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ABSTRACT

Western blot is an important protein analysis assay enabling protein detection by
visualizing the antibody specific antigen-antibody interaction. As a commonly used assay,
western blot is taught in upper-level biochemistry and molecular biology students.
However, due to its exhaustive process and high cost of antibodies, a modification to
western blot is proposed using gold or silver nanoparticles as a tag to the primary antibody
for lysozyme. In this experiment, invisible anti-lysozyme antibodies were conjugated to
colloidal gold and silver nanoparticles via photochemical immobilization technique,
effectively facilitating a physically observable band on the western blot. To eliminate false
positives by interactions between immobilized proteins and the nanoparticles, exposed
surfaces of metal were covered with different passivating molecules, of those denatured
protein show the most promising results. Gold nanoparticles were modeled for silver
nanoparticle tags due to its superior stability in buffers compared to its silver counterpart.
However, silver nanoparticles are more convenient due to their ease of synthesis and cost
advantages. Both gold and silver labeled antibody enables cost and time optimization to
western blot as it does not require a secondary antibody nor developer like horse radish

peroxidase.
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Chapter I. INTRODUCTION

Section 1.1. Motivation

Gold and Silver nanoparticles (AuNP and AgNP) have long been in use including
biosensors and bactericidal agents for their ease of synthesis and tunable optical and
chemical properties (1, 2). In this work, we took advantage of the optical properties of the
nanoparticles by using them as tags for antibodies in western blot. Since its inception,
western blot has been used in most fields requiring protein detection and purification. As
an essential assay, western blotting is taught in many upper-level biochemistry
undergraduate settings not only for the development of lab skills but also to demonstrate
the structural and sequential importance of proteins for the interaction between the antigen
and antibodies. However, although powerful, western blot is prone to troubleshooting due

to its delicate nature and entails high costs and laborious incubation times.

Nanoparticles and their use as biosensors have been especially relevant,
exemplified by the frequent use of point-of-care lateral flow assays during the SARS-CoV-
2 outbreak (3-6). The unique properties of AuNPs and AgNPs as sensors rise from their
localized surface plasmon resonance (LSPR) falling in the visible spectra, in which their
color associated max absorbance can easily be measured with a UV-vis spectrophotometer.
Both AuNP and AgNP have been used as sensors in lateral flow assays and other detection

techniques demonstrating the specificity and low detection limits (7).



Section 1.2. Western blot

Western blot is a protein analysis assay enabling protein detection via antigen-
antibody interaction (8-1/0). The detection of the target antigen is facilitated by the
specificity of the antibody to the target antigen. As shown in Figure 1.1, first a mixture of
proteins (either purified or standard) with the target protein is denatured and separated by
size with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE, Figure
1.1 row 1). The separated proteins on the gel are transferred to a membrane producing
invisible bands, representing proteins of a specific size (Figure 1.1 row 2). The proteins,
now transferred to a solid support, are incubated with the primary antibody specific for the
antigen/protein of interest (8, 9). Once excess primary antibody is washed off, an HRP
conjugated secondary antibody specific to the primary antibody is added for visualization
of the protein band (Figure 1.1 row 3). In addition to being a protein detection method,
western blot is also a semi quantitative assay where the concentration and size of the protein
in the mixture can be estimated from the thickness and location of the band if compared to

a standard (8, 10).

Although very powerful and commonly used, the entire assay can take up to 6 hours
making the process laborious and time consuming. However, this technique is unavoidable
in protein detection as it is not only used in research but also in the medical setting,
including but not limited to Lyme disease and HIV-1 (71, 12). This makes learning and
streamlining the western blot crucial for upper-level biochemistry students in
undergraduate colleges and universities. In this work, we tagged an anti-lysozyme antibody
with easily synthesized gold or silver nanoparticles (AuNP/AgNP), effectively facilitating

a visually observable band on the western blot. By tagging the primary antibody with AuNP
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proteins for size separation
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Figure 1.1. Scheme of SDS-PAGE, transfer, and western blot, with semidry
electrotransfer to PVDF membranes, and final western blot.

or AgNPs that can be synthesized in most high school and university laboratories, the
secondary antibody can be omitted for the detection of the primary antibody-antigen

interaction, thus streamlining the process.

Section 1.3. Gold and Silver Nanoparticles as biological sensors

The color of the nanoparticles are governed by the localized surface plasmon
resonance (LSPR). Because the size of the nanoparticle is smaller than that of
electromagnetic radiation in the visible range, surface electrons of noble metal
nanoparticles can absorb visible light to oscillate, a process called resonance (13, 14).
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LSPR, typically measured by a UV-vis spectrophotometer, is determined by the element,
size, and shape of the nanoparticle. More importantly, LSPR 1is sensitive to changes in the
local dielectric environment surrounding the nanoparticles, in other words, the color of
nanoparticles changes when their surrounding molecules change (7/4-16). Thus, metal
nanoparticles can be used in biological processes both as a tag of a biomolecule, when only
the location of the color is monitored, or as color changing reporters, correlating to a change

in the environment of the nanoparticle.

AuNPs are ideal as biological tags due to their stability in vivo, exemplified in
SARS-CoV-2 laminal flow assays (17-20), as a biomarker for prostate cancer diagnosis
(21-23), and many other proteins in serum, blood, and saline with aid from other
instruments (24). AgNPs are used less in biomedical applications, mainly due to the lack
of mechanical studies on the long-term safety of AgNPs on human health (25). The concern
in safety is mainly due to the less stable nature of AgNPs compared to AuNPs in biological
contexts. However, AgNPs as a tag for the primary antibodies were also explored due to
the even more facile synthesis compared to AuNPs as well as the possibility of detecting
multiple antigens in one single experiment (7, 26). This is due to AgNPs having a more
tunable LSPR resulting in facile synthesis of AgNPs with differing colors. For instance,
Yen al., have created a rapid point-of-care laminal flow assay for the simultaneous
screening of Dengue, Yellow Fever, and the Ebola Virus with different colored AgNPs for

the visualization of each antibody and antigen interaction (7).



Section 1.4. Photochemical Immobilization technique.

Currently, there are many chemical and electrostatic methods of tagging antibodies
with AuNP, AgNP, and gold sheet biosensors (2, 22, 27-31). These methods are based on
chemical synthesis; consequently, these methods can be complex, time consuming, and
hazardous especially for an undergraduate level laboratory exercise. In this work, a
Photochemical Immobilization Technique (PIT) was used to irradiate antibodies with UV
light, and the subsequent activated antibodies were directly attached to the nanoparticles
(32-34). This technique involves the breakage of selected disulfide bridges in the hinge
region of the antibody which are induced by the absorption of UV light by nearby

tryptophan residues (Figure 1.2). The chemically inaccessible disulfide bridges become

Antigen Binding Sites

Hinge Regio

|

Fab

Fc

Figure 1.2 Structure of antibody with antibody binding fragment (Fab) and
crystallizable fragment (Fc).
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exposed sulfthydryl groups (33), in which the high affinity between sulthydryl groups and

AuNP or AgNP are used to selectively attach the antibodies to the nanoparticles.

Many biosensors utilizing AuNPs and gold sheets have proved the use of PIT, by
functionalizing the sensors with the antibodies in an upright position with the Fab region
available for antigen binding (17, 33-42). These silver and gold nanoparticle labeled
antibodies can confer cost and time optimization as it does not require a secondary antibody

or color-developing reaction like horse radish peroxidase.

Section 1.5 Challenges and Significance

Although many modified western blots exist, most either lack specific descriptions
to describe the science behind certain reagents and solvents or utilize specialized
equipment or undesirable chemicals for the visualizations and optimization processes of
western blot (27, 43). For example, an ultra-high-speed western blot proposed by Higashi
et al., is achieved via cyclic draining and replenishing of the antibody solution. Although
extremely efficient, the modification requires a hybridization oven and immunoreaction
enhancing agents (43). Additionally, most commercially sold western blot kits do not
describe the contents of what is included in their solutions and solvents. Although it is
understandable for companies to protect proprietary knowledge, not understanding the
functions and properties of solvents and buffers does not aid the learning process for

students learning about the relevance and value of western blot.

The function of the primary antibody is to selectively detect the antigen via the Fab

region, leaving the Fc region available to bind the secondary antibody. The secondary

11



antibody is generally modified with horse radish peroxidase (HRP) enzyme, which
produces a purple color upon reaction with a colorant like 4-chloronaphthol. Because
multiple secondary antibodies can bind to one primary antibody, the sensitivity can be
increased as multiple HRP conjugated antibodies will amplify the signal compared to one.
Other works that have tried to shorten the time of western blot, tag the primary antibody
with more sensitive labels such as fluorescence (44). Another difficulty of labeling the
primary antibody is that it must be done via a chemical reaction and then purified (45).
Commercially, ThermoFisher offers a fast chemiluminescence kit for 1-hour western blot;

not only is this proprietary knowledge, but it is specific only to certain antibodies.

AuNP and AgNP tags for antibodies require specific stabilizing surface molecules
or ligands on the surface or metal nanoparticles to prevent aggregation or reshaping. These
molecules can be displaced during the many different steps of western blot. Other groups
have demonstrated that it is possible to label antibodies with nanoparticles, while
maintaining the specificity of the antibody. (17, 28, 33, 46) Thus, optimization of the
environment and buffer conditions is required to ensure only the antibody is interacting
with the antigen and not the nanoparticles with the antigen. By attaching colloidal AuNP
or AgNP to antibodies, optimization of western blot is achieved thus improving the learning
process of western blot as all buffer conditions and functions of molecules are known. By
optimizing the labor and cost required for western blot, this modified western blot utilizing
nanoparticles can improve the time constraint and logistical issues. In this work, anti-
lysozyme antibody tagged with gold nanoparticle (Ab-AuNP) or silver nanoparticle (Ab-
AgNP) were synthesized, effectively facilitating a visual band on the western blot

membrane.

12



Section 1.6. Specific aims

AuNP and AgNP and their optical properties have been used for decades with
various applications, including the detection of proteins of interest. In this work, a modified
western blot is proposed by attaching colloidal gold or silver nanoparticles to primary
antibodies, facilitating a physically observable band on the western blot. AuNP was
experimented on first as a model tag for AgNP due to its frequent use in protein detection
and other point of care laminal flow assays (7, 2). Additionally, AuNPs have superior

stability in biological buffers, but more laborious synthesis compared to AgNP.

In this work, the invisible antibody was tagged with a colloidal noble nanoparticle.
Once conjugated, the free surfaces on the nanoparticle were blocked (passivated) to ensure
both stability and specificity by the antigen-antibody interaction and not between the
nanoparticle and the antigen. In addition to passivation, preservation of nanoparticle shape
and color was explored as a dark color will enable easier detection on the white background
of the blot. Primary antibodies tagged with gold (Ab-AuNP) or silver (Ab-AgNP)
nanoparticles enable cost and time optimizations as they do not require a secondary
antibody or color-developing reactions like horse radish peroxidase. These modifications
to the primary antibody make the western blot assay more accessible to upper-level

undergraduate biochemistry students.
Aim 1. Tagging the invisible antibody with colloidal noble nanoparticles.

To conjugate the antibody and nanoparticle, the high affinity between the thiol
groups of the antibody and the Au/AgNP were utilized. Although other conjugation

techniques were considered, due to this work’s intent of use in an undergraduate setting, a

13



safe and easy-to-use Photochemical Immobilization Technique (PIT) was chosen to
conjugate the antibody to the nanoparticles. First, the effectiveness of PIT on the antibody
was measured with Ellman’s reagent to confirm thiol formation. Then, using the sensitivity
of the localized surface plasmon resonance (LSPR) of the Au/AgNP, the conjugation
between the antibody and the nanoparticles was measured by changes in the LSPR before

and after conjugation.

Aim 2. Adjusting biocompatibility of the nanoparticles in solution

Western blot is carried out in specific buffers, different from the conditions in which
metal nanoparticles are prepared. Ideally, the nanoparticles will be stable in the western
blot binding buffer, maintaining their shape and LSPR. However, both bare AuNP and
AgNP suffered aggregation or reshaping when exposed to western blot binding buffers.

Thus, buffer adjustments were made in terms of salt concentrations and detergents.

Aim 3. Isolation of the nanoparticle from the environment

Once conjugation between the noble nanoparticle and the antibody was achieved,
free surfaces on the nanoparticles were isolated (passivated) from the environment. This
was to ensure AuNPs or AgNPs would not interact with any free thiol groups in the
immobilized proteins during the western blot. In addition to bovine serum albumin (BSA),
which has been used in the past for passivation of AuNP, other reagents like polyvinyl
pyrrolidone (PVP), polyethylene glycol (PEG), 6-mercaptohexanoic acid (MHA), and

denatured BSA (dBSA) were considered as passivating agents (28, 30, 32, 47-49).

14



Aim 4. A western blot with primary antibody tagged with noble metal nanoparticle.

Finally, Ab-AuNP or Ab-AgNPs (both passivated) were tested using the western

blot assay for specificity of the antibody as well as detection limits.

Section 1.7. Experimental Approach

Aim 1. Tagging primary antibody to noble metal nanoparticle.

Rationale. Although PIT has been used in previous studies, most of these include
laminal flow assays, in solution assays, or instrument assisted assays. As the goal of this
work is to be used in an undergraduate setting, facile synthesis, convenience, and safety
were taken into consideration. First, the disulfide bridges of the antibody were broken, and
free thiol groups were exposed by irradiation with UV-light. Then, the antibody with free

thiol groups were mixed with colloidal noble metal nanoparticles.

Methods. Ellman’s reagent. To validate the formation of free thiol groups, a
secondary antibody was irradiated in a quartz cuvette for 1 min by a 253.7 nm germicidal
UV-lamp (25 W). The increase in exposed thiol groups were compared against a cystine
standard and measured by the increase in absorption by TNB, a product of the reaction
between Ellman’s reagent (5,5'-Dithio-bis-(2-nitrobenzoic acid)) and the exposed thiol

groups (50, 51).

Gold and Silver nanoparticle synthesis. First, gold nanoparticles (AuNP) were
synthesized via citrate reduction of gold salt, and silver nanoparticles (AgNP) were
synthesized via simultaneous multiple asymmetric reduction technique of silver salts (16,

52-56). The concentrations of metal nanoparticles were obtained using the geometry and

15



optical properties of the nanoparticles as reported in previous works (57, 58). The size and
shape were recorded via transmission electron microscopy (TEM) and the LSPR was

measured using a UV-visible spectrophotometer.

Conjugation detection by LSPR. Conjugation of the activated antibodies with the
noble metal nanoparticles were measured by observing small shifts in the LSPR of the
nanoparticle, based on the sensitivity of the LSPR to changes in the refractive index of the

surrounding (59, 60).

Data analysis. The absorbances of the Ellman’s reagent added to the cysteine
standards and the activated antibody were measured by a UV-visible spectrophotometry.
The TEM images of the nanoparticles were analyzed by ImageJ. The LSPR of the
nanoparticles were measured by a UV-vis spectrometer and analyzed on excel. The shift in

LSPR was calculated after normalizing the spectra to a maximum absorbance of 1.

Potential Limitations and Hazards. Although past literature has noted that PIT
conjugates antibodies on the Fc region and not the Fab region, thus only exposing the
antigen binding region, LSPR will only measure a bind to the surface of the nanoparticle

but will not provide information about the orientation of the antibody.

Aim 2. Adjusting biocompatibility of the nanoparticles in solution

Rationale. Although AuNP were thought to maintain their shape in the biological
buffers and water, both AuNP and AgNP were observed to reshape, change in color, or
aggregate. Thus, the cause of the reshaping and aggregation of the nanoparticles by the
buffer were explored and adjustments were made in terms of salt concentrations and

detergents.
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Methods. AgNP (1 mL) was added to tris-buffered saline with and without Tween-
20, phosphate-buffered saline with and without Tween-20, and 0 to 1.5 mM NaCl. LSPR

and color changes were measured to observe shape changes by the AgNP.

Data analysis. The LSPR was measured by UV-visible spectroscopy; shape and

size of nanoparticles were measured by TEM as described in Aim 1.

Aim 3. Isolation of the nanoparticle from the environment

Rationale. To isolate free surfaces of AuNP and AgNP from the environment and
other proteins, many passivating molecules were considered. Although BSA, PVP, PEG,
and MHA have been used in other assays to passivate the nanoparticles (28, 30, 32, 47-49),
adjustments were required for the use of the nanoparticles in the western blot assay. To
observe the nanoparticle passivation, LSPR and western blots without antibody were
utilized. Passivation is necessary to ensure specificity during the western blot, where only

the antibody is attached to the antigen.

Methods. The passivation of the nanoparticles was modeled by AuNP. First, the
AuNP were exposed to differing concentration and time of BSA, PVP, PEG, MHA, and
denatured BSA. Binding to the surface of AuNP was measured by LSPR, where a small
increase of LSPR indicates the passivating agents attaching to the nanoparticles. The
passivated AuNP without antibody were added to a blot with lysozyme (LYZ) and

ovalbumin (OVA) in western blot binding buffer (Tris saline buffer with detergent).

Data analysis. The shift of the LSPR of noble metal nanoparticles were measured

and analyzed as described in aim 1.
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Aim 4. A western blot with primary antibody tagged with noble metal nanoparticle.

Rationale. Under adjusted buffer conditions, anti-lysozyme antibody tagged with
passivated gold or silver nanoparticle (Ab-AuNP or Ab-AgNP) was added to a western blot

for the final western blot analysis.

Methods. The passivated AuNP or Ab-AuNP were added to an OVA and LYZ
immobilized blot. Similarly, passivated AgNP and Ab-AgNP were added to a blot with
immobilized OVA, BSA, and LYZ. These experiments measured the effectiveness of
passivation, the stability of the nanoparticle, and if the detection of the lysozyme worked

as intended.

Data analysis. Blots were matched to SDSPAGE stained with Coomassie blue to

identify the bands corresponding to LYZ, BSA, or OVA.
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Chapter 2. EXPERIMENTAL WORK

Section 2.1. Reagents and instrumentation

All reagents were purchased and used as received. L-ascorbic acid, gold (III)
chloride trihydrate, Tween 20, DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid) / Ellman’s
reagent), cysteine standard, 6-mercaptohexadecanoic acid (MHA), polyethylene glycol
(PEG), ammonium persulfate, tetramethyl ethylenediamine (TEMED), and Coomassie
Brilliant Blue G-250 were from Sigma Aldrich; sodium borohydride, sodium citrate
dihydrate, sodium chloride, sodium phosphate, ethylenediaminetetraacetic acid (EDTA),
hydrochloric acid, acetic acid, nitric acid, methanol, bovine serum albumin (BSA), 40%
acrylamide:bisacrylamide were from Fisher Scientific; polyvinyl Pyrrolidone (PVP) M.W.
40,000 g/mol was from Alfa Aesar; Tris was from Santa Cruz chemicals; silver nitrate was
from Acros Organics; and electrophoresis 4x loading buffer was from Invitrogen. Primary
antibody (rabbit anti-lysozyme) and secondary antibody (goat HRP-conjugated anti-rabbit)

were from AVIVA systems biology. Barnstead system was used to obtain ultrapure water.

Transmission Electron Microscopy was done in a Hitachi HT7800 TEM at 120 kV
with 40,000 x magnification. The samples of the silver and gold nanoparticles were
obtained by depositing 2 uL of particle solutions onto carbon-Formvar coated copper TEM
grids and drying in a desiccator. UV-visible spectroscopy was done using an Ocean Optics
UV-Vis spectrophotometer with a 1-cm polystyrene cuvette and a HR4000 detector.
Measurements of pH were done using a pH meter from Accumet. Protein electrophoresing
was done using a Mini-PROTEAN Tetra Cell and gel casting system from Bio-Rad. For

western blot, a semi-wet protein transfer apparatus from Pierce was used.
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Section 2.2. Syntheses of nanoparticles

Gold Nanoparticle synthesis. AUNP were synthesized via citrate reduction (16, 53-
55) in aqua regia cleaned glassware. Briefly, 50 mL of 1 mM HAuCls-3H,0 was refluxed
with gentle stirring. After a rolling boil, 5 mL of 38.8 mM Sodium citrate dihydrate solution
was quickly added and refluxed for an additional 30 min and allowed to cool to room
temperature. The AuNP were stored in brown bottles in the dark until further use. The

concentration of AuNP was calculated using Haiss’ supplemental section (57).

Silver Nanoparticle synthesis. AgNP were synthesized by a single-pot experiment
in nitric acid washed glassware (56, 58). Briefly, 100 mL of 0.18 mM AgNOs; and 0.145
mM polyvinylpyrrolidone were placed a 500 mL Erlenmeyer flask, while swirling 0.1 M
ascorbic acid and 0.15 mL of 1 mM sodium borohydride were quickly added. Once the
sodium borohydride was added, the swirling was continued for another 10 s to finish the
reduction reaction of the silver ions into silver nanoparticles. The solution was left in a dark

brown bottle for up to a maximum of 1 week.

Section 2.3. Protein electrophoresis and western blot

This procedure is adapted from the manufacture’s manual (61). To prepare 12.5%
polyacrylamide gel, the gel casting system was assembled as shown in Figure 2.1. Briefly,
a separating gel was made by mixing 40 % acrylamide:bisacrylamide (3.125 mL), 1.5 M
Tris-HCI pH 8.8 (2.5 mL), 1.25 % SDS (800 pL), ultrapure water (3.465 mL), 10 %
Ammonium persulfate (100 uL), and TEMED (10 pL). The mixture was added between

the plates, leaving 2 cm clearance from the top of the short plate. After polymerization, the
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Figure 2.1 Assembled gel casting system.

separating gel was prepared by mixing 40 % acrylamide:bisacrylamide (625 pL), 1 M Tris-
HCI pH 6.8 (625 puL), 10 % SDS (50 uL), ultrapure water (3.65 mL), 10 % ammonium
persulfate (50 uL) and TEMED (5 pL). The stacking gel mixture was poured on top of the
separating gel, then the comb was inserted. The gel was used immediately after

polymerization.

Samples were prepared for electrophoresis by loading a protein mixture (1.1 mg/mL
lysozyme and 1.8 mg/mL ovalbumin) with 1 X loading buffer (50 mM Tris-HCI pH 6.8,
10 % glycerol, 2 % SDS, 0.0025 % bromophenol blue, 1 % B-mercaptoethanol, 12.5 mM
EDTA). The samples were boiled for 5 minutes in a heating block, and 10 uL were loaded
in each well of the gel. Protein ladder was prepared as indicated by the manufactures and
10 pL was loaded in each gel. Electrophoresis was run at 130 V for 1 h in Tris-Glycine
buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine, 0.1 % SDS). A portion of the gel was
stained with Coomassie blue staining solution (0.1 % Coomassie Brilliant Blue G-250 in

10 % methanol and 10 % acetic acid), and destained with 10 % methanol, 10 % acetic acid.
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The rest of the gel was used to prepare the blot. Briefly, the gel was washed with
ultrapure water for 10 min, then a pre-wetted PVDF membrane (30 seconds in methanol
and 2 min in water), four pieces of filter paper and the membrane were equilibrated in
transfer buffer (25 mM Tris-HCI pH 8.3, 192 mM glycine, 20 % methanol) by gentle
rocking for 10—15 min. The sandwich was assembled with two pieces of paper on the
bottom (anode), the membrane on top, then the gel on top of the membrane and finally, two
layers of filter paper. Bubbles were removed by rolling a pipette over the top layer. The
apparatus was covered with top plate (cathode) and transfer was carried out at 15 V for 30

min.

To carry out western blot, the membrane was blocked with 10 mg/mL BSA in TBST
(50 mM Tris-HCl pH 7.6, 150 mM NacCl, 0.05 % Tween-20) for 1 hour at room temperature.
The blot was washed twice for 10 minutes each with TBST, incubated in primary antibody
conjugated with metal nanoparticles; the blot was gently rocked for up to 1 hour to observe

the development of colored bands.

Section 2.4. Antibody activation

Ellman’s assay was used to verify the formation of thiols This experimental
approach is adapted from assay #22582 by ThermoFisher scientific (62). Ellman’s reagent
was prepared by dissolving 4 mg of DTNB in 1 mL of PBS / EDTA buffer (0.1 M sodium
phosphate, 0.15 M NaCl, 10 mM EDTA pH 7.2). Cystine standards of 18 to 45 uM were
prepared in water. Photochemical Immobilization Technique (PIT) was used to activate the
antibodies, breaking the disulfide bonds, and freeing the thiol groups (32). Briefly, a
solution of 50 pg/mL of antibody was added to a quartz cuvette and irradiated for 1 min
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with two 253.7 nm germicidal UV-lamps (25 W) (Figure 2.2). Secondary antibody was
used to validate PIT. While primary antibody was used to create antibody conjugated with

metal nanoparticles.

Figure 2.2. PIT, UV-lamp set up. (top) experimental setup of 2 UV lights with quartz
cuvette and black cover to shield user from light. (bottom). Example of UV-light
irradiation on sample (black electrical tape is to cover holes in the metal plate, thus
minimizing light leakage).
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Section 2.5. Conjugation

For conjugation, AuNP or AgNPs were centrifuged for 10 mins at 12,000 x g and
restored in ultrapure water, then a volume of activated antibody solution was added to 3
mL of the centrifuged AuNPs. Conjugation time varied from 5 min to 24 hours. The ratio
of antibodies per nanoparticles (#Ab/NP) was calculated by diving the moles of antibodies

added to the moles of nanoparticles.

#Ab  moles Ab in conjugation

NP moles NP in conjugation

Considering that anti-lysozyme antibody is obtained as a lyophilized powder to be
restored in 2 mL of ultrapure water to produce an 80 mg/mL stock, using a molar mass of
150 kg/mol, the concentration of the stock is 0.53 mM. For activation, a volume of the
stock (V) was diluted in water to a final volume (V.) and then irradiated with UV-light.
For conjugation, an aliquot of activated antibody was taken for conjugation (V.) and added
to a volume of metal nanoparticles (Vnp). Considering all these steps, the moles of
antibodies and nanoparticles in the final conjugation volume is calculated using the

following equations:

mol (,uLofV5> uL of V.
* *

moles Ab in conjugation = 0.53x1073 /i ul of V, 1x106

mol

moles of NP in conjugation = [NP] * Vyp
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Section 2.6. Passivation of metal nanoparticles.

Once conjugated with the activated antibody, unless stated otherwise, the metal
nanoparticles were isolated from the surrounding environment with passivating agents. The
passivating agents were exposed to the metal nanoparticles from 15 min to 24 hours.
Experimented passivating agents include bovine serum albumin (BSA, 0.2 % to 1.4%) (32),
polyethylene glycol (PEG, 0.2% to 1.5%) (30, 47), polyvinyl pyrrolidone (PVP, 0.2 % to
1.5%) (48), 6-mercaptohexadecanoic acid (MHA, 0.5 to 5 uM) (49), and denatured BSA

(dBSA, 0.02 % to 0.15 %).

Section 2.7. Stability of nanoparticles in biochemical buffers.

Synthesized AgNPs were centrifuged for 30 min and added to modified buffers or
a sodium chloride solution in a 1 ml:1 ml ratio. The UV-vis spectra of the AgNPs were
measured after 30 min, 1 h, and 2 h post exposure to the biochemical buffer or sodium
chloride solution. Biochemical buffers used were phosphate buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPOs, 1.8 mM KH>POs), tris-buffered saline (TBS, 20
mM Tris, 150 mM NacCl), and their counterparts with tween-20 (0.1 % w/v) added (PBST

and TBST).
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Chapter 3. RESULTS

The goal of this immunoassay is to use gold nanoparticles (AuNP) or silver
nanoparticles (AgNP) as visual reporters of the binding between primary antibody (anti-
lysozyme) and its antigen (immobilized lysozyme, LYZ). To this end, the primary anti-
lysozyme antibody was attached to colloidal nanoparticles (conjugation) forming an
antibody tagged with a metal nanoparticle, which was isolated from the environment with
blocking agents (passivation). The antibody labeled with metal nanoparticle was incubated

with the immobilized antigen until a visual band was observed (western blot).

Figure 3.1 shows the organization of this chapter. First, the antibody (Ab)
activation and analysis will be presented since this is used with both nanoparticles (section
3.1). The studies with AuNP are presented first because these nanoparticles are more stable
than AgNP and thus used more in biological assays. For AuNP studies, the results for the
synthesis are shown in Section 3.2, conjugation with primary antibody in Section 3.3,
passivation from the environment in Section 3.4, and Section 3.4 shows the modified
western blot. For the studies with AgNP, the results for the synthesis are shown in Section
3.5, conjugation with primary antibody in Section 3.6, stability of AgNP in biochemical
buffer in Section 3.7, and modified western blot in Section 3.8. The stability of the
nanoparticle in the western blot buffers is very important due to the color of the
nanoparticle being shape dependent. All the steps culminate into a stable-unreactive AgNP,
visually tagging the interaction between the primary antibody and the lysozyme antigen on

the blot.
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Figure 3.1. Organization of the results section.
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Section 3.1. Antibody Activation

(" Activation

SH

AN

To conjugate the antibody (Ab) to either gold or silver nanoparticles (AuNP/AgNP),
the thiol groups contained in the disulfide bridges of the Fab region of the antibody were
considered. By utilizing the attraction between the nanoparticles and sulfur, the antibody
would be tagged and visualized. This section reports on the findings of breaking the
disulfide bonds and exposing free thiols. To expose the thiol groups from the disulfide

bridges, a photochemical immobilization technique (PIT) was used (32, 33).

Figure 3.2 summarizes the verification of free thiol formation via PIT using
Ellman’s assay (33, 33, 38). A calibration with cysteine standard showed that this technique
has a limit of detection of 0.25 mM, and an extinction coefficient of 23,250 M'.cm'!
compared to the expected extinction coefficient of 14,510 M'ecm™! (Figure 3.2 A) (50, 51).
Irradiation conditions of PIT were tested by exposing secondary antibodies to UV-light for
I minute (Figure 3.2 B). When the irradiation was performed with a “cold” lamp, the
concentration of thiols was 22 uM (Abs= 0.571), and when the lamp was warmed-up for
15 min a concentration of thiol was 59 uM (Abs=1.387). An un-irradiated control showed
the concentration of thiol of 0.2 uM (Abs = 0.008). Because of an increase in concentration
of sulthydryl groups, this result showed that the use of PIT is a facile method of exposing

thiol groups for possible use of attaching the activated antibody and the metal nanoparticles.
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Figure 3.2. Ellman’s assay. (A) Calibration curve. (B) Photographs of Ellman’s assay
without antibody (Blank), non-irradiated antibody (AbO), antibody irradiated for 1 min
with cold lamp (Ab*), and Antibody irradiated 1 min with pre-warmed lamp (Ab*+).
Absorbance was measured at 406 nm.
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Section 3.2. Gold Nanoparticle Synthesis

-
2. Synthesis of Gold/Silver Nanoparticles

[

AU3+ Au3+

Au?t

Metal ions nanoparticle

Gold nanoparticles (AuNP) were prepared via reduction with citrate with slight
modifications (76, 53-55). Nanoparticles prepared in this way are known to be very
reproducible and relatively inert, resulting in 13 nm spheres with LSPR at ~520 nm (Figure
3.3 A, D). Figure 3.3 C shows the synthesis resulted in uniformly sized AuNPs with LSPR
at 522 nm and average size of 13 = 1 nm. Although the time of reflux during the synthesis
of AuNP was longer than described by Roca et al., both the size and LSPR were both very
similar in values (716). The characteristics of size, size distribution or uniformity of AuNP
sizes, and localized surface plasmon resonance (LSPR) corresponding to the size are all
expected based on the trans electron micrographs and UV-vis absorption data. The
corresponding LSPR of 522 nm to the size of the nanoparticle (13 &= 1 nm), and size
distribution was typical in similar AuNP synthesis methods utilizing citrate reduction
method (Fig. 3.3 D) (63). Finally, as shown in Figure 3.3 B, the synthesized colloidal

AuNP solution is a deep red color desirable to for tagging antibody in the western blot.
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Figure 3.3. Characterization of AuNP. (A) Extinction spectra and (B) photograph of
colloidal AuNP solution in water. (C) Transmission electron micrographs showing the
shape and approximate sizes of spherical AuNPs, and (D) histogram showing average
size of AuNP =13+ 1 nm (n=51).
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Section 3.3. Gold Nanoparticle Conjugation Study

3. Conjugation
SH \ e
—
5 min
,/'

Synthesized gold nanoparticles (AuNP) and activated antibody (Ab*) were

incubated together to form an antibody tagged with gold nanoparticles (Ab-AuNP). This
conjugation step is crucial towards conferring visual detection of the antigen-antibody
interactions between lysozyme and its primary antibody. Two factors were investigated to
optimize the conjugation step; the concentration ratio of antibody to nanoparticle and
conjugation time. Figure 3.4 summarizes changes in the optical properties of gold

nanoparticles used to monitor conjugation.

The number of antibodies was calculated as explained in Section 2.6. The number
of nanoparticles was calculated using the average size of nanoparticles obtained via TEM
and concentration obtained using Haiss’ approach (57). Thus, AuNPs of 13 nm with an
absorbance of 0.509 at 450 nm, would have an approximate concentration of 7.2 nM.
Figure 3.4 A shows that when antibodies are added, the nanoparticle’s LSPR shifts toward
longer wavelength, showing that the molecules on the surface of the nanoparticles are being
exchanged. Thus, implying the antibodies are conjugating on the surface of the
nanoparticles. This shift towards longer wavelengths increases as the number of antibodies
increases and plateaus after approximately 37 antibodies per nanoparticle (Figure 3.4 B).
Consequently, further experiments were carried out with concentrations above 37
antibodies per nanoparticle.
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Figure 3.4. Conjugation effect on optical properties of AuNP. (A) Extinction spectra,
(B) LSPR shift dependence and (C) photographs for the studies of conjugation ratio of
antibody per nanoparticle. (D) Extinction spectra, (E) LSPR shift dependence and (F)
photographs for the studies of conjugation time.
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In addition to antibody to AuNP ratios, the conjugation time was also measured.
Figure 3.4 D and E show that the LSPR shift increased as the conjugation time was
increased from 5 mins to 24 h. Considering the uncertainty of the LSPR shift at 15 min and
24 hours, the difference is not considered significant and future experiments were carried
out with a minimum conjugation time of 15 min. Additionally, Figure 3.4 C and F show
that the preferred deep red color was preserved regardless of Ab to AuNP ratio and
conjugation time. For experiments in the undergraduate laboratory, the fastest and most

flexible parameter are 15 min conjugation with at least 37 antibodies per 13 nm AuNP.

Section 3.4. Gold Nanoparticle Passivation and Western Blot

4. Passivation/stabilization 5. Western Blot
il / ”lk’s"’
) — ,% BSA/OVA LYZ «;’f%
& = s (=

BSA/OVA LYz

Western blot is based on the binding between the antibody and antigen, carried out
in biological buffers. The necessity of passivation rises due to the possibility of false
positive results if AuNPs bind the antigen or from the precipitation of nanoparticles. This
section addresses the necessity of isolating the AuNP’s surface from the environment and
the antigen. This ensures that results are observed from the specific interaction between the
antibody (anti-lysozyme) and the antigen (immobilized lysozyme) and not from no-specific
interactions between the AuNP and the antigen. When added to biological buffers, the bare
AuNP’s color drastically changed from a deep red to a blue color (Figure 3.5 B), which
was confirmed by the LSPR shift of ~130 nm towards longer wavelengths, indicating that

nanoparticles are aggregating (Figure 3.5 A).

34



>

water
—TBST
——TBS
—TRIS

Normalized extinction

400 500 600 700 800
Wavelength (nm)

Figure 3.5. Stability of AuNP in buffers. (A) Extinction spectra and (B) photographs of
AuNP solutions in Water, Tris (50 mM, pH 7.6), TBS (50 mM Tris pH 7.6, 150 mM
NaCl), and TBST (50 mM Tris pH 7.6, 150 mM NaCl, 0.5% Tween 20).
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The first passivating agent tested was bovine serum albumin (BSA) due to its
extensive use in the literature(/7, 28, 32, 36) as well as its use to block the PVDF membrane.
In a control sample without antibodies, AuNPs were incubated with BSA and exposed to a
PVDF membrane containing immobilized lysozyme (LYZ). Figure 3.6 A, B, C show that
during passivation, the LSPR of AuNPs shifted towards longer wavelength, while
maintaining its deep red color. The highest shift was seen at 0.8 % BSA concentration with
2.0 nm and 4.0 nm shifts in water in TBST, respectively, indicating interactions between
BSA and the AuNPs forming BSA coated gold nanoparticles (Au@BSA NP). However,
this increase in LSPR shift seemed to plateau above BSA concentrations of 0.8 % where
the shift deceased down to 1.0 nm in water and 3.0 nm in TBST (Figure 3.6 B). The
variance in LSPR shift can be attributed to the exposure of AuNP to the buffer, but the

changes in LSPR were approximately the same above 0.8% BSA.

When Au@BSA NP were incubated with the antigen, a band was shown where the
lysozyme had been immobilized, indicating that Au@BSA NP is still able to attach to LYZ
(Figure 3.6 D). The lack of passivation was observed across all concentrations of BSA
(0.2 % to 1.4 %). Although the LYZ band thickness was slightly smaller in the 1.1 % BSA
passivation compared to the others, an increase in passivating power was not observed with
an increase in passivating BSA concentrations. As all bands shown in Figure 3.6 D have
significant false positive results, BSA was deemed to not be an appropriate passivating

agent in TBST.

Alternative passivating agents were also considered, including denatured BSA
(dBSA), mercaptohexadecanoic acid (MHA), polyvinylpyrrolidone (PVP), and

polyethylene glycol (PEG) with passivating times, 15 min, 3 h, and 24 h (Figure 3.7). In
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Figure 3.6. Passivation effect on optical properties of AuNP. (A) Extinction spectra, (B)
LSPR shift, and (C) photograph of AuNPs passivated with BSA in TBST buffer. (D)
Photograph of PVDF membrane with immobilized Lysozyme (LYZ) after incubation with
Au@BSA NP.
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addition to Lysozyme (LYZ), ovalbumin (OVA) was also immobilized on the PVDF
membrane. Figure 3.7 (top left) shows that with dBSA, the AuNP’s LSPR shift around 6
nm toward longer wavelengths with no increase in the shift as the passivation time was
increased. This indicates interactions between the dBSA and the AuNPs, forming dBSA
coated gold nanoparticles (Au@dBSA NP). Incubation with MHA, PVP, or PEG resulted
in shift of the LSPR towards shorter wavelengths regardless of concentration of passivating
agents, suggesting that the passivating agents were not binding to AuNPs, and instead the

nanoparticles were etching away.

The lack of a LSPR shift toward longer wavelength as an indicator for the lack of
passivation, was confirmed on a blot with lysozyme immobilized on a PVDF membrane
(Figure 3.8). Both PVP and PEG were not appropriate passivating agents due to the
positive bands showing especially in the OVA regardless of passivating time (Figure 3.8,
rows 3 and 4). Compared to PVP and PEG, MHA seemed to perform better at passivating
the AuNPs from the environment, however, this was only seen after passivation with 5 uM
and 24 hour of passivation time (Figure 3.8, row 2). All other conditions showed red bands
where the antigen (LYZ) and OVA were immobilized, indicating AuNPs aggregating to
possibly the free thiol groups in the OVA and LYZ. When exposed to OVA and LYZ
immobilized on PVDF membranes, the dBSA covered AuNPs demonstrated good
passivation of against both proteins, making it a good candidate as a passivating agent. In
all passivating times from 15 min to 24 hours and all concentrations of dBSA were strong

candidates for passivation, as no band was observed (Figure 3.8, row 1).
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Figure 3.7. Effect of different passivating molecules on the LSPR of AuNP. LSPR shift
during passivation assay of AuNP with denature BSA (dBSA), mercaptohexadecanoic
acid (MHA), polyvinylpyrrolidone (PVP), or polyethylene glycol (PEG) during 15 min
(black), 3 hours (red) or 24 hours (blue).
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Figure 3.8. False positive results with different passivating molecules on Western
blot. Photographs of PVDF membranes after incubation for 15 min, 3 hours or 24 hours
with AuNPs passivates with various concentrations of denatured BSA (dBSA),
mercaptohexadecanoic acid (MHA), polyvinylpyrrolidone (PVP), or polyethylene glycol
(PEG). Photograph at the far right is the matching SDSPAGE stained with Coomassie
blue showing the protein ladder in the first lane and ovalbumin (OVA) and Lysozyme
(LYZ) in the second lane. Membrane incubation was carried out in TBST buffer.
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Because dBSA was identified as a strong candidate as a passivating agent, a western
blot was attempted with antibody tagged gold nanoparticle passivated with dBSA (Ab-
Au@dBSA NP). Figure 3.9 shows that without the antibody, the solution turns slightly
blue, indicating that at 0.5 and 2 % dBSA the gold nanoparticles aggregate. This
aggregation is not observed in the presence of antibody, demonstrating that the Ab-AuNP
is more tolerant to high concentration of dBSA, regardless of passivation time. All these
solutions were incubated with blots containing immobilized OVA and LYS using TBS
buffer. In general, all blot showed a pink background, highlighting the lack of Tween 20 in
the buffer. Different from the passivation at low concentration of dBSA in TBST buffer
(Figure 3.8 row 1), faint red bands of LYZ were observed for all blot including the controls
without antibody; the bands were more intense when the passivation time was 24 h. As

previously observed, OVA is not visualized when AuNP are passivated with dBSA.

In summary, BSA, PVP, MHA and PEG do not prevent the false positive obtained
by the precipitation of AuNP on immobilized LYZ or OVA. The false positive was
prevented at low concentration of dBSA, but observed at high concentrations of dBSA.

Ab-AuNP is more stable in biochemical buffer than AuNP.
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Figure 3.9. Effect of conjugation time and concentration of passivating agent on
western blot. (Left) Photograph of AuNPs with and without antibodies passivated with
0.5 or 2% dBSA for (top) 15 min or (bottom) 24 hours. (Right) Photographs of PVDF
membranes after incubation with Au@dBSA. Photograph at the far right is the
matching SDSPAGE stained with Coomassie blue showing the protein ladder in the first
lane and ovalbumin (OVA) and Lysozyme (LYZ) in the second lane. Membrane
incubation was carried out in TBS buffer.
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Section 3.5 Silver Nanoparticle Synthesis

2. Synthesis of Silver Nanoparticles

]

Ag*Ag*
Ag*

Silver ions nanoparticle |

AgNP were synthesized by a modified work (58) of simultaneous multiple
asymmetric reduction technique (SMART) as described by Mahmoud (56). Nanoparticles
prepared by this method enable high control over the anisotropic geometry of the AgNPs,
where the L-ascorbic acid and sodium borohydride control the diameter and prism

sharpness of the AgNP respectively (56, 64).

UV-visible spectra and TEM micrograms (Figure 3.10 C) shows that nanoparticles
have LSPR of 562 nm and average diameter of 30 + 8§ nm with thickness 8 + 1 nm (Figure
3.10 D and E) observed in similar AgNP synthesis methods utilizing the ascorbic acid and
borohydride reduction method (56, 58). Although the color of the AgNP is not the same as
the gold nanoparticle, the deep purple/blue color is also a desirable distinct color usable in
western blot assays (Figure 3.10 B). Contrary to the large reproducibility of AuNP
synthesis, AgNP vary greatly from batch to batch (65), thus the color of AgNP solutions
can vary from deep blue to slightly purple; for this reason, the analysis of AgNP is based
on LSPR shift rather than absolute value. A theoretical concentration of 0.55 nM was
calculated for silver nanoparticles using the dimensions of nanoparticles and amount of
silver used in the reaction, assuming 100% formation of a perfect cylindrical nanoparticle.
First, the total atoms of silver in the reaction were calculated knowing that the 100 mL of
0.18 mM silver solution was used each time.
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Ag Ag atoms

total silver atoms = 0.18 x1073 x0.1L*6.022 x 1023

mol Ag
total silver atoms = 1.1 x10'° Ag atoms

Second, the atoms of silver in a cylindrical nanoparticle (30 nm wide and 8 nm height)
were obtained using the density of silver (1.049 x 102° g/nm?), molar mass of silver (107.9

g/mol), and the volume of a cylinder = nur’h.

30 \?
Volume of NP = n(7nm> 8 nm = 5655 nm3

1.049x 1072 g  mol atoms
*6.022 x 10?3

3 *
nm3 1079¢g mol

*

Silver atoms per NP = 5655 nm

Silver atoms per NP = 331,058 Ag atoms /NP

Finally, the concentration of AgNP of the 100 mL solution is:

[AgNP] 1.1 x10° Ag atoms mol NP 1 5 5 210 10 1y
g - * * =55x
331058 Ag% 6.022 x 1023 NP 0.1L

[AgNP] = 0.55 nM
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Figure 3.10. Characterization of AgNP. (A) Extinction spectra, (B) photograph and (C)
transmission electron micrographs of colloidal AuNP solution in water. Histograms
showing nanoparticles have (D) average diameter of 30 + 8 nm and (E) average height
of 8+ 1nm (n=45).
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Section 3.6 Silver Nanoparticle Conjugation

3. Conjugation
SH \ e
—
5 min
,/'

Changes in the optical properties of the nanoparticle correlate to changes in the

o

environment shrouding the nanoparticles as observed with spherical AuNP; however,
because AgNP are nanodisks these optical changes can also indicate reshaping of the
nanoparticle from disk into spheres. Figure 3.11 shows that the LSPR of AgNP did not
shift upon a 3-minute conjugation with activated antibody. This lack of change in LSPR
can be caused by the PVP molecules blocking the binding of Ab, compared to gold
nanoparticles which were covered by citrate. However, when AgNP are centrifuged into
BSA, the LSPR shifts towards longer wavelengths, suggesting the BSA can cover the
nanoparticle without disturbing its structure, as structural changes to the nanoparticle will
result in shift toward shorter wavelengths (66). Similar to AuNP, conjugation of the
antibody does not cause aggregation of AgNP. Because of the large affinity between sulfur

and silver, conjugation is assumed even if LSPR shift was not recorded.

Section 3.7. Silver Nanoparticle stability

Binding between antibody and antigen occurs when these proteins have the correct
charge and structure, which can be altered by pH and ion concentration, for these reasons,
western blot is optimized for both specific binding conditions using a buffer and the

addition of surfactants (Tween-20) to aid in removing background noise on the membrane.
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Figure 3.11. Conjugation with Antibody and passivation with BSA of AgNP. (A)
Extinction spectra and (B) photographs of AgNP in solution (Ag), conjugated with
activated antibody (Ab-AgNP) and AgNP in BSA (Ag@BSA).
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Typical binding buffers used in western blot are TBST (50 mM Tris, 150 mM NacCl, 0.05 %
Tween-20 pH 7.6), or PBST (3.2 mM Na;HPO4, 0.5 mM KH2POg4, 1.3 mM KCI, 135 mM
NaCl, 0.05% Tween 20, pH 7.4). Compared to the geometrically stable spherical AuNPs,
silver nanodisks could reshape if the stabilizing ligand molecules on its surface are altered.
These western blot buffers can cause shape disruptions by displacing or changing the
charges of the PVP or ascorbic acid on the surface of the nanoparticles. This section
addresses the inferior stability of AgNP in biochemical buffers compared to AuNP.

Centrifugation is used to exchange solvents.

In attempt to estimate the effect of biochemical buffers in the optical properties of
AgNP, the AgNPs were introduced to tris-buffered saline (TBS pH 10.0), phosphate-
buffered saline (PBS pH 7.2), TBS with tween 20 detergent (TBST pH 7.7), and PBS with
tween 20 detergent (PBST pH 7.2). AgNP were introduced to buffer in two ways, either via
centrifugation or dilution (without centrifugation). Via centrifugation, the nanoparticles are
concentrated, and the supernatant with excess reagent molecules (PVP and citrate) are
removed, then the nanoparticles are restored in buffer. Via dilution (without centrifugation),
concentrated buffer is added to nanoparticles and excess reagents remain. The final
concentrations of nanoparticles and buffer are the same in both approaches. Figure 3.12 A
shows that when restored in water, the LSPR of the centrifuged AgNP shifts toward longer
wavelength, while the dilution has almost no effect on the LSPR (Figure 3.12 B). The
LSPR of the AgNP restored in all buffers shifted towards shorter wavelengths regardless

of the method used to introduce the buffer.
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Figure 3.12. Effect of buffers nature and buffer exchange on the LSPR of AgNP.
Extinction spectra of AGNPs restored in water or buffer using (A) centrifugation or (B)
just dilution. (C) Comparison of centrifugation effect on the LSPR shift and (D)
photographs showing color change when AgNPs are restored in water or buffer. All
measurements were done after 1 h.
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Centrifuged nanoparticles show a slightly larger shift which may be attributed to
the removal of excess reagents in the solutions. Thus, centrifugation is deemed not
necessary, and this step can be avoided for additional stabilization of AgNPs. Overall, there
was no significant difference in change of LSPR caused by the Tris vs phosphate-based
buffer (Figure 3.12 C). When comparing the change in LSPR by PBS and PBST, the
presence of Tween does not seem to prevent the reshaping of nanoparticles and may only

influence the western blot, removing background.

Figure 3.12 C shows that the LSPR shift at pH 10 (TBS buffer) is almost half of
that observed at pH 7 (the rest of the buffers). Suggesting that at this high pH, it is more
difficult to remove the PVP, thus reshape the nanoparticles. The main cause of shift is not
a consequence of the nature of buffer (Tris vs. phosphate), the presence of detergent

(Tween- 20) but is it more likely to be caused by the salt.

To further investigate, the possibility of NaCl in the biochemical buffers affecting
the LSPR of the AgNPs was considered. At first, AgNPs were introduced to varying
concentrations of NaCl from 150 mM to 3 mM of NaCl, as 150 mM is the concentration
in the binding buffer. Figure 3.13 A shows that even in the lowest 3 mM concentration,
the LSPR of the solution quickly changes. However, due to the realization of the possible
role of the antibody as a passivating agent, the AgNP conjugated to antibodies (Ab-AgNPs)
were also compared against the varying concentrations of NaCl. It must be noted that the
assays with and without antibody were carried out with different batches of AgNP, thus the
original color of the AgNP solutions is different. As observed before, conjugation with
antibody did not caused an LSPR shift. Figure 3.13 B shows a decrease in LSPR shifts for

Ab-AgNPs. A decrease in NaCl concentration as well as conjugation
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Figure 3.13. Effect of NaCl and antibody passivation on the LSPR of AgNP. (A)
Photographs of 1-hour old solutions of AgNP and AgAb conjugated nanoparticles in
water or 3 mM NacCl. (B) Change in LSPR of AgNP (red dots) and AgNP conjugated to
antibodies (black dots) over increasing concentrations of NaCl. Line has been added to
guide the eye. Change in the extinction spectra for 2 h of (C) AgNP in 50 mM NaCl and
(D) antibody conjugated AgNP in 150 mM NaCl. Assays with and without antibody were
different batches, thus the initial color of solution is different.
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with antibodies can lower the LSPR shift caused by salt (Figure 3.13 B). The decrease in
NaCl concentration was observed to decrease the LSPR shift by around 14 nm and with
antibody conjugation the LSPR shift decreased by another 71 nm, keeping the AgNPs a red
color, appropriate for western blot. The extinction spectra of both AgNP and Ab-AgNP
show the resistance against an LSPR shift (Figure 3.13 C, D). After 15 mins of exposure
to NaCl, bare AgNP show two LSPR peaks, one around 525 nm and another around 425
nm. The peak around 525 nm becomes smaller after 30 mins and becomes a “shoulder”
with a smaller intensity and almost nonexistent after 1 hour. The large LSPR shift,
approximately 150 nm, can be attributed to reshaping of nanoparticles into spheres (66,
67). Spherical nanoparticles of silver are well known to be yellow in color with LSPR
around 400 nm (68). While the reshaping may not prevent the intended antibody binding
in western blot, the yellow color does not offer adequate contrast to identify antigens

against the white membrane of the western blot.

In summary, a dilution will suffice to transfer AgNP into buffer and centrifugation
is not needed. The pH looks to affect the stability of the nanoparticles; however, this
parameter is not flexible as most binding in western blot need a of pH 7. The major effect
comes from the concentration of salt (NaCl) and the nature of the buffer (Tris or phosphate)
or presence of detergent (Tween 20) does not seem to cause much difference. The

conjugation of the antibody positively affects the stability of AgNP in biochemical buffer.
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Section 3.8. Silver Nanoparticle Western blot.

5. Western Blot
,!!»Qsi
BSA/OVA LYZ 2
L = - o F@é %

= » =

BSA/QOVA LYz

A western blot was attempted in water using AgNP and Ab-AgNP on a blot with
immobilized OVA & LYZ or BSA & LYZ. Figure 3.14 shows yellow bands for the lanes
incubated with just bare AgNP, the AgNP presumably reshaped, showing the yellow band
only bound to the antigen (LYZ) but not to BSA or OVA. Ab-AgNP produced the ideal
darker lines of LY Z on the blot, especially during the longer 30 min conjugation. Ab-AgNP
preserved its color, representing that the nanoparticles preserved their shape. The bare
AgNP without any conjugation is only bound to LYZ and neither OVA nor BSA. This trend
was seen throughout; AgNP and Ab-AgNP bound to only LYZ. Similar to the gold assay,

the antibody labeled metal nanoparticle only binds to LYZ even in the presence of OVA.
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SDSPAGE

Figure 3.14. Western blot test with Ab labeled with AgNP. Photographs of blots
developed in TBST buffer using (left) bare AgNP, Ab-AgNP that were conjugated for
(center) 15 min or (left) 30 min. The first lane of the blot has OVA and LYZ, while the
second lane has BSA and LYZ. Photograph at the far right is the Coomassie blue stained
SDSPAGE gel showing the relative positions of the protein ladder (first lane), OVA
(second lane), and BSA (third lane). LYZ is shown in both second and third lanes.
Membrane incubation was carried out in water.
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Chapter 4. DISCUSSION AND CONCLUSION

Section 4.1. Synthesis of antibody tagged with metal nanoparticle.

The objective of this work is to decrease the time of western blot by eliminating the
need of a secondary antibody, which purpose is to provide a visual signal on the blot. Our
strategy was to tag the primary antibody with a gold or silver nanoparticle (AuNP or AgNP),
in which the tagged primary antibody offers both selectivity and visualization. In preparing
the tagged antibody, it is important to consider time, cost, expertise needed, and

preservation of color of the nanoparticles during the steps of western blot.

To conjugate the antibody to the metal nanoparticle, we took advantage of the high
affinity between sulfur and metals. The Photochemical Immobilization Technique (PIT)
produces free thiols on the antibody, as irradiation with 253.7 nm UV light for 1-minute
selectively breaks dithiol bonds in the Fc region, and not in other parts of the antibody (33).
The Ellman’s assay showed that warming up the lamp increased the concentration of free
thiols (Section 3.1); a similar result was observed by other groups (33, 35). Although the
secondary antibody was used to validate free thiol formation, this result is consistent to the
primary antibody as the thiol composition of the Fc region in antibodies is similar between
antibodies. The large affinity of sulfur for metal nanoparticles the Fc region of the antibody
binds to the metal nanoparticle, leaving the antigen biding site pointing outwards and in

the correct orientation to recognize the antigen (35, 36, 38).

The first advantage of PIT is the faster production of an antibody metal nanoparticle

conjugate than other methods used to label antibodies. Activation of the antibody takes 1
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min, and the conjugation between the activated antibody and the metal nanoparticle was
achieved in approximately 15 min (Figure 3.4), bringing the total synthesis time to 16 min.
In comparison, chemical activation of thiols in antibody can require 1 or 2 hours (69), and
chemical conjugation techniques used to label antibodies covalently to fluorescent
molecules or enzymes like HRP take 2-3 hours and need purification steps and overnight

dialysis (70).

In an upper-level undergraduate teaching setting, producing an antibody tagged
with metal nanoparticle using PIT is significantly safer, cheaper, and requires less expertise
than other methods used to label antibodies. Although UV-light can be dangerous, this can
be mitigated by using a metal cover. HRP labeling (70) and chemical activation of
antibodies requires multiple steps (69). For example, EDC/NHS coupling of nanoparticles
and antibodies uses toxic EDC, which is not appropriate for a teaching setting. Thus, PIT
is a facile synthesis method where only mixing and incubation is required, compared to
organic synthesis and purification in other bonding methods. Because of both AuNP’s and
AgNP’s facile synthesis and extensive use as biological contrasting agents, they are
convenient and safe to use in an undergraduate teaching setting (2, 7, 22, 24, 32). Regarding
the cost, a labeling kit (70) for HRP is $750 which is much more compared to the cost of

synthesis of AuNP and AgNPs.

Although color changes were observed in bare AuNP and AgNP (Figure 3.5, 3.12,
3.13), a metal nanoparticle conjugated with activated antibody preserved the color of
nanoparticles wanted for western blot. During conjugation, the LSPR of nanoparticles shift
up to 7 nm for AuNP (Figure 3.4) and no shift was observed for AgNP (Figure 3.11). As

seen in Figure 3.4, AuNPs were seen to increase their LSPR slightly when exposed to UV
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irradiated antibodies (LSPR shift < 10 nm). This small shift is representative of changes on
the surface of the nanoparticles and does not indicate aggregation. Additionally, the lack of
LSPR shift for AgNP in buffer suggest that PVP protects the nanoparticles (77). The
success of PIT is also confirmed by the positive LSPR shift of AuNPs during conjugation
with the antibodies. To further confirm the antibody conjugation, comparisons of the
measured LSPR shifts with the Rayleigh approximation, (32) refractive index, (52) size
measurements with dynamic light scattering, (7, 1/7) and surface-enhanced Raman

spectroscopy (46, 72) could be performed.

Section 4.2. Stability of antibody tagged with metal nanoparticle in solution.

Because the specific pH and ionic strength of the biochemical buffers provide
optimal conditions for antibody-antigen binding on western blot, these conditions differ
from the conditions in which metal nanoparticles are synthesized. Gold nanoparticles
remain stable in solution solely by electrostatic repulsions of citrate ions covering the
nanosphere (76). The ascorbate and PVP allow silver nanodisks to remain in solution by
electrostatic repulsions and to preserve their shape (56, 59). Thus, exchanging
nanoparticles into buffer can potentially cause their aggregation or reshaping if charged

surface molecules are displaced by buffer or small ions like chloride.

Both AuNPs and AgNPs showed to be unstable in the biochemical buffer used for
western blot; the major effect comes from the concentration of salt (NaCl) while the nature
of the buffer (Tris or phosphate) or presence of detergent (Tween 20) does not seem to
cause much difference (Figures 3.5 and 3.12). Aggregation can be avoided if the surface
molecules cause enough steric hindrance to prevent nanoparticles from coming in contact
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with each other. For this reason, most passivating agents are large polymeric molecules that
can cause large hindrance. The small LSPR changes observed when AuNPs were
passivated with low concentrations of BSA, dBSA, PVP, MHA, and PEG, indicate that
these molecules can bind to the metal nanoparticle without causing aggregation (28, 30, 32,
47-49). Both MHA and dBSA have thiol groups free to bind the metal nanoparticles. While
dBSA seems to be a potential passivating agent, Au@dBSA NP crashed at high
concentration (Figure 3.9). As seen in Figure 3.12, when exposed to NaCl, the LSPR shift
of AgNPs was larger than 50 nm towards shorter wavelengths, implying reshaping of the
silver nanodisks (68). The major stabilization in solution was observed from the antibody
itself, keeping a desirable dark color for the western blot (Figures 3.9 and 3.13). For
further AgNP shape analysis during conjugation, surface-enhanced Raman spectroscopy,
Fourier transform infrared spectroscopy, and atomic force microscopy (73) could be
performed. In addition to the shape changes, these techniques could provide insight on the
most affected capping agents causing the shape change and the role of the antibody against

the AgNP reshaping.

Section 4.3. Western Blot with antibody tagged metal nanoparticle

For western blot to be effective and specific, non-specific bindings are undesirable;
for instance, if the free surfaces of the metal nanoparticle conjugated to the antibody bind
proteins on the membrane (blocking BSA and immobilized proteins), the whole membrane
would be colored, making the antigen indistinguishable for the background. A false positive
result would be found if the metal nanoparticle of the Ab-Au/Ag@dBSA binds to other

immobilized proteins or if bare nanoparticle binds to the antigen (Figure 4.1).
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Figure 4.1 Specific and non-specific bindings to immobilized proteins in western blot.

When AuNP were passivated with BSA, a false positive of LYZ (the only
immobilized protein) was observed (Figure 3.6 D) regardless of the concentration of
passivating BSA. As seen in Figure 3.8, bare AuNPs and those passivated with MHA, PVP,
or PEG showed bands for LYZ and/or immobilized ovalbumin (OVA), regardless of the
concentration of passivating agents or passivation times. Only dBSA was able to passivate
the surface of AuNP sufficiently to prevent non-specific binding of the bare nanoparticle
(Figure 3.8 row 1). Bare metal nanoparticles (electrostatically or sterically stable) are
unlikely to bind to the PVDF membrane but could bind to the blocking BSA or immobilized
proteins, especially if thiol groups are present. Because in SDS-PAGE the proteins are
reduced and denatured before being resolved in the gel, it could be possible that
immobilized proteins have exposed thiol groups, even if the oxidation of thiol groups, to

form disulfide bonds, happens quickly.

Additionally, free thiol groups in the immobilized proteins could displace MHA,
PVP, or PEG on the surface of AuNP, but cannot displace dBSA because this would bind

to the surface of AuNP via similar thiol groups. False positive results were observed at high
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concentrations of dBSA (Figure 3.9 blots w/o antibody); this can of binding could be result
of aggregation of AuNPs (Figure 4.1); however, the binding was only observed for LYZ
and not OVA. Additionally, as shown in Figure 3.9 row 4, the Ab-Au@dBSA NP seemed
to avoid the membrane where the OVA resided. This could be due to the OVA having less

exposed thiol groups per mass compared to LYZ (Figures 3.9, 3.14).

During the western blotting, both antibody conjugated nanoparticles were able to
maintain a desirable deep red color as shown by the dark band at the position of
immobilized lysozyme (Figures 3.9, 3.14), indicating that the antibodies were maintaining
the AgNP and AuNP shapes, as bare nanoparticles were shown to aggregate or showed a
slight color change in the AuNPs (Figure 3.9 row 1, row 3) and showed to completely
change color in AgNPs (Figure 3.14). These preliminary results show that both antibody
conjugated AgNPs and AuNPs confer the visual detection capabilities to the primary
antibody. For future examinations, surface-enhanced Raman spectroscopy (28), and
dynamic light scattering (/7) could be employed to observe both the BSA and denatured

BSA passivation with the nanoparticles.

Section 4.4. Conclusion

The synthesized gold and silver nanoparticles provide an alternative visualization
solution for faster western blot. The feasibility of both gold and silver nanoparticles was
demonstrated by the preservation of the deep red color during conjugation with antibodies
(Section 3.3, 3.6). Furthermore, the antibody increases the compatibility of AuNPs and
AgNPs with western blot binding buffer. Passivation of the Ab-AuNP using low
concentrations of dBSA eliminates false positives, and Ab-Au@dBSA NP only binds to
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LYZ, as long as aggregation is avoided. However, the selectivity with AgNPs still need to
be optimized. Similarly, the mechanisms in which Au@dBSA NP or bare AgNP selectively
bind to LYZ but not to immobilized ovalbumin or BSA must be explored. By adding a tag
on the primary antibody, downstream steps can be omitted, effectively allowing for a more
streamlined western blot. Activation of antibody via PIT and conjugation are sufficiently
short to represent an advantage over traditional western blot using an HRP-conjugated

secondary antibody for visualization.
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TERMS AND ABBREVIATIONS

NP — Nanoparticle

AuNP — Gold nanoparticle

AgNP — Silver nanoparticle

LSPR - localized surface plasmon resonance

Ab — Antibody

Ab-AuNP- anti-lysozyme antibody tagged with gold nanoparticle

Ab-AgNP- anti-lysozyme antibody tagged with silver nanoparticle

Ab-Au@dBSA NP — anti-lysozyme antibody tagged with gold nanoparticle

passivated with denatured BSA

PIT — Photochemical immobilization technique

BSA — Bovine Serum Albumin

dBSA — denatured Bovine Serum Albumin

PVP — polyvinylpyrrolidone

MHA - 6-mercaptohexadecanoic acid

LYZ — immobilized lysozyme

OVA — immobilized ovalbumin
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