patients among the > 20 AR splice variants reported.31? Prior to describing the importance
of AR-V7, it is important to provide a short introduction to AR splice variants. Figure 5-1
illustrates the main structural differences between full length AR (AR-FL) and AR-V7. As
Luo describes, the human AR gene has eight canonical exons, including an NHz-terminal
domain (NTD) (cyan), a DNA binding domain (DBD) (yellow), a hinge region (green), and a
ligand binding domain (LBD) (purple).320 Luo further states the AR-V7 mRNA retains the
first three canonical exons, followed by a variant-specific cryptic exon 3 (CE3) within
intron 3.320 Splicing of CE3 results in a LBD-truncated AR-V7 protein due to premature
translation termination after 16 variant-specific amino acids.320 These structural

differences between AR-FL and AR-V7 allow for detection specificity.320
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Figure 5-1. Structural illustrations of full length androgen receptor (AR-FL) and the splice
variant AR-V7. Adapted and reproduced with permission from Asian Journal of Andrology
2016, 18, 580-585.320 Xp = short chromosome arm, Xq = long chromosome arm, UTR =
untranslated region, NTD = NHz-terminal domain, DBD = DNA binding domain, LBD =
ligand binding domain. Copyright (2016) Asian Journal of Andrology.
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Although androgen receptor splice variants lack the C-terminal ligand-binding
domain, they retain the transcriptionally active N-terminal domain resulting in activation
of target genes.30¢ Thus, splice variants, including AR-V7, are implicated as one of the
mechanisms of resistance to the currently available AR signalling inhibitors. Currently, AR-
V7 is the most widely studied variant in context of AR signalling resistance and treatment
selection. The first landmark study by Antonarakis and co-workers demonstrated a
correlation between presence of AR-V7 mRNA in circulating tumour cells (CTCs) and worse
clinical outcomes of 62 mCRPC patients treated with either abiraterone or enzalutamide.306
Furthermore, the authors reported no PSA declines (= 50%) from baseline (PSAso) in
patients with AR-V7 positive CTCs and worse progression-free survival (PFS, radiographic
and PSA), and overall survival (OS) compared to AR-V7 negative patients. The authors
conclude that AR-V7 detection in CTCs from CRPC patients may be a predictive biomarker
for the response to abiraterone and enzalutamide and could potentially serve as a
prognostic tool.304306 Since Antonarakis and co-workers initial report in 2014,3% several
studies have substantiated AR-V7 as a prognostic marker by reporting AR-V7 positive
patients have inferior progression free survival and overall survival outcomes;321-323
Previous reports have also documented that AR-V7 positive CRPC patients respond to
taxane chemotherapy322 (an alternative systemic therapy to abiraterone and
enzalutamide). Therefore, men who do not respond to AR-signalling inhibitors (e.g.
enzalutamide, abiraterone, apalutamide) can be treated with taxane-based chemotherapy
for improved outcomes including 0S.323 A report from Scher and colleagues suggests that
nuclear-localized AR-V7 protein in CTCs improves prediction of overall patient survival on

taxane chemotherapy versus AR-signalling inhibitors compared to cytoplasmic (nuclear-
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agonist) AR-V7.324 In both independent reports, the investigators report AR-V7 detection
justifies taxane chemotherapy to improve overall survival. To this end, analytically-
validated assays for AR-V7 (mRNA or protein) that include prospective patient evaluation
with specific demonstration of an outcome benefit by treatment selection depending on

AR-V7 status are urgently needed for clinical validation.325-326

Current blood-based AR-V7 detection platforms predominantly rely on mRNA
detection306.327-331 with only one assay reported for protein level expression.323 Among the
assays documented in the scientific literature, two have been clinically certified through
the United States Clinical Laboratory Improvements Amendments (CLIA). One assay
detects AR-V7 mRNA by reverse-transcription PCR in CTCs332-333 and the other assay
detects AR-V7 protein by immunofluorescence in CTCs.323.334 Three main drawbacks to
CTC-based analysis are: (1) CTC enrichment can be difficult due to low levels of abundance
and specificity. Currently, two commercial CTC isolations kits (CellSearch, Janssen
Diagnostics, FDA-approved and AdnaTest ProstateCancerSelect, Qiagen) are available, but
require investment of resources (labour, time, funds) for optimization; (2) CTC capture
methods that rely on epithelial cell adhesion molecules or other epithelial cell-surface
markers may miss mesenchymal cells undergoing epithelial-mesenchymal transition;314
and (3) optimal mRNA detection requires that blood samples be processed for nucleic acid
extraction within 24 h of collection.335> Longer times up to 72 h33¢ can decrease nucleic acid
recovery and can lead to a false negative result. As an alternative approach, this chapter

reports the successful development of a sandwich immunoassay for AR-V7 protein with
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surface-enhanced Raman scattering (SERS) readout. In addition, the first measurements of

AR-V7 protein compared with mRNA expression in CRPC patients are reported.

Surface-enhanced Raman scattering immunoassays have been widely used as a
quantitative assay in various fields including human disease diagnostics.1 37,75, 89,92,290-291,
337-339 In a recent review highlighting the wide use of SERS-based immunoassays, Wang
and co-workers have covered a range of human disease biomarkers (e.g., proteins),
detailing assays with broad dynamic ranges and low detection limits.34? Figure 5-2 shows
the key features of our SERS-based immunoassay. There are three main components: (1) a
capture substrate to specifically bind and enrich antigens from a sample solution (Figure
5-2A); (2) surface functionalized silver nanoparticles to specifically bind captured antigens
and generate intense SERS signals (Figure 5-2B); and (3) SERS readout (Figure 5-2C).7>
145,337 As described by Wang and co-workers, this approach exploits the strong SERS signal
for organic molecules (i.e.,, Raman reporter molecules, RRM) that are immobilized on B-
AgNPs along with the appropriate detection antibody. In our assay, we are using biogenic
silver nanoparticles produced by a fungus, Fusarium oxysporum, for their enhanced
colloidal stability compared to chemical counterparts.183 Nanoparticles modified with
RRMs are often referred to as extrinsic Raman labels or ERLs. Using a sandwich
immunosorbent assay format, each antigen is identified by a characteristic SERS spectrum
resulting from immobilized RRM and quantified by the corresponding SERS signal
intensity. As described by Wang and colleagues, advantages of this strategy reflect three

unique features of SERS: (1) Raman spectral bandwidths are typically 10-100 times
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narrower than those of fluorescence, minimizing spectral overlap in the response from
different RRMs and thus facilitating the detection of different ERLs at a single biochip
address in multiplexed assays; (2) SERS intensities for RRMs can rival those of fluorescent
dyes, which has enabled the detection of a single ERL nanoparticle using only a few seconds
of signal acquisition; (3) one excitation wavelength is needed to produce SERS from
different RRMs, which simplifies the instrument hardware required for signal generation

and acquisition.337

This chapter reports the successful detection of AR-V7 protein at low levels in
cultured prostate cancer cells and in human serum using a SERS-based sandwich
immunoassay. We also report calibration of AR-V7 protein and AR-V7 mRNA expression
levels. Herein, we show enhanced expression of AR-V7 in cultured prostate cancer cells to
verify presence of AR-V7 protein. To establish a calibration curve and a linear range, we
show detection of AR-V7 protein and compare our results to AR-V7 mRNA from cultured
prostate cancer cells. Next, we carried out a prospective pilot scale study to investigate the
clinical utility of a SERS-based immunoassay by using a retrospective cohort of seven CRPC
patients pre / post treatment with enzalutamide and / or abiraterone. As detailed, our
results demonstrate the ability to identify AR-V7 status (positive or negative) in CRPC
patients and provide quantitative measurements to enhance prognostic and predictive
value. Furthermore, our results begin to demonstrate the potential of a SERS-based
immunoassay to serve in AR-V7 prognostic/predictive toolkit. Advancing this approach to

the clinic and further enhancing the prognostic and predictive potential is also briefly
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discussed. This approach builds on our previous work30-31,341 and other laboratories® 37,75
89-90,291,342-346 exploiting the strength of SERS for low level analyte detection and

quantification.
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Figure 5-2. Detection scheme for AR-V7 using a sandwich immunoassay and surface-
enhanced Raman scattering (SERS) immunoassay in three major components. (A) Capture
substrate preparation using a standard microscope slide; (B) Biogenic extrinsic Raman
labels preparation; (C) Major assay steps. Preparative steps (A) and (B) are completed
prior to the assay (C). The assay is performed by spotting a sample (3.0 pL) onto the
capture substrate address (2 mm) with AR-V7 binding sites active and other reactive sites
are blocked followed by room temperature (22°C) incubation. Samples are rinsed, exposed
to B-ERLs, rinsed again, dried, and then analysed by Raman spectroscopy and tracking the
nitrile vibrational stretch at 2221 cm-1. Capture antibodies = monoclonal anti-AR-V7
specific. Detection antibodies = polyclonal anti-AR-full length specific.
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5.2. Experimental

5.2.1. Reagents and materials

The following reagents were used as received: acetonitrile (HPLC grade, Caledon), ethyl
alcohol (anhydrous, Commercial Alcohols), H2S04 (95-98%, Caledon), 4-
mercaptobenzonitrile (95%, product# SS-7247, Batch# L44964, Combi-Blocks, California,
USA), Tridecafluoro-1,1,2,2-tetrahydrooctyl dimethylchlorosilane (DMS, product#
SIT8170.0, Gelest, USA), Enzalutamide (ENZ, MDV3100, HPLC purity: 99.51%, NMR:
consistent with chemical structure, product# S1250 Batch# S125012, Selleck Chemicals,
Texas, USA). The following reagents were obtained from Sigma-Aldrich and used as
received: bovine serum albumin (BSA, = 98%, product# A3059-50G, lot# SLBT8252,
Sigma-Aldrich), H202 (30%, ACS reagent, product# 216763-500 mL, Sigma-Aldrich),
dithiobis(succinimidyl propionate) (DTSP, product# D3669-500 MG, lot# BCBT0455,
Sigma-Aldrich), tween 20 (Bio-Xtra, product# P7949, Sigma-Aldrich), Sodium chloride (ACS
reagent, 2 99.0%, catalog# S9888), dimethyl sulfoxide (DMSO, Hybri-Max, = 99.7%,
catalog# D2650). The following reagents were obtained from Thermo Fisher Scientific and
used as received: BupH borate buffer (BB) packs (catalog# 28384), Pierce 20X phosphate-
buffered saline (PBS, catalog# 28348), StartingBlock PBS blocking buffer (catalog# 37578,
lot# RK241503), standard microscope slides (25 mm x 75 mm x 1 mm, Fisher Scientific
product# 12-550-A3). Deionized (DI) water with a resistivity of 18 M()-cm was used for all
aqueous preparations unless otherwise noted. All buffers were prepared in deionized
water. For SERS immunoassays, buffer solutions were also passed through a membrane

filter with a 0.2 um pore size.
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5.2.2. Anti-androgen receptor antibodies

Antibodies against androgen receptor full length (AR-FL) and androgen receptor splice
variant 7 (AR-V7) were obtained from Abcam (Ontario, Canada). Anti-AR-V7 or isoform
AR3 antibodies (ab198394, lot#GR312057-5) are monoclonal raised in rabbits. Specificity
to AR-V7 comes from the 16 amino acid sequence within the region of C-terminus that is
only present in isoform 3.347-349 This sequence of isoform 3 differs from the canonical
sequence due to alternative splicing. Isoform 3 contains amino acids 1-629 of the canonical
sequence and includes an additional amino acid sequence that is not present in the full

length protein. This additional sequence is unique only to isoform 3 as shown below:347-349

* Amino acids 629-644 is changed from ARKLKKLGNLKLQEEG =
EKFRVGNCKHLKMTRP in isoform 3.347-350 This unique sequence for ab198394
present only in isoform 3 is the immunogen used by Abcam.3>1

* Amino acids 645-919 are missing in isoform 3.

Anti-AR-FL antibodies (ab74272, lot# GR315793-3) are polyclonal raised in rabbits. These
antibodies bind to region within amino acids 290-340 of the N-terminus. Though
polyclonal antibodies, the immunogen used is a short (14-16 amino acids) synthetic
peptide.3>2 As such, we expect the antibodies to behave as monoclonal antibodies mapping

to a specific epitope.

For SERS immunoassays, both anti-androgen receptor antibodies were diluted to 1 mg mL-!

(if stocks received were >1 mg mL-1) with 0.2 pm filtered 1X PBS.
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5.2.3. Immunoassay format

Figure 5-2 overviews the details of our SERS-based immunoassay.’> The prostate cancer
biomarker, AR-V7, is sandwiched between the capture substrate and a biogenic extrinsic
Raman label (B-ERL). Biogenic ERLs are prepared by modifying ~ 830 nm biogenic AgNPs
with a thiolate monolayer that forms by spontaneous adsorption of the sulfur containing
Raman reporter molecule (RRM) 4-mercaptobenzonitrile (MBN). This step is followed by
the adsorption of a layer of AR-FL pAbs on the RRM. This configuration allows for
maximum SERS signal intensity by positioning the Raman scattering centres of the RRM
monolayer in close proximity to the AgNP surface. The smooth, glass-supported gold (300
nm thick) capture substrate is coated with AR-V7 mAbs adsorbed to the thiolate monolayer
formed by the spontaneous adsorption of dithiobis(succinimidyl propionate) (DTSP).152
Measurement of captured AR-V7 is indirectly signalled by the characteristic Raman
spectrum of the RRMs. Amount of AR-V7 is indirectly quantified by the strength of an
intense spectral feature (i.e., the nitrile stretch, vs(C=N), centred at 2221 cm! of the MBN
monolayer).290.339 Selection of antibodies was based on four main criteria: (1)
commercially available at a reasonable cost; (2) matching antibodies that would map to
epitopes that are spaced apart and would prompt favourable AR-V7 orientation in a
sandwich assay; (3) buffer composition; (4) level of vendor technical service support.
Specific detection of AR-V7 is discussed below in our results in context of clinical serum

specimens.
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5.2.4. Biogenic extrinsic Raman labels (B-ERLSs)

The assay is underpinned by the plasmonic enhancement that occurs when the MBN
molecule is close proximity to the AgNP surface.272.339 As such, this interaction forms the
basis of an extrinsic Raman label (ERL), which consists of 30 nm biogenic AgNP modified
with Raman-active MBN molecules and anti-ARFL pAbs. Biogenic ERLs were prepared in
batches using 0.96 mL suspension of 30 nm AgNPs at 9.0 x 10° AgNPs mL-1 (estimated by
extinction spectroscopy¢>) and adding 40 uL of 50 mM BB (pH 8.5, 0.2 um filtered).
Buffered AgNPs in 2 mM BB (final concentration) were then modified by the addition of 10
uL of 5 mM MBN in 100% acetonitrile (fresh) for 1 h at room temperature (22°C) in the
dark. After 1 h, 20 pL of anti-human ARFL pAb (1 mg mL-! stock solution) was added and
incubated overnight (~ 18 h) at room temperature (22°C) in the dark. After the addition of
antibodies, we did not add BSA that is often used for blocking and colloidal stabilization of
chemically produced nanoparticles.152 290 Use of biogenic AgNPs with a native
biomolecular layer imparts enhanced colloidal stability and eliminates one preparative
step. After ~ 18 h incubation, excess reactants were removed by centrifugation (Eppendorf
5417R microcentrifuge) at 5000 rpm for 10 min. The resulting supernatant was carefully
removed and the ERL pellet was resuspended in 1.0 mL of 1% BSA in 2.0 mM BB. This
process was repeated one more time with the last step resuspending the pellet in 200 pL of
1% BSA in 2.0 mM BB containing 150 mM NaCl. The final ERL concentration is estimated at
2.2 x 1019 AgNPs mL-! using the UV-visible spectrophotometric method of Paramelle and

co-workers.165
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5.2.5. Fabrication of SERS capture substrates with multiple gold (Au)

spots

Standard microscope slides (25 mm x 75 mm x 1 mm) was purchased from Fisher Scientific
and used as the capture substrate base. The capture substrates were cleaned using hot
piranha solution (4:1, H2S04: 30% H20:2) for 30 min followed by thorough rinsing with DI
water and blown dry using Ar gas. [Warning: Piranha solution should be handled with
extreme care; it is a strong oxidant and reacts violently with many organic materials. When
mixed with incompatible chemicals, this solution presents an explosion hazard. All work
should be performed in an appropriate chemical fume hood with appropriate personal
protective equipment.] The cleaned and dried substrates were mounted on a mask that
exposed twenty-eight 2 mm diameter round spots (three x three arrays and one spot for
slide orientation) as seen in Figure 5-2A and placed into the chamber of a thermal
evaporator (Torr International Incorporated, New York). Metal films of 10 nm chromium
(5N purity) and 300 nm gold (4N purity) were sequentially coated on the glass substrate
through the mask under vacuum (< 10-6¢ mbar). After removal from the evaporator, the
substrates were then exposed to a vapour of tridecafluoro-1,1,2,2-tetrahydrooctyl)
dimethylchlorosilane (DMS) under reduced pressure (dynamic) at room temperature
(22°C) for ~ 18 h to create a hydrophobic background on the glass surface. Alkyl silane
reagents are known to react with silanols to form relatively ordered monolayers driven by
hydrophobic interactions between the alkyl chains.3 The DMS silane reagent with one
hydrolyzable Cl group offers monolayer coverage on the glass and minimizes modification

of the Au surface.353 We found that it is important to consider the number of hydrolyzable
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functional group when using silane reagents. We observed silane reagents with three
hydrolyzable Cl groups (e.g., tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane) will lead
to multilayer surface coverage. Higher number of hydrochloric acid leaving groups will
etch the Au surface and foster modification.3>* Also, when using silane reagents with >1
hydrolyzable groups, vacuum condition (i.e., dynamic versus static) is important. Under
dynamic vacuum, we have observed a modification gradient when using tridecafluoro-
1,1,2,2-tetrahydrooctyl trichlorosilane. After silanization, the prepared SERS substrates
were stored in a desiccator under dynamic (continuous) vacuum at room temperature until

use.

5.2.6. Preparation of SERS capture substrates

SERS captures substrates were prepared by immersing the slides in an ethanolic solution of
0.1 mM DTSP at room temperature (22°C) for ~ 18 h in the dark. After incubation, the
SERS capture substrates were rinsed with ethanol and dried with gentle stream of high
purity nitrogen. Next, the DTSP-derived monolayer was reacted with a 3.0 pL drop of
capture antibody (1 mg mL-! anti-human AR-V7 mAbs) for 3 h at room temperature in a
dark humidity chamber to form a layer of AR-V7 mAbs on the hydrolyzed surface.l>2 As
overviewed in Figure 5-2, the substrate was then rinsed three times with 20 mL of
phosphate-buffered saline containing 0.1% Tween 20 (PBST, pH 7.4) and dried with gentle
stream of nitrogen. Next, substrate was blocked with 6 uL of freshly prepared 3% BSA in
1X PBS (0.2 pm filtered) with 0.05% Tween 20 for 2 h; rinsed three more times with PBST

and dried; and exposed to 3 pL of undiluted serum sample for 1 h. After 1 h, the sample
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was rinsed three times with 20 mL of 2.0 BB containing 10 mM NaCl and 0.1% Tween 20
(BBT), dried with nitrogen, and exposed to 3 pL of the B-ERL suspension and incubated for
~ 18 h. Finally, the sample was rinsed two times with 20 mL of 2.0 BB containing 10 mM
NaCl and 0.1% Tween 20, rinsed once with DI water, and then dried with a gentle stream of
high purity nitrogen prior to SERS interrogation. We found that a final rinse with DI water
dramatically reduces excess buffer salt crystals, which effects the SERS measurement and
SEM imaging. We also found that drying with a gentle stream of nitrogen reduces the

coffee-ring effect3>> compared to ambient drying.

5.2.7. Raman measurement of 30 nm bio-ERL binding

SERS spectra were recorded with a Renishaw inVia Raman microscope (serial# H18095)
equipped with a helium neon 633 nm laser (Renishaw, 50 W, serial# H36379), 1200
lines/mm grating, and a charged coupled device (CCD) detector. Irradiation of 633 nm
from an air-cooled He-Ne laser was used for excitation at 100% power. Laser power at the
sample was 3 + 0.1 mW, measured with a power meter (Coherent, Laser Check model# 54-
018, California, USA). The microscope attachment was a Leica system. A 5X objective was
used to first focus the light path to centre of the Au address and a 20X objective (Leica,
numerical aperture 0.4, ~ 2 pm laser spot diameter3>6) was used to collect spectra. Data
for Raman point maps were collected within a 300 um x 300 pm bright-field area
controlled by an automated motorized XYZ stage. All reported point collections and
spectra were a result of 10 second integration time (1 sec acquisition, 10 accumulations).

Each point map required approximately 12 min to collect.
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All calibration data are presented as the average and standard deviation of collected

spectra from 50 different locations per sample from triplicate substrates.

5.2.8. Raman data analysis

All Raman point maps were imported into Spectragryph v1.2.5256 for baseline correction
and data extraction at the peak position corresponding to the vs(C=N) at 2221 cm-L. For
baseline correction, all 50 spectra were treated twice with individual baseline correction
using the “adaptive” curve function (coarseness 10, offset 0). Subsequently, values at peak

position 2221 cm-! (spectral range: 2200-2250 cm-1) were recorded for analysis.

Assays for each specimen were run in triplicate. The level of AR-V7 in each specimen are
reported as an average and the uncertainties reflect the range of measurements from 50

locations per sample from triplicate substrates prepared from a single specimen. Control
PBS blank or serum blank specimens were run on each assay chip to verify minimal non-

specific binding.

The serum blank specimens had an average intensity of 87 counts, with a standard
deviation of 16 counts. The limit of detection (LOD) with a confidence interval of > 99%
was determined to be 135 counts. This value was defined by the signal on the calibration

curve that matched the blank response (87 counts) plus three times its standard deviation
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(3 x 16 counts). Patients were identified using our SERS-based assay as “AR-V7 positive” if
the level of AR-V7 was statistically measureable above the LOD (i.e., the average response
including the standard deviation of the patient sample is statistically different from the cut-

off of 135 counts).

5.2.9. Scanning electron microscopy (SEM)

All substrates were coated with a 5 nm iridium film prior to SEM analysis to avoid sample
charging. Selection of Ir was based on ultra-fine grain size, high secondary electron yield,
and use in high resolution SEM imaging.35” The Ir film was sputtered at a rate of 0.2 A /sec
by bombarding an Ir target with a 7 keV and ~ 310 pA electron beam in a Gatan precision
etching coating system model 682. SEM images were collected on a Hitachi S4800 field
emission electron microscope. Image acquisition was conducted with a 5.0 kV accelerating

voltage, 20 pA emission current, and a working distance of approximately 8 mm.

5.2.10. Cell lines

The human Vertebral-Cancer of the Prostate (VCaP) cell line3>8 was a generous gift from Dr.
Jun Luo of Johns Hopkins University (Baltimore, Maryland, USA). Human Prostatic
Carcinoma (PC3) cells35° were purchased from American Type Culture Collection (ATCC).
VCaP cells were cultured in Dulbecco’s modified eagle medium (DMEM) with high glucose
(Gibco, catalog# 12800-082) supplemented with 10% fetal bovine serum (FBS, Canadian;

Gibco, catalog# 12483-020) and 1X penicillin and streptomycin (P/S; 100 IU/mL penicillin
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and 100 pg/mL streptomycin; Sigma, catalog# P4333).360 PC3 cells were grown in
DMEM/F12 medium (Gibco; catalog# 12400-024) supplemented with 10% FBS and 1x P/S.

Both cell lines were incubated at 37°C and 5% CO2 atmosphere.

5.2.11. VCaP cell lysate for SERS and ddPCR

VCaP cells (~ 60% cell confluency) were seeded into sterile 6-well clear, polystyrene flat
bottom tissue culture-treated plates (Greiner, catalog# 657160) and medium was replaced
with DMEM-high glucose/10% FBS and phenol red-free RPMI 1640 medium (Gibco,
catalog# 11835-030)/5% FBS at 1 : 1 for 24 h. This allowed for cell transition prior to
treatment. At 60 — 70% cell confluency, the cell medium was switched to phenol red-free
RPMI 1640 with 5% charcoal-stripped serum (androgen deprived medium; charcoal-
stripped serum kindly provided by Lacey Haddon and Dr. Judith Hugh, University of
Alberta) with 5 uM enzalutamide (diluted from a 10 mM stock prepared in Hybri-Max
DMSO, resulting in a final DMSO concentration 0.05%) for 24 h for maximum androgen
blockade following Li and co-workers.392 For our Western blot experiments, we
maintained VCaP cells with androgen deprived medium for at least 48 h and ~ 60%
confluency and then treated with 5 uM enzalutamide for 24 h following a previous report
from Dr. Xuesen Dong’s research group.3¢1 DMSO-control treatments used 0.05% Hybri-

Max DMSO only.

201



For cell lysates used in SERS experiments, whole cells were washed with 1 mL PBS and
treated with 200 uL/well of RIPA lysis buffer (ThermoFisher, product# 89900) and EDTA-
free proteinase and phosphatase inhibitors (Thermo Scientific Halt Protease and
Phosphatase Inhibitor Cocktail, catalog# 78440) following vacuum removal of medium.
Subsequently, cells were scraped and left on ice for 15 min at an angle (~ 45°) for
collection. After 15 min, cells were scraped again and collected. Culture wells with same
treatment were pooled in 1.5 mL micro-centrifuge tubes. Excess cellular debris was
removed by centrifugation (3,000 x g) at 4°C (cold room) for 15 min. Cell lysate
supernatant was carefully removed and stored at -80°C until use. Total protein
concentration was determined by bicinchoninic acid (BCA) assay3¢2 (Pierce, catalog#
23225) and incubated at 37°C for 30 min.363 Bovine serum albumin was used for

calibration and absorbance was recorded at 562 nm.

For ddPCR experiments, attached cells were washed with 1 mL PBS and treated with 500

uL trypsin/well following vacuum removal of medium. Cells were resuspended in 1 mL in
media, then washed with 1X PBS and centrifuged at 300 x g at 4°C (cold room) for 5 min to
pellet cells. Supernatant was removed and discarded. Cell pellet was washed with 1X PBS

and stored at —80°C until use.
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5.2.12. Western blot

VCaP cell lysates prepared for SERS experiments were also used for Western blot
experiments. Western blotting assays follow standard work procedures3¢# using a
polyvinylidene fluoride (PVDF) membrane and chemiluminescence detection for AR-V7 or
infra-red fluorescence for AR-FL and actin. Briefly, membranes were blocked for 1 h at
room temperature in diluted blocking buffer (50%, diluted with PBS, Rockland, catalog#
MB-070) for fluorescent western blotting. Blocked membranes were incubated with
primary antibodies prepared in diluted blocking buffer (50%) at concentration of 1: 1,000
overnight at 4°C. After extensive washing, Amersham ECL anti-rabbit IgG, horseradish
peroxidase-linked whole secondary antibody (GE Healthcare, catalog# NA934) was used
for signal amplification of AR-V7 at a concentration of 1 : 10,000 in diluted blocking buffer
(50%). Horseradish peroxidase signal was visualized with the Amersham ECL prime
western blotting detection reagent (GE Healthcare, catalog# RPN2236) and hyperfilm (GE
Healthcare, catalog# 4500-1508). Actin and AR-FL was visualized using the Alexa Fluor
680 (goat anti-rabbit IgG (H+L) secondary antibody Thermo Scientific, catalog# A21076)
conjugated secondary antibody at 1 : 20,000 in diluted blocking buffer (50%) for 1 h at
room temperature. After incubation with secondary antibodies, membrane was washed
thrice with tris-buffered saline with 0.1% Tween 20 (VWR, catalog# 0777) and washed
once with 1X PBS. Membranes were imaged and quantitated with Odyssey classic infrared

imaging system (LI-COR).
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5.2.13. Droplet digital polymerase chain reaction (ddPCR)

For VCaP cells, total RNA was isolated using the RNeasy mini kit (Qiagen, catalog# 74104),

including on-column DNase treatment, and quantified with the Epoch plate reader (Biotek).

Two (2) pg of total RNA was reverse transcribed using the high capacity cDNA reverse

transcription kit (Thermo Fisher, catalog# 4368814). Random hexamers were used to

prime synthesis by reverse transcriptase. For serum samples, total RNA was isolated using

the miRNeasy mini kit (Qiagen, catalog# 217004). Half of the recovered RNA (7 uL) was

reverse transcribed using the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher,

catalog# 11754050) at 42°C for 2 h.

Duplexed ddPCR for total AR and AR-V7 was conducted using the primers and probes

below as indicated by Mah and co-workers.327 Fluorophores, internal quenchers, and

terminal quenchers are indicated by flanking forward slashes.

Total AR:

Total AR:

Total AR:

AR-V7:

AR-V7:

AR-V7:

Forward primer: 5’-GGAATTCCTGTGCATGAAAGC-3’

Reverse primer: 5’-CGATCGAGTTCCTTGATGTAGTTC-3’

HEX probe: / 5’-HEX / CTTCAGCAT / ZEN / TATTCCAGTG / IABKFQ-3’/
Forward primer: 5’-CGGAAATGTTATGAAGCAGGGATGA-3’

Reverse primer: 5’-CTGGTCATTTTGAGATGCTTGCAAT-3’

FAM probe: / 5'-FAM / CGGAATTTT / ZEN / TCTCCCAGA / IABKFQ-3'/

Reactions were performed in ddPCR SuperMix for probes (no dUTP) (Bio-Rad, catalog#

186-3023) with primers at a final concentration of 1 uM, probes at a final concentration of
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250 nM, and an annealing temperature of 52°C. Reactions were analysed and quantified

using the QX200 droplet reader and QuantaSoft software version 1.7.4 (Bio-Rad).

For VCaP cells treated with enzalutamide, 2 pL of 1/100 diluted cDNA was loaded for each
ddPCR reaction. For serum samples, 2 pL of undiluted cDNA was loaded for each ddPCR

reaction.

5.2.14. Control human male sera

Two human individual controls were used for assay development and for calibration
blanks (i.e., serum without AR-V7). Herein referred to as negative human sera S and D.
Blood samples were collected in Alberta, Canada on 30 June 2017. Blood was collected into
BD Vacutainer serum tubes (Becton Dickinson, product# B367820), clotted (30 min),
centrifuged (~ 2000 X g for 10 min), and then serum supernatant was drawn off. Measured
total protein concentration ranged from 59 — 66 mg mL-! determined by absorbance at 280
nm using NanoDrop 2000 (internally calibrated with a standard solution of concentrated
aqueous potassium dichromate, ThermoFisher). Sera was stored at -80°C within 2 h of
collection. Aliquots were thawed to ambient temperature (21°C) prior to use. Undiluted

samples were used for SERS analyses.
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5.2.15. Patient sera

Serum specimens were prospectively collected for AR-V7 status from a retrospective
patient cohort. Patient sample selection was based on pre or post anti-androgen treatment
of abiraterone and / or enzalutamide. All sera were collected from Alberta patients from
June 2014 to December 2016 according to Standard Operating Procedures (SOP) for serum
collection.365-366 Blood was collected, processed for serum, and stored at —80°C within 2 h
of collection. Measured total protein concentration ranged from 51 — 65 mg mL-!
determined by absorbance at 280 nm using NanoDrop 2000 (internally calibrated with a
standard solution of concentrated aqueous potassium dichromate, ThermoFisher).
Aliquots were thawed to ambient temperature (21°C) prior to use. Undiluted serum

samples were used in SERS immunoassays.

5.2.16. Ethical statement

Anonymized archived prostate cancer patient specimens used in this study were provided
by the Canadian Biosample Repository (Alberta, Canada). All prostate cancer patient
specimens and normal healthy control specimens were collected as part of the Alberta
Prostate Cancer Research Initiate (APCaRI) in accordance with Canadian and United States
best practices for biospecimen collection.365-368 Al] patients provide written informed
consent and the study was approved by the scientific ethics committee in each of the
following collection sites: Prostate Cancer Centre (Calgary, Alberta, Canada), Northern
Alberta Urology Centre (Edmonton, Alberta, Canada), and Cross Cancer Institute

(Edmonton, Alberta, Canada). Prostate cancer patient inclusion criteria were: (1) Adult
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men without prior prostate cancer diagnosis who are referred to urology clinics in Alberta
prostate concerns and are being scheduled for a prostate biopsy; and (2) Adult men with
prior prostate cancer diagnosis who visited any of the above mentioned clinics for

treatment of prostate cancer.

5.3. Results and discussion

5.3.1. Detection of AR-V7 in VCaP cell lysates by western blot and

antibody validation

Currently, a source for purified AR-V7 protein is practically not available. As our
ultimate goal is to detect AR-V7 in serum specimens, we surmised that AR-V7 levels in sera
may vary due to various pre-analytical factors (e.g., specimen quality and specimen
variability resulting from prior drug treatments, tumour heterogeneity, or disease
duration) and analytical factors.3¢> Thus, calibrating with sera may prove to be difficult
considering variable AR-V7 expression. As an alternate approach, we started with a
commonly used prostate cancer line, VCaP, which is known to express AR-V7. This
approach enables more consistent expression of AR-V7 in higher abundance and with less
complex matrix (i.e., lower background signals) than that of serum samples. Thus, VCaP
cell lysates were used as a source of AR-V7 for our calibration experiments. To upregulate
AR-V7 expression, we followed the work of Dong and co-workers wherein a combination of
charcoal-stripped serum (for androgen deprivation) and enzalutamide (i.e., androgen

antagonist) was administered to VCaP cells for maximum androgen blockage.302 361
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Maximizing AR-V7 protein expression is important for creating a broad calibration curve
for our SERS-based immunoassay. For AR-V7-negative cell lysates, another well-

established prostate cancer cell line (i.e., PC3) was used.

Figure 5-3 presents our Western blots using two different cell lines, VCaP and PC3
to show AR full length (AR-FL) and AR-V7 expression levels. Beta-actin protein (~ 42 kDa
predicted) was used as a loading control to normalize protein expression levels (Figure 5-
3). As evident in Figure 5-3A, the blot shows strong signal intensity (i.e., high abundance)
for AR-FL at the predicted molecular weight of ~ 110 kDa3%° in VCaP cells for both DMSO
control and enzalutamide treatments. High protein loading (70 pg well-1) was necessary to
reach the limit of detection for AR-V7 in Figure 5-3B, therefore the likely cause of band
distortion (Figure 5-3A). PC3 cells are known to be androgen insensitive; thus we do not
expect AR-FL or AR-V7 expression. Results shown in Figure 5-3A allow us to conclude that
AR-FL is present in high abundance in VCaP cell lysates, our anti-AR-FL polyclonal
antibodies appear to be localizing to their target, and DMSO or enzalutamide treatments
are not effecting AR-FL or actin expression. The blot shown in Figure 5-3B provides
evidence of AR-V7. Faint signal intensities, indicative of low protein abundance, are visible
for AR-V7 in VCaP cell lysate at the predicted molecular weight of ~ 68 kDa370 for both
DMSO and enzalutamide treatments. Despite high protein loading (70 pg well-1), the
observed faint signal intensities suggests that AR-V7 abundance is near the limit of
detection for Amersham ECL prime detection reagent (1 pg — 50 pg; depending on

antibodies and image detection technique).371 Despite low levels, we can conclude that AR-
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V7 is present in our VCaP cell lysates, our anti-AR-V7 monoclonal antibodies appear to be
localizing to their target, and DMSO or enzalutamide treatments appear to have an
indiscernible effect on AR-V7 expression. We confirm AR-V7 quantities using more
sensitive techniques described below in our ddPCR and SERS experiments. The Western
blot results establish that AR-FL and AR-V7 are present in VCaP cell lysates at different
levels of expression (i.e. higher AR-FL abundance than AR-V7 abundance). Confirmation of
AR-FL and AR-V7 expression and relative amounts are important considerations for our

SERS-based sandwich immunoassay.
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Figure 5-3. Representative Western blots of VCaP and PC3 cell lysates. VCaP cells were

treated with either 0.05% DMSO or 5 uM enzalutamide (ENZ) in 0.05% DMSO for 24 h

under androgen deprivation conditions. PC3 cells received no treatment (N). Beta actin
used as loading control to normalize protein expression levels. (A) Blot probing for AR-FL.

(B) Blot probing for AR-V7.
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5.3.2. Detection of AR-V7 in VCaP cell lysates by droplet digital PCR

(ddPCR)

Building on the work of Mah et al. wherein the researchers developed a ddPCR
method for AR-V7 detection in circulating tumour cells of PCa patients.327 Figure 5-4
presents our results using Mah and co-workers technique to absolutely quantify AR-V7 in
VCaP and PC3 cells. We postulate correlating ddPCR results to our SERS-based
immunoassay results would be beneficial in a clinical setting considering current blood-
based AR-V7 detection methods rely on RNA expression.3%4 Thus, to establish AR-V7 and
total AR RNA expression levels in VCaP and PC3 cell lysates, we began with validating the
primers, probes, and conditions described by Mah et al.327 As evidenced in Figure 5-4, we
tested the assay specificity by determining AR-V7 and total AR expression in VCaP and PC3
cells. Figure 5-4A shows ddPCR results of total AR and AR-V7 amplicon containing events
(i.e., droplets) with clear separation from no target baseline events and strong PCR
amplification signals specific for each probe. This establishes that our PCR probes are valid
and that our amplification conditions are suitable for subsequent experiments using VCaP
and PC3 cells. Figure 5-4B shows the number of transcripts detected per ng of RNA loaded
that correspond to AR-V7 or total AR for VCaP and PC3 cells. For naive VCaP cells, our
results show both AR-V7 and total AR expression with a higher AR expression level relative
to AR-V7 (Figure 5-4B). These results are consistent with previous reports showing VCaP
cells have higher AR expression compared to AR-V7.361.372 PC3 cells are androgen
insensitive and are not expected to express either AR-V7 or AR.347 Figure 5-4B confirms

that no signal is detected from PC3 cells. This result further supports that our PCR probes
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are valid for AR-V7 and AR. Next, we analysed VCaP cells treated with DMSO control or
enzalutamide (diluted in DMSO) for enhanced AR-V7 expression. Figures 5-4C and 5-4D
show our results for VCaP cells and PC3 cells. For both DMSO control and enzalutamide
treated cells, AR and AR-V7 are detected with similar profiles as naive cells (Figure 5-4B).
No signal was detected for PC3 cells as expected. The ratio of AR-V7 : total AR ranged from
3.1% - 3.5% for DMSO treated or enzalutamide treated, respectively. Enzalutamide-
treated cells yielded slightly more AR-V7. Higher levels of AR-V7 can be achieved with
longer incubation in androgen deprived media and / or longer enzalutamide exposure. As
evidenced in Figures 5-4B and 5-4D, the ratio of AR-V7 : AR is higher compared to naive
cells ranging from 0.8% - 1.2%. These results are consistent with previous reports that
have documented the fluctuations of AR-V7:AR depending on active AR transcription under
androgen level control.361.372 As VCaP cells treated with enzalutamide yielded the highest
ratio of AR-V7 : AR (~ 3.5%), we proceeded with this approach for the source of AR-V7 for

our SERS-based immunoassay.

212



Y YR I VCaP cells _ B . 1E+5; AR
= @
E : Both targets 8 3z 1E+4 1
) oo Rk
» S S e R 2g1E+3- AR-V7
s No target | AR 3 <
< . — . . "
& PC3 cells 5Z 1E+2
M~ .
% 22 No signal
& 2 S 1E+ - signals
< © detected
'—
= 1E+0 - T
S ) O S W VCaP PC3
AR (HEX signal) Cell line lysate
C _ 1E+0 D 5%
2 o
o_ 1E+8 - AR AR < 4% 1 3.5%
8% AR-V7 AR-V7 ; 3.1%
2% 1E+6 3:.‘ 3% 1
@9
b=l 4= no
< 1E+4 © 2% 1
.3 E . 2 No signal
2% e No signals 5 1% - o signals
g2 detected 4 detected
g  1E+0 4 . . 0% . .
= VCaP DMSO VCaP ENZ PC3 VCaP DMSO VCaP ENZ PC3
treated treated treated treated
Cell line lysate Cell line lysate

Figure 5-4. Detection of AR-V7 and total AR transcripts in VCaP and PC3 cells. (A) Two
dimensional duplexed ddPCR droplet plots for AR-V7 (FAM signal) and total AR (HEX
signal) in VCaP and PC3 cells. Blue dots are positive for AR-V7, green dots are positive for
AR, orange dots are positive for both AR-V7 and AR, and black dots are negative (i.e.,
contain no target). Pink line indicates amplitude threshold set for positivity. Heat map
droplet view shown. (B) Validation of AR-V7 and total AR mRNA expression. Error bars
indicate 95% confidence interval for Poisson-calculated copies of transcript detected. (C)
Detection of AR-V7 and total AR mRNA expression in VCaP cells treated with either 5 uyM
enzalutamide or 0.05% DMSO for 24 h. PC3 cells were used as a negative control for mRNA
expression. Error bars indicate 95% confidence interval for Poisson-calculated copies of
transcript detected. (D) AR-V7 to total AR ratio for VCaP cells treated with either 5 pM
enzalutamide in 0.05% DMSO or 0.05% DMSO only for 24 h. PC3 cells were used as
negative control for AR-V7 and AR.
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5.3.3. Detection of AR-V7 in VCaP cell lysates by surface-enhanced

Raman scattering

VCaP cell lysates collected under maximum androgen blockade conditions (i.e.,
charcoal-stripped serum and enzalutamide) were used as a source of AR-V7 for our SERS
experiments. To generate a calibration curve for AR-V7 using SERS-based immunoassay,
we measured the SERS responses of a dilution series of VCaP cell lysates. The Raman
spectra and dose response plots are shown in Figure 5-5. These samples included VCaP
cell lysates with total protein up to 1.6 mg mL-1 and a 1X PBS blank (0 mg mL-1). Our
Raman plot presented in Figure 5-5A highlights two important points. First, all observable
spectral features are assigned to the chemical groups of the mixed monolayer of Raman
active MBN molecules on B-ERLs (i.e., vs(C=N) at 2221 cm'! and aromatic ring breathing
mode vs(C-C) at 1582 cm1).75> None of the vibrational modes of the bioconjugation reagent
(DTSP), the capture antibodies, or other lysate components on the capture substrate are
detectably enhanced. Second, there is no measureable evidence of B-ERL adsorption in the
spectrum for the blank (negative) control (64 + 3 counts; n = 3). This value for B-ERL
adsorption is consistent with the instrument noise level of 59 * 3 counts (n = 3) and

therefore can be considered negligible.
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Figure 5-5. SERS-based immunoassay results of AR-V7 detection in VCaP cell lysates
treated with 5 uM enzalutamide in 0.05% DMSO for 24 h. (A) Raman spectra resulting
from VCaP cell lysates (0.0 — 1.6 mg mL-! total protein concentration). Spectra are offset
vertically for visualization. Each spectrum represents an average of 50 spectra collected
from a sample concentration. (B) Dose-response plot from triplicate calibration assays for
AR-V7 from 0.02 mg mL! to 1.6 mg mL-1 and a negative control (1X PBS buffer). (C) Lower
range of the calibration curve showing the linear fit from 0.05 mg mL-! to 0.8 mg mL-1 (y =
1914.9x + 303.41; R2=0.9935). The LOD is estimated to be ~ 16 pg mL-1 determined by
the signal of the blank sample plus three times its standard deviation. The signal at the cut-
off for the LOD is indicated by the dashed pink line. Data points in (B) and (C) represent an
average and standard deviation of the peak height of the vs(C=N) at 2221 cm-! resulting
from the measurement of 50 different locations for each sample of triplicate substrates.
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The dose-response plots for AR-V7 in VCaP cell lysates under maximum androgen
blockade are shown in Figures 5-5B and 5-5C. These results were generated by plotting
the intensity of vs(C=N) at 2221 cm-! as a function of total protein concentration (0.02 - 1.6
mg mL1). We present AR-V7 content as total protein concentration in cell lysates since the
level of AR-V7 in cell lysates was not known. However, we address this issue further below
in context of ddPCR analysis. Each calibration point represents an average signal from 50
different locations per sample in triplicate. We tracked the nitrile vs(C=N) stretch at 2221
cm! for two major reasons: (1) in Chapter 4 we demonstrated that vs(NO2) based Raman
reporters (e.g., 4-Nitrobenzene thiol) are not suitable with AgNPs due to photocatalytic
effects;263.265 (2) the vs(C=N) is strong, sharp, and easily identifiable in a relatively quiet
region of the spectrum.2’6¢ Tracking a vibrational feature in a quiet region (i.e., few
molecules with vibrational modes between 2000 cm! and 2400 cm1), reduces other
organic constituents of the colloidal nanoparticle suspension to mask Raman reporter
molecules.276.278 Moreover, previous reports have described spectral interferents between
300 cm1 - 1700 cm-! such as hypoxanthine (product of purine degradation from blood
cellular components)®! and anti-coagulants (i.e., Li-heparin, EDTA, and citrate) used in
blood collection.373 Thus, when selecting Raman reporters, we suggest to consider
vibrational features, chemical interaction with nanomaterials, and sample matrix. We

found using MBN for serum to be advantageous.

At low levels of AR-V7 (0.05 mg mL! - 0.8 mg mL-1), the SERS response follows a

linear dependence and then begins to level off at a high concentration (1.6 mg mL-1) as
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shown in Figure 5-5B. At higher concentrations, levelling off is attributed to binding sites
on the capture substrate approaching saturation (Figure 5-5B). The linearity (R? > 0.99)
from 0.02 mg mL-! - 0.8 mg mL-! range is evident in Figure 5-5C. The limit of detection
(LOD) is defined as the analyte concentration that produces a signal corresponding to the
blank sample signal plus three times its standard deviation.290.337 We report the LOD of
AR-V7 to be 72 counts, which would translate to ~ 16 pg mL-! total protein in VCaP cell

lysates.

The standard deviation shown by uncertainty bars in Figure 5-5C were calculated
from the average intensities of three separate assays (50 locations per solution
concentration per assay). Measurement uncertainty provides an indication of
reproducibility and variability across the capture surface. We report an inter-assay relative
standard deviation (RSD) of ~ 23% (n = 3), with lower %RSD values at higher
concentrations (= 0.8 mg mL-1) and higher %RSD values at lower concentrations (< 0.1 mg
mL-1). This trend is consistent with previous reports that described the variability of SERS
signal in context of statistical sampling, wherein the RSD value decreases as the number of
counts increases.34337 We report our intra-assay precision to be ~ 10% (n = 2) accounting
for all solution concentrations. An important aspect to consider is the stochastic
distribution of AR-V7 molecules on the capture substrate. As a result, depending on the
relative abundance within a sample, the capture surface is expected to be inherently
heterogeneous. Our assertion is consistent with previous SERS-based surface

immunoassays targeting a pancreatic marker MUC4337 and a tuberculosis marker
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mannose-capped lipoarabinomannan,2° 339 both typically in native low abundance (ng -

pug mL-1 quantities).

An indirect approach to investigate AR-V7 abundance and distribution on the
capture substrate is to observe B-ERL binding density and distribution by SEM. Figure 5-6
shows a representative image for the highest solution concentration of VCaP cell lysate
tested (1.6 mg mL-1). In contrast, Figure 5-7 shows a representative image our blank
sample (1X PBS buffer). Figure 5-6 shows several individual ~ 30 nm spherical AgNPs
along with some noticeably aggregated nanoparticles. One important aspect to consider
when examining SEM images is that the samples were imaged after drying. As such, a
previous report described that aggregation may be induced by solvent evaporation.374 This
may explain the presence of some dimers, trimers, or more seen in the SEM image (Figure
5-6). The large clusters in Figure 5-6 are unidentified, however we suspect they may be
cellular debris, salt crystals, or dust particles. Density of B-ERLs will be governed by the
number of analyte (e.g., AR-V7) molecules captured, which depends on the binding
strength between the immobilized capture agent and analyte.3° Though density of B-ERLs
seen in Figure 5-6 may appear low, we observe an appreciable signal to noise SERS
intensity (~ 2600 counts) (Figure 5-5). Though data are not shown for other solution
concentrations, our results were consistent with previous reports showing surface
coverage of nanoparticles on SERS capture substrate is proportional to analyte

abundance.3%.337 Figure 5-7 shows a representative SEM of our blank sample for our VCaP
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cell lysate experiments. Absence of B-ERLs binding observed indicate a low level of non-

specific binding between the capture antibodies and detection antibodies.

Considering disease biomarkers can be in low abundance and spatial orientation of
immobilized capture antibodies, we found sampling a larger surface area to be beneficial
for greater accuracy and precision.1>2 We used a ~ 2 um diameter circular laser spot size
and sampled 50 different locations in triplicate. The random distribution of B-ERLs on the
capture surface seen in Figure 5-6 can also be explained by the spatial orientation of the
immobilized antibodies. Dong and Shannon previously demonstrated ~ 23% of
immobilized antibodies on a capture substrate were effective in target binding.375> This
level of activity was attributed to the steric effect with respect to the spatial orientation of
the capture antibodies and / or to denaturation due to interactions with the surface
substrate.375-376 Moreover, distribution of accessible lysine residues on the antibody

surface indicates that an immobilized antibody can have a distribution of orientations.37¢
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Figure 5-6. Representative scanning electron micrograph of a SERS immunoassay
substrate for AR-V7 at a high concentration of VCaP cell lysate (1.6 mg mL-1 total protein
concentration). Bright white circular features in the micrograph are consistent with ~ 30
nm AgNP to produce biogenic ERLs. For Raman spectroscopy, 2 um laser spot size used for
interrogation.
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Figure 5-7. Representative scanning electron micrograph of a SERS immunoassay
substrate for a blank sample (PBS buffer, 0 mg mL-! total protein concentration). For
Raman spectroscopy, 2 um laser spot size used for interrogation.

Currently, there is no AR-V7 standard reference material for determining the
concentration of AR-V7 in cell lysates. Furthermore, a clinical reference range for AR-V7 is
unknown. In Figure 5-8, we address the issue of quantifying AR-V7 expression with
greater accuracy and propose a reference for clinical application by correlating our SERS-
based protein measurements with our ddPCR-based RNA measurements. The plot shown
in Figure 5-8 was generated by starting with a culture of VCaP cells under androgen
deprived conditions and treated with enzalutamide (Figure 5-8 inset). Known proportions
of cells were used for RNA determination (ddPCR) and for protein determination (SERS)

followed by separate cell lysis. This allowed for relative comparison of SERS and ddPCR
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results. Based on our SERS response for each solution concentration from 0.0 mg mL! -
0.8 mg mL-1, we calculated the amount of RNA present in the volume of solution delivered
to the capture surface (3 pL spot volume; 1% of total lysate volume). RNA content was
derived by interpolating a single RNA measurement representing the total cell input (~ 4.7
x 106 transcripts/ng RNA). In Figure 5-8, our results show a linear dependence (R? > 0.99)
between 1.0 x 103 transcripts/ng RNA - 1.6 x 104 transcripts/ng RNA based on 90 ng -
2400 ng total protein deposited on the substrate. We calculated total protein deposited on
the substrate by taking the protein solution concentration and multiplying by the spot
volume (3 pL). As expected, we observe an increase in AR-V7 signal intensity with
increasing protein solution concentrations of VCaP cell lysate. Thus, our results offer a
method to calibrate AR-V7 expression at both RNA and protein levels within linear range
between 1.0 x 103 transcripts/ng RNA (90 ng total protein deposited) — 1.6 x 104
transcripts/ng RNA (2400 ng total protein deposited). A closer examination of amount of
RNA analysed (1 ng), reveals an important point that considers the inherent tumour cell
heterogeneity that exists within prostate cancer cells. Based on a commonly used estimate
of one mammalian cell contains approximately 10 — 30 pg of total RNA,327 our approach
takes into account cellular heterogeneity by analyzing 10,000 — 30,000 cells. Thus,
measuring AR-V7 in a patient with a heterogeneous tumour background may account for
inherent fluctuations in the biological disease state. Thus, our SERS-based detection assay

has high specificity, sensitivity, and is reliable for advanced PCa patient samples.
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Selection of biomarker expression level (e.g., nucleic acid versus protein) have
trade-offs such as abundance, disease specificity, detection challenges, and clinical
relevance.31> More details on analytical biomarker selection can be found in Byrnes and
Weigl’s review.31> Although eight blood-based AR-V7 detection methods are currently
documented with most (seven) relying on RNA expression,3%4 we agree with Byrnes and
Weigl that protein levels of AR-V7 are a closer reflection of the disease state and provides
higher specificity for disease activity.31> Hence, detection of AR-V7 protein would be

impactful in a clinical setting.
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Figure 5-8. Calibration plot correlating SERS-based immunoassay results for AR-V7
protein and ddPCR results for AR-V7 mRNA expression from VCaP cells treated with
enzalutamide shown in the inset scheme. mRNA expression level was calculated by
interpolating the total AR-V7 mRNA expression level for the equivalent cell proportion and
calculating the mRNA content with the sample spot volume (3.0 pL) delivered to the SERS
capture substrate. The linear fit is for between 1004 — 16,058 transcripts loaded (y =
0.0948x + 303.07; R2 = 0.9935). X-axis error bars indicate 95% confidence interval for
Poisson-calculated copies of transcript detected. Data points represent the average and
standard deviation (Y-axis) of the peak height of the vs(C=N) resulting from the
measurement of 50 different locations on each sample of triplicate substrates.

5.3.4. Detection of AR-V7 in clinical serum specimens

Our encouraging VCaP cell lysate results led us to prospectively pilot our SERS-
based sandwich immunoassay using sera collected from a retrospective cohort of mCRPC
patients. We analysed seven mCRPC patients (identifiers #46, #102, #112, #123, #1667,
#2825, and #2848) and two healthy male controls (identifiers S and D). Selection of

mCRPC patients were principally based on anti-androgen therapy with serum samples
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collected either pre or post anti-androgen therapy. Our study includes patients treated
with either enzalutamide, abiraterone, or both therapies. Table 5-1 provides a short
clinical history of each patient at diagnosis and provides a prognostic overview to assess
clinical risk level.300 As Table 5-1 lists, age at diagnosis ranges from 55 - 87 years, with
broad PSA levels ranging from 2.4 ng mL-1- 135.5 ng mL-1, and Gleason scores at diagnosis
> 7 indicative of poor prognosis.377-378 (linical staging reveals two patients (#112 and
#123) had more severe metastasis (i.e., bone(s)), whereas others (e.g., #46) had less severe
spread among the patients sampled (Table 5-1). Two patients (#112 and 123) were

exposed to chemotherapy. All other patients were chemotherapy-naive.

Figures 5-9 to 5-11 presents our SERS immunoassay results for seven CRPC
patients and the two healthy male controls. Figure 5-9 summarizes our SERS
measurements for all CRPC patients by using a histogram to represent the average signal
intensity at vs(C=N) at 2221 cm! for each specimen, and includes a threshold marker
(dashed pink line) for the LOD (135 counts) for the SERS assay. Figure 5-10 shows the
corresponding Raman spectra for all CRPC patients before and after anti-androgen
treatment and the two control males. Figure 5-11 shows a histogram representing the two

control males with a threshold marker (dashed pink line) for the LOD.
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Table 5-1. Characteristics of prostate cancer cases at diagnosis, anti-androgen therapy, and blood sample collection

Prostate
specific
antigen

level@ Gleason  Clinical Anti-

Patient Age@ diagnosis score@a stage @ Anti-androgen Pre or post anti- androgen Blood sample
ID diagnosis (ng mL') biopsy diagnosis type androgen start date  collected on

Post-abiraterone

46 58 24 9 T2b, NO, MX  Abiraterone 8/27/2014 7/24/2016
(23 months)
d , Post-abiraterone
102 87 19.8 9 N/A Abiraterone (<1 month) 10/27/2014 11/12/2014
. . Post-abiraterone ) )
12 58 135.5 9 T2a, N1, 1) Abiraterone; and pre- 1) 8/28/2014; 1) 11/18/2014;

M1b 2) Enzalutamide 2) 3/10/2016 2) 11/17/2015

enzalutamide

123 63 14.8 7 120 N5 Enzaltamide o 2P0t 40/219015 21)) e
1667 87 13.8 9 N/AS Abiraterone 1o 3PSt 61582016 12)) PGoss
2825 65 26.4 9 T2c, NX, M1 Enzalutamide Pre-enzalutamide  3/8/2017 9/14/2016

o848 55 268 e T3 Ni o 1) Enzalutamide; Tro 8MGPOSL ) 414312017, 1) 1014/2016;

2) Abiraterone 2) 6/14/2017 2) 10/10/2017

abiraterone

a Gleason values reported are sum total.

b Based on American Joint Committee on Cancer TNM classification to provide prognostic value.379 T = extent of the primary
tumour, N = extent of spread to lymph nodes, M = presence of distant metastasis. X = not assessed; 0 = not detected.

¢ Not applicable. Prostate cancer diagnosis confirmed after transurethral resection of the prostate (TURP) examination.
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Figure 5-9. Results of SERS analyses of castration-resistant prostate cancer patient sera
for the quantitation of AR-V7. The pink dashed line represents the SERS LOD of 135 counts.
The average SERS signal intensity is calculated from the peak height of the vs(C=N) at 2221
cm-! from baseline-corrected SERS spectra collected from 50 different locations for each
specimen in triplicate. All error bars represent the standard deviation of triplicate
measurements. Enz = enzalutamide; Abi = abiraterone; pre = pre therapy; post = post
therapy. Above LOD (> LOD) indicates positive AR-V7 status.
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Figure 5-10. Representative Raman spectra from metastatic castration-resistant prostate
cancer and healthy male patient sera. Specimens S and D are control healthy male serum
specimens with no treatments. All other specimens are mCRPC patients. Specimens #112
and #123 (pre ENZ) are below the LOD. Two spectral features assigned represent the
characteristic vs(C=C) ring breathing mode at 1582 cm-! and the vs(C=N) at 2221 cm-! for
the Raman active molecule mercaptobenzonitrile. ENZ = enzalutamide; ABI = abiraterone;
pre = pre therapy; post = post therapy.
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Figure 5-11. Results of SERS-based immunoassays of control healthy male serum for
quantitation of AR-V7. The pink dashed line represents the SERS LOD of 135 counts. The
average SERS signal is calculated from the peak height of the vs(C=N) at 2221 cm! from
baseline-corrected SERS spectra collected from 50 different locations for each specimen in
triplicate samples. All error bars represent the standard deviation of triplicate
measurements.
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As seen in Figure 5-9, AR-V7 was detectable in six out of seven CRPC patients. AR-
V7 was not detectable for one CRPC patient (#112) or in the two control specimens (Figure
5-11). One patient (#123) had an undetectable level of AR-V7 prior to enzalutamide
therapy and then detectable levels post therapy. As such, we included patient (#123) has
having a detectable level of AR-V7 post-enzalutamide treatment. An interesting finding
with this patient (#123) is that our assay is able detect AR-V7+ conversion380 (AR-V7- -

AR-V7+) ~ 3 months after enzalutamide treatment (Table 5-1).

Further analysis of Figure 5-9, AR-V7 detection ranges from 191 * 45 counts
(#2825, post-enzalutamide) to 1009 + 237 counts (#2848, post-enzalutamide and
abiraterone). Only two specimens (#2848 and #46) fall within our linear range (Figure 5-
8). Thus, we report 7448 + 2503 copies of RNA/ng for specimen #2848 post-enzalutamide
/ -abiraterone (SERS intensity 1009 + 237 counts) and 1509 + 605 copies of RNA/ng for
specimen #46 (SERS intensity 446 + 57 counts) by using our linear regression equation. As
a separate experiment, we attempted to quantify AR-V7 mRNA expression using ddPCR
directly from patient sera. This approach failed due to RNA degradation likely due to
endogenous RNAases seen in Figure 5-12. Detection of AR-V7 in blood specimens using
ddPCR is possible, however specialised collection tubes (e.g. PAXgene38! or Streck cell-free
BCT tubes382) are necessary to stabilise RNA or maintain cellular integrity prior to
processing. We found our preliminary negative ddPCR results of sera adds support to the

utility of a SERS-based immunoassay.
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In analysing our SERS immunoassay results, many of our serum specimens are
below our linear range, yet they are above our detection limit. Hence, AR-V7 status would
be positive above the LOD. Positive or negative status reporting is consistent with the
current two clinically approved assays that rely on AR-V7 mRNA or AR-V7 protein
detection that report the status of AR-V7 as either positive or negative.323,332-333 As no
clinical reference ranges are presently defined, a binary AR-V7 status report aims to
provide prognostic information and to guide treatment selection. The Canadian Urologic
Association and American Society of Clinical Oncology guidelines for management of
mCRPC patients indicates four systemic therapies: enzalutamide, abiraterone, docetaxel,
and cabazitaxel until disease progression to bone(s).313.383 Optimal sequencing of these
systemic therapies is unknown and remains a major challenge.332 Thus, our SERS-based
approach will be useful to guide treatment selection by predicting a treatment response in
the clinic. A blood-based AR-V7 immunoassay will allow rapid triaging to determine
treatment course with either androgen signaling inhibitors (e.g., abiraterone or
enzalutamide) or taxane-based chemotherapy (e.g., docetaxel, cabazitaxel) for mCRPC
patients. As AR-V7 protein expression has been correlated with poor patient prognosis,323
our approach to detect AR-V7 and relate to RNA expression with provide enhanced
prognostic value and improve overall survival by bypassing AR-directed agents and
proceeding directly to other systemic therapies (e.g., docetaxel, cabazitaxel, radium 223,
sipuleucel-T). Antonarakis and co-workers have documented that taxane-treated AR-V7+
patients had improved overall survival that AR-V7+ patients treated with AR-directed
therapies; no difference was observed for AR-V7- patients.322 Recently, National

Comprehensive Cancer Network (NCCN) prostate cancer guidelines384 now suggests that
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AR-V7 testing can be considered and may play a role in guiding therapy selection in for
(metastatic) CRPC patients. At this time, the NCCN guidelines suggests AR-V7 testing and

has not established a recommendation.332

Our results show a trend that AR-V7 signal increases post-enzalutamide and / or
abiraterone therapy consistent with a previous study.323 In two patients (#1667 and
#112), the change in signal is indistinguishable post anti-androgen therapy. For this
patient, another mechanism for AR-directed therapeutic resistance is likely responsible.
Examples of other mechanisms include, AR overexpression, AR mutation, AR activation by
other signals, and non-AR pathways.314 The highest signal change is evident from a patient
treated with both abiraterone and enzalutamide (#2848). As PSA level is often used an
intermediate end point, we found an interesting correlation. Patient #112 had the highest
PSA level at diagnosis (135 ng mL-1), yet had an undetectable level of AR-V7 despite
abiraterone treatment. Patient #46 had the lowest PSA level at diagnosis (2.4 ng mL-1) and
had a higher level of AR-V7 within our cohort. Though this finding is retrospective, it
suggests that PSA levels may not be positively correlated with AR-V7 expression. This
observation is consistent with Qu and co-workers report stating that AR-V7 expression is
inversely associated with serum PSA level at diagnosis.31° Though PSA level is a relatively
simple and a low cost measurement, we suggest PSA levels should not be a primary
intermediate end point to assess enzalutamide or abiraterone effectiveness. Other
intermediate endpoint measures used in conjunction with PSA tests to monitor

progression-free survival are imaging diagnostics such as computerized tomography using
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X-rays,385 radionuclide bone imaging with bone indexing,38¢ or multi-parametric magnetic
resonance imaging.387” We conclude that our results demonstrate the ability to detect and
quantify AR-V7 levels in castration-resistant prostate cancer patient sera. Furthermore, we

provide a calibration results to correlate protein and RNA levels of expression.

Our conclusion is supported by the results of our blank sera or normal healthy male
control specimens shown in Figure 5-11. For our SERS experiments using clinical
specimens, we used undiluted, non-sterile, normal male sera (specimens S and D) as our
blank specimens. These specimens are not expected to contain AR-V7, however AR
expression is expected, so effective blocking is crucial. Figure 5-11 shows SERS
measurements by using a histogram to represent the average signal intensity at vs(C=N) at
2221 cm for each specimen, and includes a threshold marker (dashed pink line) for the
LOD (135 counts). As the LOD is calculated as the signal response for the blank sample plus
three times its standard deviation, we took the average of the two specimens for the
resulting LOD value to account for biological variability. For example, amount of large
globular proteins, lipids, carbohydrates, or microbial attributes can influence non-specific
binding of the B-ERLs. Based on our results, we conclude the capture substrate has a low
degree of non-specific binding, relative signal intensities for both control serum specimens
are indistinguishable (89 *+ 17 counts for control S and 85 * 15 counts for control D), and
are 1.5X - 1.6X lower than the LOD. Our conclusion is further supported by our SEM
images shown in Figure 5-13. For both healthy control patients, negligible B-ERLs binding

observed indicates the effectiveness of the blocking agent (3% BSA/0.05% Tween 20).
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Figure 5-13. Representative scanning electron micrographs of SERS-based immunoassays
of undiluted healthy normal male (serum blank) specimens. (A) Patient S (B) Patient D.
For Raman spectroscopy, 2 pm laser spot size used for interrogation.
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A crucial component of any SERS immunoassay is the blocking agent used to
minimize non-specific binding of non-target molecules. The importance of this aspect is
strongly emphasized when working with bio-specimens with a complex background matrix
(e.g., blood serum). To further challenge, most clinically relevant biomarkers are in
substantially lower abundance than other normal physiological proteins (e.g., albumin). In
our assay design, we use anti-AR-V7 specific mAbs for our capture substrate and anti-AR-
FL pAbs for detection due to a limited commercial supply of anti-AR-V7 antibodies
available. Consequently, it is important to be aware of AR-FL expression in normal male
serum specimens (i.e., blank control). Based on our ddPCR experiments using VCaP cells,
the ratio of AR-V7 : total AR is 3.5%. Mah and co-workers report an AR-V7 : total AR range
of 0.6% — 2.5% in blood samples of CRPC patients analysed with ddPCR.327 Thus, accurate
determination of AR-V7 is largely dependent on effective blocking when working
biomarkers in low abundance. To optimize blocking, we evaluated several different
blocking reagents and exposure times. We present our SERS immunoassay results in
Figure 5-14 showing two reagents, starting block (ThermoFisher, commonly used for
SERS-based immunoassays) and 3% BSA/0.05% Tween 20 for both control specimens. For
both specimens, 3% BSA/0.05% Tween 20 resulted in very low levels of non-specific
adsorption in contrast with starting block showing spectral features of
mercaptobenzonitrile (ring breathing, vs(C-C), 1582 cm! and vs(C=N), 2221 cm1). No
spectral features from the blocking agent are observed. Typically, we found 5X - 6X
reduction in SERS intensity resulting from non-specific binding, which translated to a 2X -

3X improvement in LOD compared to starting block. Thus, we proceeded with 3%
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BSA/0.05% Tween 20 for all our SERS assays and recommend this blocking reagent when

working with blood sera.

| 200 counts
1582
2221
w
Patient S - Starting block g
w
Patient S - 3% BSA/0.05% Tween 20 %
. . <
Patient D - Starting block ﬂ A
Patient D - 3% BSA/0.05% Tween 20
P IR IV | W " st v '..MM
1200 1400 1600 1800 2000 2200 2400

Raman shift (cm)

Figure 5-14. Raman spectra demonstrating the effect of two different blocking reagents in
a SERS-based immunoassay using two different healthy control male (blank serum)
specimens. Spectra are offset vertically for visualization. Each spectrum represents an
average of 50 spectra collected from a specimen. Dominant spectral features at 1582 cm-1
and 2221 cm! are consistent with the vs(C-C) ring breathing mode and the vs(C=N),
respectively. The two blocking reagents evaluated are: commercial Starting Block (used as
received) and 3% bovine serum albumin dissolved in 1X PBS with 0.05% Tween 20.
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Considering the high relative abundance of AR-FL to AR-V7 (~ 32X more abundant),
specific detection of AR-V7 is largely established by the results of our undiluted healthy
normal male controls. To explain, we begin by addressing the antibodies used in the
sandwich immunoassay. The antibodies on the capture substrate are specific to AR-V7.
These antibodies bind to a unique epitope at the C-terminus of the AR-V7. Considering our
VCaP cell lysate blank control (PBS buffer), we do not expect AR-V7 (or AR-FL) proteins.
Our SERS immunoassay results show a low signal intensity (64 * 3 counts; n = 3), slightly
above the instrument noise level (59 * 3 counts; n = 3) (Figure 5-4). This establishes a low
level of cross-reactivity. The detection antibodies are specific to AR-FL. Thus, in normal
male specimens we can expect AR-FL expression and no AR-V7 expression. Our SERS
immunoassay results show that both normal males have low SERS signal intensities (87 +
16 counts; n = 3) and are below the LOD (135 counts) (Figure 5-10). Our SEM results
supports our SERS immunoassay results showing virtually nil AgNP binding. If AR-FL
proteins were being detected, then signal intensities generated from the normal males
would be substantially higher. Hence, our emphasis on highly effective blocking reagents

for low abundance analytes in complex matrices.
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Our SERS immunoassay results suggest a clinical specificity of ~ 100% (2 / 2 control
cases considered as true negatives) for this limited data set. A first approximation of
clinical sensitivity suggests that our assay shows ~ 86% (6 / 7 patient cases considered as
true positives). In these preliminary assertions on clinical specificity and sensitivity, we
acknowledge that we have not shown evidence using other methods to confirm AR-V7
status to substantiate our claims. Thus, future work aim to rule out the possibility of false
negatives by tissue immunohistochemistry and false positives by examine specimens using
other detection methods (e.g., Johns Hopkins University CTC-mRNA assay or Genomic

Health Oncotype Dx AR-V7 Nucleus Detect).

Another limitation with our pilot study is the small sample size. We address this
point two ways by considering the endpoint of the assay. First, we considered a positive
endpoint (i.e., AR-V7+). In this case, the ratio of patient cases to controlsis 6 : 0 or 85.6%
(6 CRPC patients / 7 total CRPC patients) : 0% (0 controls / 2 total controls). Based on a
large difference between patient cases and the controls, a large sample size is not required
for statistical validation at a threshold of 95% confidence level (a = 0.05) and 80% power
(B =0.80).388 Though our small sample size in context of a positive endpoint is statistically
encouraging, it would not be representative of the biological variation that exists within a
CRPC population. Hence, our limited data set would not make a strong argument for
clinical validation. This led us to consider a negative endpoint (i.e., AR-V7-). We postulate
that a negative endpoint would better inform a sample size needed for statistical validation.

In this case, we can also account for the possibility of a false positive result. Though we can
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expect the control arm to be all biologically negative, there is a chance that the SERS-based
assay reveals a false positive. We calculated sample sizes needed for statistical validation
(a=0.05, B =0.80) for clinical studies389-390 based on liberal differences between patient
cases and controls. We set these percent differences at 25%, 30%, and 35% to allow for
analytical optimization of accuracy and precision. Based on our results showing ~ 30%
negative status (3 AR-V7- patients / 9 total patients), the number of patients required for
the next pilot study are: 60 (25% difference), 41 (30% difference), and 31 (35% difference)
in each experimental arm (i.e., patient cases : controls).3! Our initial pilot study was useful
in allowing us to test our prospective hypothesis, demonstrate the effectiveness of our
SERS-based assay, and inform us of logistical challenges that require consideration moving
forward towards internal and external prospective validation of a SERS-based assay for AR-
V7 detection. Plans to expand our pilot study to strengthen our efforts in prospective

validation are underway.

Our SERS-based immunoassay platform for AR-V7 protein detection in a liquid
biopsy (serum) is the first of its kind. Tsaur et al. describe the two main current
approaches for AR-V7 detection in liquid biopsies that rely on circulating tumour cells. In
these assays, AR-V7 detection is based on mRNA (Qiagen AdnaTest) and protein (EPIC
Sciences now part of Genomic Health) expression. Tsaur and co-workers further describe
advantages and limitations of these assay in terms of clinical feasibility and reflection of
disease state.326 The authors discuss quantifying AR-V7 mRNA with reverse transcriptase-

PCR may is clinically more feasible, however mRNA expression is less direct measure of the
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disease state than protein expression. Whereas, AR-V7 protein detection is more precise
and can provide enhanced prognostic information based on nuclear localization,324 CTC-
based immunohistochemistry may not be clinically feasible. Drawbacks of CTC-based
analyses that need consideration are the inherent difficulty in cell isolation, very short
timeframe (< 24 h) to process blood samples for mRNA isolation, and the potential to miss
mesenchymal cells undergoing epithelial-mesenchymal transition due to CTC capture

methods relying on cell surface markers.314

Highlights of our SERS-based platform are that it does not require specialized
specimen collection tubes with nucleic acid stabilizing reagents, CTC enrichment, or mRNA
isolation. Prior to ruling out any detection platform, we should place greater emphasis on
clinical application and CRPC patients that can benefit from an AR-V7 detection platform.
Markowski and colleagues estimated 30% of mCRPC patients may have detectable AR-V7
in CTCs. Assessing AR-V7 status this population prior to starting enzalutamide or
abiraterone treatment would result in a cost savings of $150 Million per year in the United
States.332 Markowski and colleagues further report that more than 50% prostate cancer
specialists stated that an AR-V7 test changed their treatment decision. The specialists
polled reported that men with AR-V7+ results (62%) had the most treatment changes, with
preferentially managed with taxane therapy or offered a clinical trial, which may have
improved outcomes.332 We propose that a SERS-based platform can be positioned for rapid
(£ 24 h) determination of AR-V7 status to guide treatment selection. To further enhance

prognostic value of our approach, experiments to include biomarkers specific for PCa
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aggressiveness are underway. We aim to propose a risk scoring system to stratify patients

and determine an effective treatment strategy.

An urgent need remains for prospective validation studies for AR-V7 as a predictive
and prognostic biomarker in patients with CRPC. Presently, a multi-centre clinical trial
examining AR-V7 using three different liquid biopsy assays (two rely on mRNA detection
using PCR and one relies on protein detection using immunofluorescence) is underway
(PROPHECY, NCT02269982).392 As Bastos and Antonarakis state in their recent review,304
120 mCRPC patients at the outset of next-generation androgen receptor signaling
inhibitors (enzalutamide / abiraterone / taxanes) will be prospectively sampled at baseline
using three different AR-V7 detection assays, and then monitored prospectively until
clinical or radiographic disease progression. At the time of progression, patients will be
resampled using the three platform assays and then offered a taxane chemotherapy. At the
time of progression on taxane, a third set of liquid biopsies will be collected for analyses. A
unique advantage of this study is the ability to assess the prognostic value of each the three
AR-V7 assays and to indirectly compare the analytical and clinical characteristics of each
test against the others. Preliminary communication of results are expected in the 2nd

quarter of 2018.304

2472



5.4. Conclusion

Prostate cancer continues to be a global health priority. Though survivorship rates
are high for localized PCa, these rates drop dramatically in a metastatic context. Disease-
related mortality is inevitable in this setting. Patients with metastatic disease are strongly
dependent on treatment selection to maximize overall survival. Firstline androgen
deprivation therapies result in initial benefit, however eventually become ineffective due to
resistance mechanisms associated with the androgen receptor signalling axis resulting in a
castration-resistant state. An important unmet need for mCRPC patients is treatment-
specific biomarkers to guide treatment selection during the course of disease. Androgen
receptor V7 is a biomarker that has received the most attention to date for its role as a
predictive and prognostic biomarker for advanced PCa patients. As liquid biopsies offer
several advantages, including serial measurements to monitor treatment progress, there
are only two CLIA-approved blood-based assays for the detection of AR-V7 in circulating

tumour cells; one for mRNA detection and one for protein detection.

Our study reports the successful detection of AR-V7 protein at low levels in cultured
prostate cancer cells and in human serum using a SERS-based sandwich immunoassay. We
also provide calibration results for AR-V7 protein and AR-V7 mRNA expression levels. To
assess clinical utility of a SERS-based immunoassay, we carried out a prospective pilot scale
using a retrospective cohort of seven mCRPC patients pre / post treatment with
enzalutamide and / or abiraterone. Our results demonstrate the ability to identify AR-V7

status (positive or negative) in mCRPC patients and provide quantitative measurements to
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enhance prognostic and predictive value. Future studies to expand our pilot scale for
prospective validation and to enhance the prognostic value of our assay by integrating

markers for aggressiveness are currently underway and will be reported separately.
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Chapter 6. Conclusion and future directions

6.1. Conclusion

Motivation for the work presented in this thesis converged from three points: (1)
deep curiosity and ambition to discover unique attributes of biogenic nanoparticles; (2) to
address the health sector by delivering on an unmet clinical need for a major disease
impacting a global population level, and (3) to tap into the growing market segments of
diagnostics/biosensors and liquid biopsies.180.393-394 Thjs thesis presents both scientific
advances focused on biogenic silver nanoparticles and a value proposition for a target-
agnostic platform technology with a SERS readout. One notable advance is the enhanced
colloidal stability of biogenic AgNPs attributed to the biomolecular surface layer or
biocorona. Detailed investigation of this thin layer revealed a composition of peptides and
carbohydrates that originates from the fungal organism in response to stress. These
peptides and carbohydrates are believed to protect a fungal organism or adapt it to its
environment. From another perspective, the biocorona can be a considered a native
scaffold for expanding functions. Successful modifications included Raman reporter
molecules and antibodies resulting in Raman active labels that are stable and selective for
SERS-based immunoassays. Another notable advance is a successful prospective pilot scale
investigation of clinical utility demonstrating the ability to quantitatively measure AR-V7 in
serum of a blinded retrospective cohort of seven advanced PCa patients pre / post

treatment with enzalutamide and / or abiraterone. Presence and amount of AR-V7 in
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serum offers predictive and prognostic value to inform selection between two classes of
systemic treatments (i.e., hormones or taxanes) outlined in the Canadian and American
clinical guidelines for managing castration-resistant PCa. Contributions of this work paves
the way for a sensitive, rapid, and minimally-invasive SERS-based tool for detection of AR-
V7 in serum. The body of work in this thesis aims to benefit advanced PCa patients by
optimizing the treatment algorithm, providing an indication of enzalutamide / abiraterone

resistance, and improving quality of life.

Above serves to highlight major contributions presented within the body of work
contained in this thesis. Since each chapter contains its own conclusion of the specific work
done, this conclusion offers three points of advice for next generation of analytical

chemists.

1. When working in a sparely populated research area or on a new
technological innovation, do not be discouraged by opposition. Claims against
can vary; however be vigilant that such claims may be unsubstantiated, may serve to
stall, or derail advances. As Professor Calestous Juma concludes from nearly 600
years of technology history, the two fundamental drivers of concern over new
technologies or innovation: (1) a fear that the innovation may lead to a loss or
change with consequences to either economics or cultural identities or (2) the
perception that the benefits of the new area or technology will accrue to a small

population while the risks will be more widely distributed.3°> Consider such
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opposition or resistance as opportunities to be bold, creative, and resilient. To help
build one’s own resilience, seek and engage mentors who show strong support,
leadership, and are willing to challenge status quo. Through diligence, hard work,
and good mentorship; one can make scientific discoveries and become an authority

on the subject,3°¢ which global society desperately needs.

2. When selecting analytical biomarkers for diagnostic, predictive, or
prognostic applications; obtain current clinical guidelines used for
patient/disease management. Clinical guidelines for patient/disease
management informs clinicians on how to consistently manage patient care
supported by evidence. Early acquisition of guidelines from a clinician aims to
position the measurement science in-step with clinical practice with a greater
effectiveness. This approach also sheds light on competing assays and workflow for
an end user. Understanding the clinical setting and unmet need will enhance an

assay designer’s confidence and increase the value of the assay.

3. When designing an assay with commercial potential, aim to build your
interpersonal network in context of the supply chain. A simple example of a
supply chain is a system of interconnected links assembled to transition raw input
materials through to end use. Seek insights and feedback from diverse members
within the supply chain throughout the design process. This approach enables an
assay designer to stay nimble and consider important factors while prototyping

with an enhanced success rate.

247



6.2. Future directions

6.2.1. Enhancing our understanding of biogenic nanoparticles and the

biocorona.

Though the biocorona is composed of abundant peptides identified with extensive
homology to stress or adaptive proteins, we do not know if fungi originally synthesize short
peptides (for perhaps quicker response) or if proteins are originally synthesized and
degraded leaving peptide fragments on the NP surface. Other questions include: (1) Are
there correlations with other fungi in producing peptides/proteins consistent with stress
or adaptive proteins? (2) Can the stress/adaptive protein genes be cloned and expressed in
another host for a source of stabilizing biomolecules for nanoparticles? (3) Can fungi be
engineered to be more efficient at producing nanoparticles (e.g., quantity, physical
characteristics) at ambient conditions? Further work to enhance our understanding in

these areas would benefit the field of biogenic nanoparticles.

6.2.2. AR-V7 SERS immunoassay validation - need more patients.

As discussed in chapter 5, one limitation with our pilot study is the small sample
size. In advancing towards internal validation and external validation, [ propose another
pilot study with 30 - 60 patient specimens in each experimental arm (patient cases :
controls). These numbers are based on our results showing ~ 30% negative status and a
statistical basis of a = 0.05 and 8 = 0.80. Also, it would be beneficial to use freshly collected

specimens of a prospective cohort, rather than previously frozen specimens. This approach
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will provide a more accurate measure of AR-V7 levels. Another point to consider is
validating laboratory assay/technologies in a commercial diagnostic laboratory. This effort
will contribute to greater exposure and de-risking investments. At the time of writing this,
DynaLIFE Accelerator program has been initiated to validate laboratory technologies in a
real-world diagnostic laboratory. 3°7 Lastly, parallel studies with other competing
technologies (e.g., CTC-based, mRNA detection) would complement a SERS-based approach

presented in this thesis.

6.2.3. AR-V7 SERS immunoassay 2.0

As discussed in chapter 5, an unmet need for patients with advanced prostate
cancer is the determination of prostate cancer aggressiveness.3%4 In advancing our AR-V7
assay, | propose to extend the detection panel to include two aggressive biomarkers with
the aim of scoring index and to enhance treatment selection. Two aggressive biomarkers
are proposed for greater confidence in predictive value. Figure 6—1 shows a proposed plan
to extend the biomarker panel for CRPC patients with the outcomes of risk stratification
and enhanced treatment selection. Proposed ideas in selecting aggressive biomarkers are a
combination of: (1) membrane scaffolding proteins (e.g., tetraspanins, prostate-specific
membrane antigen);398-401 (2) sirtuins;*92-403 and (3) other androgen splice variants (e.g.,

AR-v5,6,7).350,404
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Figure 6-1. Blood-based AR-V7 SERS immunoassay 2.0 for enhanced prediction and
prognosis. Patient label consists of two rows, one for a human signature (if required).
CRPC = castration-resistant prostate cancer. AR = androgen receptor.

Other ways to potentially improve the SERS-based assay are:

a) Increase nanoparticle diameter (e.g., 340 nm — g80nm)7> 260,290, 405-406 gr yse
anisotropic shapes (e.g., silver rods)>2 94.96,407 for higher extinction coefficients with
633 nm or 785 nm excitation. Larger sizes will result in greater overlap between
the plasmon band and the excitation wavelength, enhance the scattering cross
section, and will permit greater coverage of Raman reporter molecules. Collectively,
this approach aims to increase Raman cross section; thus, increasing signal intensity
and improving the limit of detection.

b) For surface-based assays, it would be beneficial to map the entire address3# with
shorter integration times and collect each point in focus. New advances in ‘digital’
Raman may help in data processing when analysing analytes in ultra-low

concentration (£ 1 nM).345 Combining digitized Raman maps with the predictive
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capability of artificial intelligence (machine learning or deep learning algorithms)
may reveal new interpretations in sample analyses.

c) Solution-based SERS would be beneficial to reduce sample processing, data
collection, and analyses represented as an average. As a preliminary approach, my
colleague (Casey Rusin) and I attempted to use cellulose nanofibres and attach
biorecognition agents (e.g., antibodies) to serve as a bio-analyte capture mesh. Our

early results appear encouraging.

6.2.4. Partner with artificial intelligence to enhance bioassays

Over the last five or so years, artificial intelligence (Al) is increasing its ubiquity
among society. For example, if you use or have used an Apple product equipped with Siri
or a modern iPhone (iPhone 4S or higher) for photos, then you have held Al in your hand.
Beyond Apple, other tech giants such as Google, Microsoft, Facebook, Baidu, and Amazon all
use Al to enhance business. Artificial intelligence is a broad term that applies to a
computer system that mimics human intelligence such as solving problems, making
decisions, processing language, and recognizing images.*%8 Machine learning, a
subcategory of Al is a set of algorithms that can be designed to analyse large and complex
data sets (also known as ‘big data’) and learn to identify statistical patterns or trends that
can scale our expertise to unprecedented levels. Analytical chemists who are designing
assays with real-world applications are strongly encouraged to collaborate with
computer/data scientists. Such efforts will lead to a strong potential for discovery and

higher value for the assay.

251



In medicine, the role of Al is to enhance assays used for biological measurements.
Ultimately, Al-enhanced bioassays serve as a tool to enhance the physician’s expertise. For
example, results of an Al-enhanced bioassay could also include patient characteristics,
symptoms, drug indications/contra-indications, and active clinical trials. This would
enable physicians (e.g., medical oncologists) to predict patient outcomes or treat patients
more effectively. For example, IBM is developing an Al-based tool (Watson Health for
oncology) to provide clinicians with evidence-based treatment options based on expertise
of the Memorial Sloan Kettering institute.*%? To realize the impact of Al-enhancement, big
data is needed. To this end, Alberta’s population base of 4.3 billion410 and health system
provides a unique big data advantage for researchers. The system is organised with a
single payer (i.e., public health care) and a single care provider (i.e., Alberta Health
Services) allows researchers to link clinical data in an unparalleled fashion.#11 Alberta’s
new impending system, Connect Care, will further enhance links to centralized patient
information, clinical standards, and best healthcare practices.412413 Collectively, Al-
enhanced bioanalysis aims to scale a human’s expertise in advancing research and

delivering patient care to unprecedented levels.
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