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Abstract

Silver nanoparticles (AgNPs) are increasingly used commercially and medically due to
their antimicrobial and antibacterial properties. With increased use comes increased
release of AgNPs into the environment, and once released, AgNPs can form coronas with
molecules ranging from biomolecules to proteins to natural organic matter (NOM). The
molecules in the corona adsorb to the surface of the AgNPs, drastically altering their
innate properties such as cytotoxicity and binding behavior. In this study, we characterize
and quantify model AgNP-adsorbate systems by obtaining their relevant reaction
parameters through three different affordable analytical techniques, including dynamic
light scattering (DLS), UV-vis spectroscopy, and capillary electrophoresis (CE). Citrate-
stabilized AgNPs with hydrodynamic diameters of 10 nm, 20 nm and 40 nm were used in
this work. K, values of AgNPs reacting with a model protein, bovine serum albumin
(BSA) and a model NOM, Suwannee River humic acid (SRHA), were individually
quantified using UV-vis spectroscopy. Nonequilibrium capillary electrophoresis of
equilibrium mixtures (NECEEM) was also employed to obtain binding and rate constants
pertaining to the individual reactions and compared with the values acquired through UV-
vis spectroscopy. The AgNP size was shown to have an indirect relationship with their
reactivity, with smaller AgNPs having higher Ka values. There was also remarkable
agreement between the two quantitative analyses, validating the use of the novel
NECEEM technique for use in other NP corona complexes. DLS was used to characterize
the initial nanoparticles as well as those with a formed corona, and circular dichroism
(CD) spectroscopy was used to monitor protein conformational changes upon adsorption
of BSA to AgNPs and interaction with SRHA. Subsequently, in a field dominated by
single adsorbate studies of the AgNP coronas, we strived to take this study a step further
and investigate multiple adsorbate systems. Thus, a new CE-based pull-down assay was
developed and optimized for quantitative analysis of the relative reactivity of multiple
adsorbates interacting with AgNPs. Using this new technique, SRHA was found to
decrease the amount of BSA adsorbed to AgNPs in solution across all sizes. Smaller
sized AgNPs seemed to favor BSA adsorption over SRHA, but as the size of the AgNP
increased, the affinity seemed to shift to favoring the adsorption of SRHA.



Chapter I: Introduction

1.1 Overview of silver nanoparticles

Engineered nanomaterials (ENMsg) are widely used in the modern-day world due
to their unique properties. In particular, silver nanoparticles (AgNPs) are increasingly
used in commercial and medical applications. About 320 tons of AgNPs are produced
each year due to their strong antimicrobial and antifungal properties.! Commercially,
AgNPs are found in a wide variety of products, including textiles such as sportswear to
target odor-causing bacteria and medical clothing, including masks, gowns, and gloves,
to prevent the spread of harmful bacteria. Medically, AgNPs have paved way for a
multitude of possibilities in treating various discases. For example, once they enter the
human body, NPs can slip past the detection of phagocytes and evade the immune
system.>* This allows for targeted drug delivery in the human body using the AgNPs as
carriers. AgNPs also have presented themselves as a possible means of cancer treatment.
Studies have shown that AgNPs introduced into the human body may induce apoptosis of
malevolent cancer cells.®

With the abundant production of AgNP-enhanced products, concern over their
environmental fate has risen. In 2010, it was estimated that 63-91% of over 260,000 —
309,000 metric tons of the global ENMs produced ended up in landfills.® In the specific
case of AgNPs, up to 105 ug/L total silver concentration was detected in the liquid influx
of wastewater treatment plants.” It is not surprising that so much silver is released into the
environment since AgNPs readily dissolve and can be casily released from commercial
products.® 16 A study by Benn et al. showed that AgNPs could be easily released from

commercial socks by simply immersing them in water with agitation.!” While sludge



from wastewater treatment facilities is a prominent destination for AgNPs released into
the environment, AgNPs can also end up in a multitude of other environmental
compartments such as air, soil and eventually, in the human body.?

In the human body, ENMs, while praised for their versatility in commercial and
medical goods, have been shown to have toxic effects.!® Some types of NPs were
discovered to have carcinogenic properties,!” cause lung inflammation,?” and promote
cardiovascular misfunctions, albeit in vivo.?! Specifically looking at AgNPs, an average
human intakes around 0.4 to 30 ug of silver from their environment, namely through the
air inhaled and the food and water ingested.?> AgNPs, especially smaller ones with a
hydrodynamic diameter of 10 nm or less, have been shown to malevolently affect normal
human cell lines in the liver, respiratory system, digestive tract, urinary tract,
cardiovascular system, nervous system, the reproductive system and even the sensory
organs.?* The cytotoxic properties of AgNPs have been shown to depend not only on
their size, but also on the AgNP concentration, pH of the medium, and exposure to
pathogens.** While the current human exposure levels to AgNPs are low and haven’t
shown significantly malignant effects to human health,? it is important to note that the
increased use and improper disposal of AgNPs will lead to increased human exposure
and potentially to increased toxicity. What’s more, the environmental impact of AgNPs
has yet to be fully understood and could include toxic effects to specific organisms as
well significant alterations to microbial communities.?

Whether unintentionally released into the environment or intentionally used in

medical applications, AgNPs are rarely found in their pristine (as synthesized) form.

Instead, AgNPs form “coronas,” or shells of material that are adsorbed onto the AgNP



surface.? This tendency is primarily attributed to the increase in entropy with the
adsorption of materials onto the AgNP surface and the nonspecific interactions between
the materials and the highly energized AgNP surface.’” The identity of the adsorbed
material and the composition of the corona depends on the environment in which the
AgNPs are found. The most prominent of the adsorbed material that will be studied in
this work are proteins and natural organic matter (NOM). The formation of AgNP
coronas can drastically alter AgNP behavior, including their physicochemical
characteristics, functionality, biodistribution and cytotoxicity.?! While the toxicity of
pristine AgNPs is well studied and known, the role of AgNP coronas to mediate toxicity

d’32,33

is poorly understoo which is concerning based on the surge of ENM development

and its commercial use in the recent years.

1.2 Protein and Eco-coronas

Generally, the interaction of AgNPs with proteins is governed by the following

equilibrium:

n Protein + AgNP = Protein, — AgNP ()
Layers of proteins adsorb onto the AgNP surface through protein-AgNP and protein-
protein interactions to form the protein corona (PC).?’ The PC formed at the early stages
of the reaction is often dominated by the most abundant proteins, where the first proteins
that reach the AgNP surface adsorb immediately. However, as the reaction equilibrates,
more and more proteins adsorb to the AgNPs and eventually, more suitable protein
molecules with higher binding affinities replace the original ones on the NP surface,

forming what is called a hard corona. This displacement of low affinity proteins with



high affinity proteins is called the Vroman effect. >3 Once the hard corona is formed,
protein-protein interactions can lead to the formation of additional PC layers, called the
soft corona.*® Soft coronas are dynamic and frequently changing due to constant protein
adsorption/desorption, while hard coronas are usually more temporally stable. The soft
corona can change its identity when it encounters different compartments within the
environment, or even in the human body, making it harder to study in vivo. 253370

Proteins are not the only adsorbates that can form AgNP coronas.?? For example,
environmental molecules like NOM, inorganic ions, organic pollutants, and other
biomolecules (e.g., lipids, DNA, etc) can form what is called an eco-corona.*' Since
AgNPs are ubiquitously found in aquatic media such as waste water, they come in
contact with a variety of NOM and biomolecules excreted from organisms inhabiting the
area.*>* Thus, the environment in which the AgNPs inhabit strongly influences the
composition of the eco-coronas formed.*? Eco-coronas have just as much capacity to
cause the change in fate of AgNPs released into the environment, including organismal
uptake and trophic transfer.!33#-46 Although eco-coronas are not nearly as extensively
studied as PCs, recent studies illustrate the importance of eco-corona formation on the
environmental impact of ENMs. ¥ The formation of eco-coronas have actually been
shown, with a few exceptions, to reduce ENM toxicity to organisms in the environment
by affecting the ENMs’ adsorption, stabilization, dissolution, and surface chemistry.**+3
Research specifically related to AgNP eco-coronas is still quite limited, which this work
aims to address.

Ultimately, the formation of AgNP coronas, whether protein or eco-coronas,

imparts a new biological identity and reactivity on the AgNPs, which alters their fate,



transport, and toxicity.*” It has been shown that preexisting protein corona structures can
alter the ability of further proteins to adsorb to AgNP surfaces. Some proteins in the
complex can act as binding sites for other free-floating proteins in solution, having a
recruiting effect. Others can nonspecifically adsorb to the AgNP surface and block
binding sites, having an inhibiting effect for other proteins’ adsorption.** These
observed properties have inspired scientists to manipulate AgNP surfaces to create
patient-specific corona structures for applications in medical settings, but also has
implications for potential toxicity mechanisms of AgNPs. While the previous consensus
on AgNP toxicity to cells was that it was largely dependent on dissolution, recent studies
have shown that AgNPs themselves can have toxic effects on cells through particle
specific pathways. 1323394531 Ag aforementioned, AgNPs with protein coronas can elude
cell defensive mechanisms and become internalized in cells. There, they can alter cell
homeostasis through alteration of protein behavior or through particle-specific
interactions with organelles inside the cell.>*-*? The question still remains of what toxic

effects eco-coronas can impart on cells, making studying the eco-corona imperative.

1.3 Methods for Quantifving Corona Formation

When studying eco-coronas, it is essential to characterize the particles and the
corona to fully understand specific mechanisms for toxicity. Thus, the following section
will largely introduce contemporary methods to quantify corona formation, including

those used in this work and those proposed for future studies.

10



1.3.1 Electron Microscopy

Previous work pertaining to ENMs has used a variety of techniques to
characterize and study their nanoscale properties. One such method, is electron
microscopy (EM), which allows for better resolution in images of samples produced
compared to traditional optical microscopes. It uses accelerated electron beams as a
source to visualize nanomaterials.>? Various types of EMs have been developed to
perform different tasks, including scanning EM (SEM), transmission EM (TEM), volume
EM (VEM) and cryo-EM. The most widely used of these types are SEM and TEM. EM
uses a series of metal apertures and magnetic lenses to focus and accelerate an electron
beam onto a sample, where interactions between the electrons and the sample generate
signals that give information about the material’s surface topography, composition, and
other clectrical characteristics that can be transformed into an image.>* SEM mainly uses
the reflection of the electrons off of the surface of the material in order to characterize
surface morphology of the samples and can achieve up to 500,000 magnification.**
TEM, on the other hand, uses the transmission of electrons through the material to create
an image of higher quality. In TEM, parameters pertaining to the structure of material
such as lattice type, chemical composition, crystallographic details, phase-type, and
morphological details can be obtained.**** In high-resolution mode, TEM allows for up
to 1,000,000 magnification of the sample.*

Specific to this work, TEM can be used to visualize the formation of coronas
around AgNPs. For example, TEM has been used to image AgNP interactions with
molecules such as cellulose nanofibers and different reducing ligands.>®>” Other studies

have visualized the interaction of AgNPs with proteins like bovine serum albumin (BSA)
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and NOMs like humic acid.?®*® While TEM can provide visual evidence of corona
formation, quantitative parameters regarding the strength of the interactions cannot be

obtained.

1.3.2 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectroscopy is an analytical technique that takes
advantage of circularly polarized light being absorbed differently for chiral molecules
depending on their handedness.>® Circularly polarized light is focused onto the sample
solution, and the spectrometer measures the difference in absorbance by the chiral
molecules pertaining to right and left (clockwise and counterclockwise) circularly
polarized light. Various modes of CD analysis can be specified for different molecules,
one of which ig vibrational CD. Vibrational CD can be used to probe structures of chiral
molecules.®-¢? However, more traditionally, absorption in the UV region has been used
to rapidly characterize protein secondary structure due to the characteristic peaks
observed for ¢-helix and B-pleated sheet secondary structures.>*%3-6% Absorbance
differences at characteristic wavelengths can be used to quantify of the degree of
secondary structure changes in sample solutions. Specific to this work, it was found that
the peak at 208 nm in the CD spectrum correlates well with quantifving a-helical
structures. %48 In this work, CD will be used to probe differences in protein secondary
structure caused by introduction of AgNPs into solution and the subsequent corona

complex formation mechanisms.
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1.3.3 Dynamic Light Scattering

The formation of protein or eco-coronas typically leads to a change in the
hydrodynamic diameter and surface charge of AgNPs. Dynamic light scattering (DLS) is
ideally suited to provide qualitative confirmation of corona formation since it measures
the hydrodynamic diameter and zeta potential of particles in a liquid medium (Figure
1).% DLS uses a monochromatic laser to probe the Brownian motion of particles in
solution.”™ Light from the laser is scattered by particles onto a detector, creating a unique
scattering pattern. As particles move in solution, the detected scattering pattern 1s shifted
in the x-y plane and becomes uncorrelated from the original signal. The rate at which the
scattering pattern becomes uncorrelated can be related to the particle size using a
mathematical correlation function, with smaller particles undergoing more rapid change

and larger particles undergoing slower change (Figure 1A).%°
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Figure 1. Schematic of DL S analysis for determation of the (A) hydrodynamic diameter and (B)
zeta potential of AgNPs.
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DLS can also be used to measure the zeta potential of particles in solution. In this
case, a Pd dip cell is inserted into the cuvette containing the colloidal solution, and an
electric field is formed between the two electrodes of the dip cell (Figure 1B). As was the
case with measuring the hydrodynamic diameter of the particles, a monochromatic laser
is focused through the sample and used to probe the velocity at which the particles move
under the applied electric field. This is accomplished by measuring the phase shift of the
scattered beam, which is proportional to the particle velocity. Then, the phase shift is
used to determine the electrophoretic mobility of the particles, from which the zeta

potential can be calculated using the Henry equation (Figure 1B).

1.3.4 UV-vis Spectroscopy

Plasmonic nanoparticles, like AgNPs, have unique optical properties based on
parameters such as their size and shape. They also exhibit localized surface plasmon
resonance (LSPR) effects.”'* LSPR describes the collective oscillation of electrons on
the surface of the AgNPs at a frequency that is resonant with the frequency of the
incident electromagnetic radiation. For AgNPs, this collective oscillation gives rise to
characteristic LSPR absorption bands in the visible region of the electromagnetic
spectrum, making UV-vis spectroscopy a useful tool to probe AgNPs. The .SPR band is
largely dependent on NP characteristics that include their size, charge, and surface
chemistry, all of which can be observed in a UV-vis spectrum.

Bevond qualitative observations about AgNP properties, UV-vis can be used as a
quantitative analysis method by analyzing changes in the LSPR band of the spectrum.

With the adsorption of corona constituents onto the AgNP surface, the LSPR band shifts

14



towards a longer wavelength because the surface chemistry of the AgNP is transformed.
The red shift that occurs here is due to the change of the refractive index of AgNP
surfaces caused by the adsorption of molecules.” The magnitude of the LSPR shift can
be used to calculate the association constant of the AgNP-adsorbate equilibrium (Figure
2).76 In this study, the wavelength at which the maximum absorbance occurred for each
sample was used in order to deduce the association constants using the Langmuir

adsorption isotherm model:™

Al Kglads]
Mpypgr 1+ K,[ads]

(2)

In this equation, A% is the shift in wavelength of the LSPR band for an AgNP-adsorbate
mixture relative to the initial wavelength of the LSPR band (no adsorbate condition);
Almax 18 the maximum shift in the LSPR band; X, is the association constant for
formation of the AgNP-adsorbate complex; and [ads] is the concentration of adsorbate in

the particular sample.

.
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Figure 2. Schematic of the LSPR band of bare AgNPs (blue trace), which shifts to a longer
wavelength upon formation of a AgNP eco-corona (green trace).”
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1.3.5 Capillary Electrophoresis

Capillary electrophoresis (CE) 1s a separation technique that uses the principles of

electroosmotic flow to separate analytes based on charge and size. It uses a basic

instrumental set-up where two ends of fused-silica capillary tubing are connected to a

high voltage power supply. The capillary is filled with a buffered electrolyte; the sample

is injected at the inlet end of the capillary, and the capillary ends are immersed into buffer

solutions. Then, an clectric field is applied to establish electroosmotic flow in the

direction of the outlet end of the capillary and analytes in the sample are separated based

on their unique electrophoretic mobilities (Figure 3A, 3C).”7 7 An absorbance detector

positioned near the outlet end of the capillary is used to detect analytes as they migrate

through the capillary (Figure 3B).

®

Al __
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Figure 3. Schematic of capillary electrophoresis. (A) Instrument diagram of the CE system. The
sample is injected into the capillary and (B) analytes are detected using an absorbance detector. (C)
Analytes are separated according to their size and charge.
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Generally, CE is the analytical technique of choice to separate DNA fragments,
proteins, small molecules, and ions.””8%8! In addition, more advanced CE-based
techniques can be used to probe reaction parameters. One such technique,
nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM), is used in
this work to to determine the equilibrium dissociation constant (Kq4) and kinetics (kon and
kofr) for AgNP-adsorbate complexes.®? Since eco-coronas are in dynamic equilibrium
states, the adsorbates are constantly dissociating and reassociating with the AgNPs,
which enables their analysis by NECEEM. NECEEM involves the initial injection of an
equilibrium mixture containing free AgNPs, free adsorbate, and AgNP-adsorbate
complexes mnto the capillary (Figure 4A, fo). When the voltage 1s applied and
electroosmotic flow is established, each component of the equilibrium mixture begins
migrating according to its own ¢lectrophoretic mobility, such that as AgNP-adsorbate
complexes dissociate, the AgNP and adsorbate begin migrating away from one another in
the capillary and cannot reassociate (Figure 4A, #1). This dissociation process causes a
shoulder on the AgNP peak in the CE graph (Figure 4B, region Asz), which can be used

to calculate the dissociation constant, K4, according to:%3

_
R= Ay +4, 3)

_ [ads]o(1+R)-[AgNP],
- 1+ 1/,

Kq S

In equation 3, A1, A2 and A3 are the integrated peak areas of unbound AgNPs,
region of dissociation and AgNP-P complexes, respectively. In equation 4, [Ads]o is the
initial concentration of adsorbate added, [AgNP]o is the concentration of the AgNP added

and R is the constant derived from equation 3.
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Figure 4. Schematic of the NECEEM assay. (A) An equilibrium mixture of AgNPs, a protein (P),
and AgNP-P complexes is injected into the capillary (%) and each component is separated based on
its electrophoretic mobility (%) AgNP-P complexes dissociate in the capillary under
nonequilibrium conditions, (B) which is observed in the CE electropherogram as region As. (C)
Key parameters related to the dissociation region (As) can be used to (D) fit the electropherogram

and obtain kinetics constants.

NECEEM can also be used to calculate the rate constants for the association (%on)

and dissociation (foff) reactions. By fitting equation 3 to the electropherogram in the region

of dissociation (Figure 4C-D), we can calculate the kotr value, which can then be used as

shown in equation 3 to obtain the &on value.

(koff(
Iy =1 e

k
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tAgNP
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In equation 3, I, is the absorbance value at any point in time (y-axis value), I, is the
absorbance intensity at the right end of the region of dissociation, t4gyp_p is the migration
time of the AgNP-protein complex peak (Az region in Figure 4B), t,,yp 1s the migration
time of the AgNP peak (A1 region in Figure 4B), ¢t is the migration time at any point in
time (x-axis value), and t; is the time at which the region of dissociation ends. The
attainment of all these parameters in a single CE experimental run makes NECEEM a
powerful tool for studying monomolecular binding processes between AgNPs and

adsorbates.?

1.4 Research Aims

With the increased use of AgNPs worldwide and their entrance into
environmental soil and water compartments, the formation of AgNP eco-coronas and
their effect on the environmental fate, transport, toxicity, and persistence of AgNPs
should be studied with relative urgency. Thus, the present work emphasized the
development of rapid and affordable analytical techniques to effectively study the
interactions between AgNPs and eco-corona constituents in greater depth and with
greater quantitative precision. Compared to more traditional techniques like SEM or
TEM, the novel CE techniques developed in this work have several benefits, including
affordability (as much as 10x reduced cost), the ability to quantify parameters regarding
the formation of AgNP eco-coronas (Kd, kon, £off), and fast sample analysis times (less
than one hr). These benefits make the CE-based techniques more accessible to the

scientific community for similar or new applications.
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In this study, we first demonstrate the application of two CE techniques — one
based on NECEEM and one based on a pull-down assay — to evaluate AgNP coronas
formed from single adsorbates. The model adsorbates include a model protein, BSA, and
a model NOM, Suwanee River humic acid (SRHA). All analyses were applied to citrate-
stabilized AgNPs of three different diameters (10 nm, 20 nm, and 40 nm) to separately
investigate the effect of size on corona formation. X, values for the reactions of cach
AgNP size with each adsorbate were obtained through NECEEM and were corroborated
using values acquired by a pre-established UV-vis spectroscopy technique based on the
Langmuir adsorption isotherm model. AgNP-adsorbate complexes were also qualitatively
characterized using DLS and CD spectroscopy.

Next, we expanded bevond the analysis of single-adsorbate systems that are
widely used in the literature,? to understand how individual binding parameters direct
formation of coronas formed from multiple adsorbates (i.e., BSA and SRHA). These
studies included two binding models — one where corona constituents were allowed to
sequentially react with the AgNPs and one where they were introduced simultancously.
Specifically, in sequential binding studies, AgNP-adsorbate complexes were pre-formed
with one of the model adsorbates before the addition of the other adsorbate. This model
was used to evaluate the effects of a pre-existing corona on the subsequent adsorption of
a different adsorbate. In competitive binding studies, both adsorbates were added to the
AgNP-containing solution simultaneously and were allowed to “compete™ for vacancy on
the AgNP surface. Each of these adsorption models was studied using the CE pull-down
assay to quantitatively compare relative binding affinities. Again, DL.S and CD

spectroscopy were used qualitatively to confirm the formation of the complex coronas.
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Chapter I1: Materials and Methods

2.1 Reagents and Sample Preparation

2.1.1 Reagents Used

Nitric acid solution (70%), sodium bicarbonate (99.5%), Trizma base (99.9%),
sodium phosphate dibasic (99%) and BSA were purchased from Sigma-Aldrich (St.
Louis, MO). HEPES sodium salt (99%) was purchased from Acros Organics (Geel,
Belgium). SRHA (Type III) was purchased from the International Humic Substances
Society (Denver, CO) and used as received. Citrate-capped AgNPs of different
hydrodynamic diameters 10, 20 and 40 nm and a concentration of 20 mg L'! were
purchased from nanoComposix (San Diego, CA) and used as received. All sample
preparation steps and measurements were carried out in the dark to eliminate the
possibility of photo-induced dissolution or aggregation of the AgNPs.3?

All analyses were carried out in 10 mM sodium bicarbonate (pH 7.0) bufter, and
the solution pH was adjusted through dropwise addition of 1.0 M and 0.1 M HCI. A stock
solution of 5 uM BS A was prepared in water and frozen at -20°C in 1 mL aliquots.
Frozen BS A stocks were thawed on the day of use and sonicated for 10 minutes to ensure
no aggregation of BSA using a Branson M 1800H Ultrasonic Cleaner purchased from
SonicsOnline (Richmond, VA). A stock solution of 500 mg L' SRHA was prepared
weekly in sodium bicarbonate buffer and sonicated for at least 10 minutes before each

use to ensure a homogenous mixture of SRHA in solution.
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2.1.2 Pre-concentration of AgNPs

10 mM Sodium
@ Bicarbonate
/ 1 (pH 7.0)
—
' Vortex

-

Concentrated | ‘m’ |
AgNPs \ \o/
g v

Figure 5. Schematic of the pre-concentration of AgNPs. (A) 1 mL AgNP stock solution is
centrifuged at 3,900g and (B) 960 pL of the supernatant is carefully removed. (C) 960 uL of the
buffer {10 mM sodium bicarbonate pH 7.0) is pipetted back into the Eppendorf tube with the
AgNP pellet and vortexed for at least 5 seconds before (D) it 1s centrifuged again at 3,900 and
960 Pl of the supernatant is removed. () 460 ul. of the buffer is pipetted into the sample to
create a 500 pL pre-concentrated solution of AgNPs (2x of the original concentration).

AgNPs of all sizes were pre-concentrated using the protocol outlined in Figure 5
for the CE, DLS, and CD analyses to obtain sufficient detection sensitivity. An
Eppendort Minispin 5452 Centrifuge was used for centrifugation and a centrifugal force
of 3,900¢ was applied for 8 min for 40 nm AgNPs, 15 min for 20 nm AgNPs, and 35 min
for 10 nm AgNPs. Successful centrifugation was identified by the colorless appearance of

the supernatant, since AgNPs of the sizes studied have a bright yellow color. Following

22



pre-concentration, the theoretical concentration of all AgNPs was 40 mg L1, Pre-
concentrated AgNPs were prepared before each day of analysis and disposed of the same
day. since the highly concentrated AgNP solution was more susceptible to aggregation,

even when stored at 4°C.

2.1.3 Sample Preparation of Complexes with Adsorbate

Seq1

Comp )

4% BSA

@ SRHA

Figure 6. Representation of multiple-adsorbate binding models. Sequential binding models where
AgNPs are (A) incubated with BSA for 24 hrs followed by 24 hr incubation with SRHA (seq 1)
or (B) incubated with SRHA for 24 hrs followed by 24 hr incubation with BSA (seq 2). (C)
Competitive binding model where AgNPs are incubated for 24hrs with a mixture of SRHA and
BSA (comp).

Preparation of multi adsorbate systems was done in three different ways — two
sequential additions of either adsorbate and one competitive addition (Figure 6). For
sequential addition 1 (herein, seql), 1 pM BSA was added into a pre-concentrated AgNP

solution, incubated for 24 hrs, and then 60 mg L-' SRHA was added into the mixture and
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incubated for an additional 24 hrs. For sequential addition 2 (herein, seq2), 60 mg L-!
SRHA was added to a pre-concentrated AgNP solution, incubated for 24 hrs, and then 1
uM BSA was added into the mixture and incubated for an additional 24 hrs. Competitive
additions of adsorbates (herein, comp) involved adding 60 mg L' SRHA and 1 uM BSA
simultaneously to a solution of pre-concentrated AgNPs and incubating for 24 hrs prior to

analysis. All mixtures were incubated at room temperature in the dark.

2.2 Qualitative Analyses of AgNP and Corona Compositions

2.2.1 Dynamic Light Scattering

The average hydrodynamic diameter (¢. nm) and zeta potential of AgNPs were
measured using a Malvern Zetasizer Nano-ZS Dynamic Light Scattering instrument
(Malvern, PA). For DLS measurements, sodium bicarbonate buffer was double-filtered
using a 0.2 um nylon syringe filter. Control samples that contained only 1 uM BSA and
only 60 mg L'} SRHA were prepared in triplicate. Samples containing AgNPs only,
AgNPs mixed with each individual adsorbate (1 uM BSA or 60 mg L' SRHA), and
AgNPs resulting from each multi-adsorbate incubation (seql, seq2, and comp) were
prepared in triplicate. All samples were prepared in disposable polystyrene cuvettes of 1
cm path length. Prior to DLS analysis, samples were allowed to equilibrate for 2 minutes
at 25°C, and 5 replicates of cach replicate sample were recorded and averaged. All
samples were measured using a backscatter angle of 173°, and for zeta potential
measurements, a Pd dip cell was inserted into the cuvette and the Smulochowski equation

was applied.
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2.2.2 Circular Dichroism

Denaturation effects on the BSA secondary structure were investigated using a
Jasco J-1500 CD Spectrometer (Jasco Products Company, Oklahoma City, OK). All
samples were prepared in 10 mM sodium bicarbonate (pH 7.0) buffer. Control samples
were prepared in triplicate and included those that contained 60 mg L-! SRHA only and
40 mg L' AgNPs only (pre-concentrated AgNPs). The remaining samples included 1 uM
BSA, 1 uM BSA incubated with pre-concentrated AgNPs, and mixtures of 1 uM BSA,
60 mg L' SRHA and pre-concentrated AgNPs resulting from each multi-adsorbate
incubation (seql, seq2, and comp). Samples were prepared in a macro quartz cuvette with
a path length of 1 cm and experiment parameters were as reported previously.®® For each
sample, 7 replicate scans were recorded from 200 to 260 nm. Temperature was controlled
with a liquid cooling temperature unit at 25°C, and a bandwidth of 2 nm was used. The

alpha helicity of the solutions were calculated using the following equations: 858

observed CD signal (mdeg)

MRE;p5 = Cpnl x 10 (7
% a — helicity = [H] x 100 (8)

where Cp is the molar concentration of the protein, n is the number of amino acids in the
protein, I is the path length of the cuvette, and MRE ;5 is the mean residue ellipticity of

the random coil conformation at 208 nm.

2.3 Quantilative Analyses of AgNP and Corona Compositions

2.3.1 UV-Vis Spectroscopy
UV-Vis spectroscopy measurements were carried out using a Cary 3500 Multicell

UV-Vis purchased from Agilent Technologies (Santa Clara, CA). Semi-micro quartz
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cuvettes of 1 cm path length were purchased from Hellma Analytics (Plainview, NY).
Samples for Langmuir adsorption isotherms involved incubation of 4 mg L' of AgNPs
with increasing concentrations of BSA (0 - 500 nM) or SRHA (0 - 20 mg L). Samples
were incubated in Eppendorf tubes for 24 hrs at room temperature in the dark. All
samples were prepared in triplicate. Prior to analysis, the instrument was allowed to
warm up for 30 min, and a reference cuvette containing sodium bicarbonate buffer was
utilized. A baseline was obtained for three different cuvettes containing just buffer before
sample analysis. Then, the cuvettes were rinsed with a portion of the sample before
loading the sample into the cuvette. Cuvette rinsing with the next sample to be analyzed
prior to sample loading was continued throughout the analysis to minimize dilution
effects. Working from low-to-high adsorbate concentration, the triplicate samples were
analyzed in parallel. For 10 and 20 nm AgNPs, absorbance spectra were recorded from
380 to 415 nm. Since the peak of the LSPR band for 40 nm AgNPs was around 410 nm,
absorbance spectra were recorded from 390 to 430 nm for the 40 nm AgNPs. For BSA
Langmuir adsorption isotherms, a scan rate of 60 nm per minute was used. For SRHA,
the scanning rate was halved to 30 nm per minute to obtain better resolution since the
AgNP-SRHA complexes did not exhibit as significant of a red shift of the LSPR band as

the BSA complexes.

2.3.2 Capillary Electrophoresis

All samples were prepared in low protein binding microcentrifuge tubes
purchased from Thermo Fisher Scientific (Waltham, MA) to minimize the non-specific
adsorption of adsorbates onto the surfaces of the centrifuge tubes. A Sciex P/ACE MDQ

Plus Capillary Electrophoresis system was used to record all measurements, and the
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MDQ Plus software was used for instrument control and data analysis. Each sample was
prepared in triplicate and each replicate sample was analyzed in triplicate using the CE,
totaling nine different electropherogram measurements for each sample preparation
condition. The capillary had an inner diameter of 50 um, a total length of 60.2 cm, and an
effective length (from inlet to detector) of 50.0 cm. Each day, the capillary was primed by
flushing for 10 min with water, 10 min with 1 M NaOH solution, 10 min with water, and
20 min with 10 mM sodium bicarbonate (pH 7.0) buffer. Samples were injected
hydrodynamically for 5.0 sec at 4.0 psi (35 nLL injection volume), a 25 kV separation
voltage was applied (415 V/cm), and electropherograms were recorded for 11 min. In
between each measurement, the capillary was flushed for 1 min of water and 2 min of
sodium bicarbonate buffer to ensure all residual sample was removed from the capillary
and that it was filled with buffer for the next experiment.

All AgNP stock solutions were pre-concentrated using the pre-concentration
technique described previously (see Section 2.1.2). For the NECEEM assay, pre-
concentrated AgNPs were mixed with increasing concentrations of BSA (100 nM, 200
nM, and 300 nM for 20 and 40 nm AgNPs, 50 nM, 100 nM and 150 nM for 10 nm
AgNPs) or SRHA (10 mg L1, 15 mg !, and 20 mg L-1). All samples were prepared in
triplicate, vortexed at least 5 seconds to ensure a homogenous mixture, and incubated for
24 hrs at room temperature in the dark. For the pull-down assay, a mixture solution of the
1 uM BSA and 60 mg I-! SRHA was made prior to sample preparation, and the stock
solution was used to prepare samples in AgNP pre-concentrated solutions. Using the
stock solution, a calibration curve was prepared on the same day including 5 points

ranging from 0.5 pM to 1.5uM BSA and 20 mg L' to 100 mg L'! SRHA. Calibration
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standards were prepared in 10 mM sodium bicarbonate (pH 7.0) buffer. Pull-down assay
samples were prepared in triplicate at 250 uL. They included 1.00 uM BSA (BSA only)
or a mixture of 1.00 uM and 60 mg L' SRHA (BSA + SRHA). After 24 hours of
incubation, samples were centrifuged at 3,900g according to AgNP size, and 160 pL of
the supernatant was carefully pipetted out for CE analysis. After each sample run, peak
intensities were quantified using the MDQ Plus software, and concentrations of
experimental samples were deduced through fitting to the calibration curve. After all
runs, samples containing AgNPs had the % bound of the adsorbates normalized with the

control sample to account for any nonspecific adsorption.
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Chapter III: Analysis of Single Adsorbate AgNP Coronas

Formed from BSA or SRHA

Before moving on to more complex multi-adsorbate systems, single adsorbate
studies were performed to qualitatively and quantitatively analyze the AgNP coronas
formed in solution. Control samples included BSA only, SRHA only, and AgNPs only,
while single adsorbate samples refer to AgNPs incubated with either BSA or SRHA to
form a homogeneous corona. All AgNP-containing samples were prepared for each
AgNP size (10 nm, 20 nm, and 40 nm). Qualitative analyses of single adsorbate coronas
included analysis of the hydrodynamic diameter and zeta potential of the samples using
DLS. CD measurements were also used to semi-qualitatively probe the effect of AgNPs
on BSA secondary structure, since denaturation of the proteins after formation of the
corona complex has previously been used as a marker for gauging protein binding
behavior.” UV-Vis Langmuir isotherms and NECEEM were used as quantitative assays
to calculate reaction parameters for the single adsorbate interaction with differently sized
AgNPs. Specifically for the UV-Vis Langmuir isotherms, the Ka for both adsorbates,
BSA and SRHA, were discerned, while for NECEEM, the K, K4, kon and kotr parameters

for BSA were calculated.

3.1 Qualitative Evidence of BSA and SRHA Adsorption to AgNPs

Using DLS, two markers can act as evidence of corona formation: an increase in
hydrodynamic size and a change in zeta potential. Since DLS measures a hydrodynamic

diameter of the AgNPs (as opposed to the core diameter), the layer of adsorbates around
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the AgNP due to corona formation leads to subtle increases in hydrodynamic diameter.
Similarly, depending on the charge of the adsorbates forming the corona, changes i the

AgNP zeta potential may be observed.
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Figure 7. DL S measurements of 10, 20, and 40 nm AgNPs and their single adsorbate coronas
formed from BSA or SRHA. (A) Hydrodynamic size (B) PDI and (C) zeta potential of pre-
concentrated AgNPs (AgNP), 1 uM BSA with pre-concentrated AgNPs (BSA) and 60 mg 1!
SRHA with pre-concentrated AgNPs (HA) in solution.

Changes in the hydrodynamic diameter of the AgNPs upon formation of the BSA
or SRHA corona were measured. First, analyzing the AgNPs alone, slight aggregation
was observed for all particle sizes (Figure 7A; see also Figure Al, Table Al). The pre-
concentration step, which involved centrifugation of the AgNPs, may have resulted in a
small degree of aggregation. Upon addition of BSA, a decrease in the hydrodynamic
diameter of the AgNPs was observed for the 10 nm and 40 nm AgNPs. However, for the
20 nm AgNPs, an increase in hydrodynamic diameter was evident, adhering to the
marker of a slight increase indicating corona formation. For the 10 nm and 40 nm
AgNPs, the addition of adsorbates seemed to stabilize the AgNPs against aggregation by
increasing the distance between individual AgNPs. Finally, upon addition of SRHA,
similar trends were observed where for 10 nm and 40 nm AgNPs, a decrease in
hydrodynamic size was observed, while for the 20 nm AgNPs, a slight increase n

hydrodynamic size was seen. There does not seem to be much distinction between the
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differences in AgNP size upon addition of BSA or SRHA, which is encouraging as both
systems were hypothesized to only form a monolayer around the AgNPs.

Next the polydispersity index (PDI) was analyzed, which reports on the
homogeneity of the sample. A highly monodisperse and homogeneous sample has a PDI
closer to 0 and an aggregated and heterogeneous sample has a PDI closer to 1. The large
error bar in the PDI of the bare 10 nm AgNPs also supports the proposed aggregation of
the sample based on hydrodynamic diameter measurements (Figure 7B). With
aggregation in the 10 nm AgNPs, the heterogeneity of the sizes of the individual particles
increased, leading to large fluctuations in PDI between different replicates of the same
sample. Upon addition of BSA or SRHA, there is an increase in PDI across all three
AgNP sizes consistent with an aggregated solution of AgNPs and in contrast to the
apparent stabilizing effect of the adsorbates based on decreases in hydrodynamic
diameter. Due to these disparities, zeta potential measurements were used as a primary
marker for corona formation in single adsorbate systems.

Unlike the size measurements, zeta potential measurements showed a more
consistent charge for the stock solutions of all three AgNP sizes, so it was deemed a more
reliable marker in analyzing corona formation. For all the zeta potential samples across
the three AgNP sizes, the charge shielding effect was evident (Figure 7C). Zeta potential
values increased (became less negative) with the addition of either adsorbate for the 10,
20, and 40 nm AgNPs. In the case of 20 and 40 nm AgNPs, BSA seemed to cause a more
drastic change in the zeta potential than SRHA. The zeta potentials of the individual
adsorbates were also measured. The zeta potential of a 1 uM solution of BSA was found

to be -21 £ 8 mV and of a 60 mg L' solution of SRHA was found to be -31 £ 3 mV. The
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fact that BSA seemed to shield AgNP charge more effectively than SRHA fits well with
the inherent charges that were previously measured for each adsorbate. Overall, DLS size
and zeta potential measurements indicated that AgNPs were forming coronas under the
experimental conditions.

Then, CD analyses were used to visualize any denaturation of the BSA caused by
the adsorption onto AgNP surfaces. First, control samples were analyzed that contained
AgNPs alone or SRHA alone. Neither AgNPs nor SRHA displayed a CD signal (Figure
A2), so there was no interference from the AgNPs in the measurement and SRHA-AgNP

404 complexes could not be measured using
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this technique. Thus, only samples
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Wavelength (nm) AgNPs (Figure 8). The differences in

Figure 8. CD spectra of BSA with varying magnitudes of the representative 208 nm

AgNNP sizes. The concentration of BSA was

1 uM. AgNPs were pre-concentrated before  peak in the CD spectra were insignificant
addition of BSA, and the BSA only sample

was prepared in 10 mM sodium bicarbonate  between samples with and without

(pH 7.0) buffer. All samples were incubated

fiop S by prior lopnalysis AgNPs, rendering the % a-helicity of the
BSA in solution largely unchanged (Table A4), which is consistent with previous work. 5’
However, the change i % a-helicity induced by AgNPs could be undermined by the fact

that the protein concentrations are in heavy excess compared to the AgNP concentrations

in the samples.
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3.2 Quantilative Analysis of AgNP-BSA and AgNP-SRHA Complexes

Table 1. Comparison of UV-vis spectroscopy and NECEEM for measuring AgNP-BSA
association constants.

Adsorbate HA BSA
Technique UV-vis UV-vis CE
Parameter i Ka b feott feon
(L mg™") (x 100 MY | (x 107 MY (s1) (x 105M" s

101 0.65+0.06 | 10.0+0.1 20.7+6 0.017 = 0.007 G100

da® | ool 05201 | 64205 11.8<10 0.025+0.007 28427

401 0.48 = 0.08 T+1 4+1 0.04 £ 0.01 1.7+ 0.6

Following the qualitative analyses of single adsorbate systems, quantitative assays
were performed to discern the K, values of the reaction between AgNPs and either BSA
or SRHA. The novel NECEEM assay was applied to characterize the reaction parameters
(Ka, K4, kon and kofr) for both systems. However, due to incomplete separation of AgNP-
SRHA complexes from AgNPs in the NECEEM assay, reaction parameters only
pertaining to BSA-AgNP complexes were conducted in this study. The concentrations of
BSA that were reacted with 20 nm and 40 nm AgNPs were 100, 200 and 300 nM, while
lower concentrations of BSA (50, 100 and 150 nM) were needed to obtain characteristic
NECEEM e¢lectropherograms for the 10 nm AgNPs due to their increased binding
affinity. For all conditions, a AgNP peak and a AgNP-adsorbate complex peak were
observed from which the equilibrium parameters could be obtained (Figure A3, Table
1). The kon values are indirectly correlated with the size of the AgNPs, while the same
increase in AgNP size leads to increases in the kot values. This means that with higher kon

values, BSA has faster adsorption kinetics with smaller AgNPs, and with lower kost
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values, BSA has slower desorption kinetics for smaller AgNPs. This mcreased affnity for
adsorption and decreased affinity for desorption to the AgNP surface led to mereasing K,
values for smaller AgNPs (Table 1, Figure 9). The increase in reactivity can be
attributed to the larger surface arca to volume ratio of the smaller AgNPs and changes in
surface curvature, which has been observed in other studies. The larger surface area to
volume ratio of smaller particles results higher surface energy, which increases the
probability of BSA adsorption. Also, surface curvature has been shown to drastically alter

binding properties in previous literature, 33921
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Figure 9. K, of systems with BSA as adsorbate. Ky values obtained through the UV-Vis
Langmuir isotherms and the CE NECEEM assay plotted for 10, 20 and 40 nm AgNPs.

To validate parameters from the NECEEM assay, the K, values for AgNP-BSA
complexes were compared with those obtained using UV-Vis Langmuir adsorption
isotherms. Representative Langmuir adsorption isotherm curves are shown for BSA
adsorbing to each size of the AgNPs in Figure 10. As with the NECEEM assay, the Ka
values measured for this procedure held the same trend of smaller AgNPs showing higher
reactivity and larger K, values in the reaction with adsorbates (Table 1). There was
remarkable agreement between the K, values obtained through both assays (Figure 9,

Table 1). Previously, it has been shown that K, values obtamned through other techniques
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can range from an order of magnitude of 103 to 10! M, so the fact that both Ka values
obtained through NECEEM and UV-Vis Langmuir isotherms are in the same order of
magnitude is promising.”® This suggests that NECEEM is a reliable assay for probing
AgNP-adsorbate complexes with the added benefit that more quantitative parameters (fon,

koit) can be obtained compared to the UV-Vis Langmuir isotherm technique.
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Figure 10. Langmuir adsorption isotherms of AgNP-BSA complexes. Langmuir adsorption
isotherms of (A) 10 nm AgNPs, (B) 20 nm AgNPs, and (C) 40 nm AgNPs with concentrations of
BSA ranging from 0 to 500 nM. AgNPs were prepared to 4 mg L™ in each sample. All samples
were prepared in 10 mM sodium bicarbonate (pH 7.0}
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Figure 11. Langmuir adsorption isotherms of AgNP-SRHA complexes. Langmuir adscrption
1sotherms of (A) 10 nm AgNPs, (B) 20 nm AgNPs, and (C) 40 nm AgNPs with concentrations of
SRHA ranging from 0 to 25 mg L. AgNPs were prepared to 4 mg L in each sample. All
samples were prepared in 10 mM sodium bicarbonate (pH 7.0).

The Ka values for SRHA systems were also obtained using the UV-Vis assay
(Figure 11, Table 1). While the Ka values of SRHA and BSA cannot be used to compare
binding affinities to AgNPs due to disparities in the units used to quantify each system, K,

values with SRHA as adsorbate also follow the same trend of decreasing size leading to
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increasing reactivities. As was seen in previous literature, in a one-adsorbate system, the

AgNP size generally dictates the binding properties with the adsorbate in solution. %
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Chapter IV: Multi Adsorbate Binding

4.1 Qualitative Evidence of the Formation of a Multi-Adsorbate

Corona

Much research has already been performed investigating single adsorbate
systems, and like the findings in Chapter 111, they have concluded that adsorbates actively
participate in corona formation with NPs, altering innate characteristics of the NPs by
changing their surface chemistry.’®7%°2 There is remarkable agreement in the K values
obtained through UV-Vis Langmuir isotherm technique and the novel NECEEM
analysis, and zeta potential measurements confirm the formation of BSA and SRHA
coronas. However, as a single adsorbate system is unlikely to be seen in the
environmental settings, there is a dire need for developing model quantification methods
for multi adsorbate systems.?? Thus, in this chapter, a combination of qualitative analyses
(DLS characterization and CD spectroscopy) and quantitative analysis (a novel CE-based
pull-down assay) will be used to probe multi adsorbate systems under two different
seftings: competitive binding and sequential binding. The competitive binding system
will shed light on how different adsorbates behave when encountered with bare AgNPs
simultaneously, while sequential binding systems will probe how adsorbates react to pre-

formed corona structures.
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4.1.1 DLS Size and Zeta Potential Measurements
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Figure 12. Effect of various incubation conditions on the hydrodynamic diameter of AgNPs.
(Top) Effect of 60 mg 1.1 SRHA on the diameter of (A) 10 nm (B) 20 nm (C) 40 nm AgNPs.
(Bottom) Effect of 1 M BSA on the diameter of (I3) 10 nm (E) 20 nm (F) 40 nm AgNPs. AgNP
denotes AgNPs prepared alone, (BSA and SRHA) denotes AgNPs prepared with either adsorbate,
comp denotes AgNPs prepared simultaneously with SRHA and BSA, seq 1 denotes AgNPs
sequentially incubated with BSA followed by SRHA, and seq 2 denotes AgNPs sequentially
incubated with SRHA followed by BSA. All solutions contained 40 mg L™ AgNPs in 10 mM
sodium bicarbonate buffer solution (pH 7.0).

As with single adsorbate studies, DLS was used to measure the hydrodynamic
diameter, PDL and zeta potential of AgINPs resulting from each multi-adsorbate
incubation (seql, seq2, and comp). First, the adsorption of SRHA was probed for each of
the multi-adsorbate conditions and compared to AgNPs alone or AgNPs with just SRHA
(Figure 12A-C). For 10 and 20 nm AgNPs, subtle changes were shown in the
hydrodynamic diameter when BSA and SRHA were added competitively or in sequence
with 10 nm AgNPs generally showing a decrease 1n size and 20 nm AgNPs a slight
increase in size (Figure 12A,B; see also Figure A4, Table AS). However, for the 40 nm

AgNPs, a drastic increase m hydrodynamic size was shown when SRHA was added
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sequentially (Figure 12C). Subtle decreases shown for competitive and sequential
addition of SRHA for 10 nm AgNPs could be due to exchange of SRHA with BSA
molecules in solution, or a more compact corona complex could have been formed
through collaborative adsorption of BSA and SRHA. Subtle increases in size for 20 nm
AgNPs in the competitive addition could be attributed to additional adsorption onto the
AgNP surface with more adsorbates in solution. When SRHA is added sequentially, 20
nm AgNPs showed a similar trend as the 10 nm AgNPs in that the hydrodynamic size
decreased slightly. It seems that adding in SRHA sequentially creates a more compact,
ordered corona than in competitive addition formats. For the 40 nm AgNPs, competitive
binding of BSA and SRHA showed a slight decrease from both AgNP only and AgNP
with SRHA systems, indicating that there could be a more ordered corona for 40 nm
AgNPs with additional adsorbates. When SRHA was added in sequentially, however, a
palpable degree of aggregation was observed. This could be due to the fact that sequential
addition of SRHA possibly creates a highly ordered corona complex with reduced
distance between individual AgNPs. With individual AgNPs being closer to each other
with shielded charge, the barrier to aggregation is overcome.

The adsorption of BSA was also probed for each of the multi adsorbate conditions
against AgNP and AgNP with just BSA solutions (Figure 12D-F). For 10 and 20 nm
AgNPs, competitive addition of BSA and SRHA seemed to slightly increase the
hydrodynamic size of the AgNPs compared to just BSA. Sequential addition of BSA
seemed to slightly decrease the size of the AgNPs for both 10 and 20 nm AgNPs,
suggesting the idea that sequential addition of either adsorbate seems to form a more

compact corona complex. For the 40 nm AgNPs, though, competitive addition of SRHA

39



and BSA decreased the hydrodynamic diameter while sequential addition of BSA caused
aggregation, as was with sequential addition of SRHA. 40 nm AgNPs being specifically
prone to aggregation compared to 10 and 20 nm AgNPs with sequential additions of
either adsorbate could be due to the increased Van der Waals forces with increase in
AgNP size. In addition, the decreased distance between individual AgNPs and the
shielding of strong anionic charge on the AgNP surface makes the 40 nm AgNPs more
susceptible to aggregation with sequential addition. It is interesting that competitive
addition does not induce this type of aggregation, which could mean AgNP corona
structures are more stable when AgNPs are interacting with a single adsorbate at a time,

with or without pre-existing coronas.
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Figure 13. PDI of hydrodynamic diameter measurements of AgNPs under various incubation
conditions. (Top) PDI of hydrodynamic diameter measurements showing effect of 60 mg L™
SRHA on the diameter of (A) 10 nm (B) 20 nm (C) 40 nm AgNPs. (Bottom) PDI of
hydrodynamic diameter measurements showing effect of 1 M BSA on the diameter of (D) 10
nm (E) 20 nm (F) 40 nm AgNPs. AgNP denotes AgNPs prepared alone, (BSA and SRHA)
denotes AgNPs prepared with either adsorbate, comp denotes AgNPs prepared simultaneously
with SRHA and BSA, seq 1 denotes AgNPs sequentially incubated with BSA followed by
SRHA, and seq 2 denotes AgNPs sequentially incubated with SRHA followed by BSA. All
solutions contained 40 mg L AgNPs in 10 mM sodium bicarbonate buffer solution (pH 7.0).
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The PDI of all multi adsorbate hydrodynamic diameter measurements were also
recorded (Figure 13, Table A6). Compared to AgNPs and AgNP with SRHA systems,
the PDI of competitive binding systems slightly increased across all sizes (Figure 13A-
(). For 10 nm and 40 nm AgNPs, sequential addition of SRHA decreased the PDI. For
the 20 nm AgNPs, a small increase in PDI is evident from the single adsorbate system,
but it is still smaller than the competitive system. A lower PDI in all sequential binding
systems than competitive systems are interesting especially since sequential addition to
40 nm AgNPs induced aggregation. This would mean that 40 nm AgNPs are forming
large but stable aggregates, which further corroborates the hypothesis that AgNP corona
structures are more stable in sequential addition systems, regardless of aggregate
formation. For BSA, a similar trend was shown (Figure 13D-F). A slight decrease in PDI
was shown for the competitive binding system for 10 nm AgNPs compared to the single
adsorbate system, while 20 and 40 nm AgNPs showed a subtle increase. These subtle
changes from the single adsorbate system suggest that in competitive binding systems,
the adsorbate with higher affinity is going to fully saturate the AgNP surface, without
much of the other adsorbate participating in the corona. Throughout all three sizes, the
PDI of the sequential addition of BSA decreased, with 10 and 40 nm AgNPs showing a
larger decrease than the 20 nm AgNPs. This decrease highlights the stableness of AgNP
corona structures in sequential binding systems, where sequential addition of BSA again

showed increased aggregation in 40 nm AgNP systems.

41



10nm AgNP 20nm AgNP 40nm AgNP

A B c
~ 0 0 0
=]
£ -10 -10 -10
®
< g -20 =20 -20
T o
X 35 -30 -30 -30
w o L. ——
§ -40 -40 — -40 I
(]
N _sp ; -504—. -50 ; ,
AgNP  HA comp seq AgNP  HA comp seq AgNP  HA comp seq
D E F
e B 0 0
>
£ -0 -10 -10
®©
g E 20 20 20
o é -30 -30 =30 )
& -40 -40 -40
©
N .50 -50 -50
AgNP BSA comp seq AgNP BSA comp seq AgNP BSA comp seq

Figure 14. Effect of various incubation conditions on the zeta potentials of AgNPs. (Top) Effect
of 60 mg L™ SRHA on the zeta potential of (A) 10 nm (B) 20 nm (C) 40 nm AgNPs. (Bottom)
Effect of 1 uM BSA on the zeta potential of (D) 10 nm (E) 20 nm (F) 40 nm AgNPs. AgNP
denotes AgNPs prepared alone, (BSA and SRHA) denotes AgNPs prepared with either adsorbate,
comp denotes AgNPs prepared simultaneously with SRHA and BSA, seq 1 denotes AgNPs
sequentially incubated with BSA followed by SRHA, and seq 2 denotes AgNPs sequentially
incubated with SRHA followed by BSA. All solutions contained 40 mg L7 AgNPs in 10 mM
sodium bicarbonate buffer solution (pH 7.0).

Finally, the zeta potentials of all muti adsorbate systems were also measured
using DLS (Figure 14, Table A7). For all of the multi adsorbate conditions, the strong
anionic charge of the AgNPs was shielded by the less anionic BSA and SRHA. First,
adsorption of SRHA in multi adsorbate systems was compared to its single adsorbate and
just AgNP systems (Figure 13 A-C). Competitive binding systems and sequential
addition of SRHA both induced a slight increase in measured zeta potential for 10 and 20
nm AgNPs. This suggests that both BSA and SRHA are participating in corona formation
with the AgNPs, as adsorption of the less anionic BSA caused a further increase in the
zeta potential relative to just the SRHA corona. For 20 nm AgNPs, a similar trend is

shown, but for 40 nm AgNPs, competitive binding shows no shift in zeta potential from
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the SRHA only systems, while sequential addition of SRHA shows a slight increase in
zeta potential. Perhaps the 40 nm AgNPs have more SRHA on the surface in competitive
formats compared to sequential addition of SRHA, implying that displacement of
adsorbates in the pre-formed corona complex is more difficult than when adsorbates are
introduced simultaneously to the 40 nm AgNPs.

Multi adsorbate systems pertaining to BSA were also compared against just
AgNP and AgNP with BSA as a single adsorbate system (Figure 14D- F). For the 10 nm
AgNPs, competitive addition of both adsorbates showed an increase in zeta potential
from when just BSA was added, suggesting that more BSA was adsorbed onto the 10 nm
AgNPs in this format. Sequential addition of BSA then showed a slight decrease in zeta
potential from the single adsorbate BSA system, further corroborating the idea that
displacement of a pre-formed corona is harder than simple adsorption onto the bare
AgNPs. For the 20 nm AgNPs, competitive addition of BSA and SRHA showed a slight
decrease in zeta potential, showing that compared to the 10 nm AgNPs, more SRHA was
incorporated into the corona structure when the adsorbates are added in simultaneously.
The sequential addition of BSA shows a greater decrease in zeta potential, again due to
displacement of a pre-formed corona having a larger energy barrier than simple
adsorption onto bare AgNP surfaces. For the 40 nm AgNPs, sequential addition of BSA
shows a decrease in zeta potential from the single adsorbate BSA system, but the
competitive binding system shows yet a larger decrease in zeta potential. This points to
the idea of 40 nm AgNPs having a higher affinity for SRHA than BSA, which is in direct

contrast to the competitive binding system of the 10 nm AgNPs. Compiling all the data
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together, it seems that the smaller AgNPs bind more favorably to the BSA, but as AgNP

size gets larger, this preference shifts towards SRHA.

4.1.2 Semi-Quantitative Analysis of BSA Secondary Structure Using CD Spectroscopy
The changes to secondary structure of BSA in solution with AgNPs and in the
presence of SRHA were measured using CD (Figure 15). As discussed previously, there
was no significant difference in % a-helicity of BSA when incubated with differently
sized AgNPs (Figure 8). However, when SRHA was added to the system of BSA and
AgNPs either competitively or sequentially, the characteristic peak at 208 nm mndicating

the o-helicity of BSA significantly decreased i amplitude.
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Figure 15. Overlay of CD spectra of BSA under various incubation conditions. (A) 10 nm (B) 20
nm, and (C) 40 nm AgNPs (40 mg L) incubated with 1 pM BSA alone (BSA), with a mixture of
1 uM BSA and 60 mg L' SRHA (comp), with 1 pM BSA followed by 60 mg L' SRHA (seq 1),
and with 60 mg L SRHA followed by 1 uM BSA (seq 2).

The % a-helicity of the molecules in the samples were quantified using equation
8 (Figure 16). Regardless of the AgNP size, when SRHA 1s added to the system, BSA
appears to lose all of its « helical nature. Previous literature suggests that BSA can unfold
when adsorbed onto the AgNP surface.”® However, as can be seen by the % a-helicity

around 40% for BSA in the presence of all three sizes of AgNPs, the dramatic decrease
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of % a-helicity in the competitive and sequential additions of BSA and SRHA can be

attributed to SRHA inducing the unfolding of BSA in solution.
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Figure 16. % ca-helicity of all conditions. a-helicity calculated for 1 uM BSA (BSA), mixture of 1
uM BSA and 60 mg L SRHA (comp), sequential addition of 24 hrs of incubation with BSA before
addition of SRHA (seq 1), and sequential addition of 24 hrs of incubation with SRHA before
addition of BSA (seq 2) prepared with 40 mg L™ (A) 10 nm AgNPs (B) 20 nm AgNPs and (C) 40
nm AgNPs using equation 8.

To further investigate whether SRHA induced denaturation of BSA independent of
the corona formation processes, CD measurements were recorded of 1 uM BSA in solution
with 60 mg L' SRHA in the absence of AgNPs (Figure 17A). The observable decrease
in % a-helicity in the solution containing both adsorbates is shown (Figure 17B). However,
in the absence of AgNPs, the SRHA only induces a decrease in %o a-helicity from 41.4%
to 23.9% (Table A4). Thus, the BSA fully unfolding seems to be mediated by both AgINPs
and SRHA. A combination of SRHA unfolding free BSA in solution and mediating
conformational changes on BSA already adsorbed to the AgNP surface could explain why

BSA undergoes full denaturation in the presence of both.
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Figure 17. % a-helicity for Controls. (A) Overlay of CD spectra of 1 uM BSA without (BSA only)
and with 60 mg L™ SRHA (BSA + SRHA) after 24 hrs of incubation prepared in 10 mM sodium
bicarbonate buffer (pH 7.0). (B) % a-helicity for both samples calculated using equation 8.

Overall, with DLS measurements, it was discovered that competitive adsorption
systems generally provide more adsorption of BSA and SRHA than single adsorbate
systems, and the smaller AgNPs favor BSA adsorption while the larger particles favor
SRHA adsorption. For the sequential addition of adsorbates in either case, a deviation
from the single adsorbate systems is evident, but the corona complex seems to retain
some of the adsorbates added first into the AgNP solutions. The displacement of
adsorbates participating in the pre-formed corona provides a higher energy barrier for
sequentially added adsorbate binding to the AgNP surface than to bare AgNP surfaces.
Also, BSA unfolding seems to be mediated not only by adsorption onto AgNP surfaces,
but also by free SRHA in solution, as was shown by CD analyses. However, to fully
understand and validate observations made through these qualitative analyses,

quantitative assays such as the CE pull-down assay will need to be incorporated.
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4.2 CE Pull-down Assay Principles
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Figure 18. Schematic of the CE pull-down assay for quantifying competitive binding. (A) A
mixture containing AgNPs with multiple adsorbates is incubated overnight and (B) centrifuged to
separate bound and unbound adsorbates. (C) The supematant containing unbound adsorbates is
isolated and (D) analyzed using CE.

The CE pull-down assay 1s modeled after a traditional biochemical pull-down
assay, taking advantage of the interactions between the adsorbates and the AgNPs to
quantify the percentage of the adsorbates populating the corona.®® The entire pull-down
assay 1s outlined in Figure 18. First, BSA and SRHA are simultaneously pipetted into the
pre-concentrated AgNP solutions. Then, all samples are incubated for 24 hrs to have the
corona complexes reach equilibrium. The next day, centrifugation 1s used to pellet the
AgNPs and any adsorbates on the surface, leaving unbound adsorbates in the supernatant.
The supernatant is removed and injected into the CE where BSA and SRHA can be
separated and quantified by comparison to calibration curves created the same day

(Figure 19). Finally, using equation 9, the % bound of the BSA was determined.

[Adsorbate]o—[Adsarbate]sampte

% Adsorbatey,ng = X 100 (9)

[Adsorbaie]y

where [ Adsorbate]o is the initial adsorbate concentration, and the [Adsorbate]sampte 1s the
concentration of the adsorbate following the pull-down assay procedure. The initial

adsorbate concentration was determined using a control sample containing just 1 uh
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BSA or a combination of 1 pM BSA and 60 mg L' SRHA prepared in 10 mM sodium
bicarbonate (pH 7.0). Control samples went through all steps of the pull-down assay
procedure, just as samples containing AgNPs, to eliminate the effect of nonspecific

adsorption of adsorbates onto the plastic sample tubes.
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Figure 19. Representative calibration curves from the CE pull-down assay. (A) Calibration curve
of BSA and (B) SRHA analyzed in a mixture. Five calibration standards were prepared containing
mixtures of increasing concentrations of each adsorbated (BSA = 0.5, 0.75, 1.0, 1.25, or 1.5 uM
and SRHA = 20, 40, 60, 80, or 100 mg L™).

4.3 Optimization of CE Separation Conditions

The success of the CE pull-down assay relies on the efficient separation of the
components in the multi-adsorbate corona. Thus, experimental conditions for adequate
separation between model adsorbates BSA and SRHA were optimized (Figure 20). A
quality separation was determined through clear baseline resolution between the BSA
peak and the SRHA peak. First, a mixture of BSA and SRHA was prepared in 25 mM of

each of four different buffers — sodium phosphate, HEPES, sodium bicarbonate, and Tris
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Figure 20. Optimization of separation conditions for the CE pull-down assay. Electropherograms
of a mixture of 1 uM BSA and 60 mg L™ SRHA prepared in (A) 25 mM sedium phosphate (pH
7.2), HEPES (pH 7.3), sodium bicarbonate (pH 8.3), and Tris buffer (pH 8.0), (B) 10, 25 and 50

mM sodium bicarbonate buffer (pH 8.3), and (C) 10 mM sodium bicarbonate buffer with a pH of
6.5,7.0,7.5and 8.0.

(Figure 20A). Compared to the sodium bicarbonate and Tris buffers, the sodium
phosphate and HEPES buffers did not provide a quality peak for either adsorbate. The
peaks were asymmetric and had low signal intensity. Between Tris and sodium
bicarbonate, we proceeded to optimize the conditions for the sodium bicarbonate buffer
since it is more environmentally relevant. Then, the concentration of the buffer was
investigated. Three different concentrations, 10, 25 and 50 mM, sodium bicarbonate
buffer systems were probed (Figure 20B). Since all three concentrations of buffer
provide adequate separation between the two peaks, the 10 mM sodium bicarbonate
solution was chosen since 1t yielded sharper peaks and faster migration times, without
any negative cffects on peak resolution. Furthermore, the pH of the buffer also affects the
separation of analytes in CE.®° Thus, the pH of the 10 mM sodium bicarbonate solution
was tuned to 6.5, 7.0, 7.5 or 8.0 from its inherent pH of 8.3 through dropwise addition of
1.0 and 0.1 M HCI (Figure 20C). It was found that at pH of 8.0, the BSA and SRHA
peaks seemed to overlap slightly, and as the pH decreased, more separation was evident

between the two peaks. However, when the pH reached 6.5, the BSA peak appeared less
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sharp, and there was slight assymetry of the SRHA peak. Thus, the optimized buffer
condition was 10 mM sodium bicarbonate buffer with a pH of 7.0.

In addition to optimizing the buffer conditions, the cross-sectional diameter of the
capillary and the separation voltage were optimized. Capillaries with cross-sectional
diameters of 75 pm and 50 um were used, while the effective and total capillary length
were kept constant at 50.0 and 60.2 cm, respectively. Capillaries with smaller inner
diameters typically allow for better separation due to increased currents for the same
applied voltage.”® It was found that samples analyzed using a 75 pm capillary were not
fully separated and had similar migration times (data not shown). Thus, the smaller
capillary (50 um) was chosen for this study. The separation voltage was also optimized.
Higher voltages, and thus higher potential differences between electrodes, result in faster
migration times, which can lead to sharper peaks and improved resolution. However, if
the separation voltage is too high, the BSA and SRHA molecules do not have sufficient
time to separate based on their electrophoretic mobilities and the peaks could overlap. On
the other hand, with too low of a voltage, the analysis time becomes too slow and peak
broadening can lead to overlapping peaks and larger errors in quantification of peak
intensities. Thus, voltages of 25 kV and 20 kV were probed to ensure the full separation
between SRHA and BSA, while also maintaining the integrity of their individual peaks.
A potential difference of 25 kV allowed the samples to migrate through the capillary
faster, and there was still clear separation between SRHA and BSA, so 25 kV was used as

the potential difference between the electrodes for this study.
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4.4 Application of the CE Pull-down Assay to Quantify Formation of

Multi-Adsorbate Coronas
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Figure 21. Characteristic electropherograms obtained from the pull-down assay. Electropherogram
plotting the absorbance at 214 nm for a mixture of 60 mg L.! SRHA and 1 pM BSA prepared in 10
mM sodium bicarbonate (pH 7.0) buffer (control) and the same mixture in the presence of 40 mg
L1 10 nm AgNPs after the pull-down procedure (10 nm AgNPs).

With the optimization of the CE conditions completed, preliminary studies were
conducted to evaluate how adsorption of BSA was mediated by the addition of SRHA
into the system. BSA was incubated with pre-concentrated AgNPs of different sizes with
and without SRHA competitively mixed in solution. All values of % BSA bound were
normalized against a control sample of just BSA in sodium bicarbonate buffer or a
mixture containing just BSA and SRHA in the same buffer to account for non-specific
adsorption to the plastic Eppendorf tubes used for overmnight sample incubation (Figure
21). Across all AgNP sizes, BSA adsorption to AgNPs slightly decreased with the
addition of SRHA (Figure 22A). This indicates that there is binding of both adsorbates

onto the AgNP surface, and some binding sites are blocked by adsorption of SRHA,
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Figure 22. % BSA bound mediated by competitive addition of SRHA. (A) Percentage of BSA
adsorbed to AgNPs in the absence or presence of SRHA determined by the CE pull-down assay.
The percentage of BSA bound was determined for solutions of 40 mg L! 10, 20, and 40 nm
AgNPs incubated with 1 uM BSA alone (BSA only) or a mixture of 1 uM BSA and 60 mg L
SRHA. (B) Effect of competitively adding SRHA in % BSA bound for 10, 20 and 40 nm AgNP
solutions.

lowering the % bound of the BSA. In addition, with the addition of SRHA into the
system, denaturation of the unbound BSA, which was shown in CD analyses, could have
altered it to a state now unable to bind to AgNP surfaces. The change in % BSA bound
after addition of SRHA was also calculated through comparison of the BSA only system
and the system with competitive addition of BSA and SRHA (Figure 22B, Table AS8).
Although 10 nm AgNPs had the largest % BSA bound in the system, they also had the
smallest change in % BSA bound after addition of SRHA into the system. There was an
increase in change in % BSA bound for 40 nm AgNPs and the 20 nm AgNPs had the
largest change in % BSA bound. The small initial % bound of the 20 nm and 40 nm
AgNPs could have skewed the change in % BSA bound. But the larger change in % BSA
bound for the 20 and 40 nm AgNPs is in great agreement with the observation from the
qualitative analyses: larger AgNPs have a higher binding affinity for SRHA, while 10 nm

AgNPs favor BSA binding.
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Overall, the pull-down assay was shown to effectively probe multi adsorbate
systems by indicating a change in % BSA bound when SRHA was added into the system.
The results from the quantitative analyses aligning well with the qualitative observations
is a good indicator of validation for this novel technique, and hopefully the pull-down assay
can be used to probe binding activity of different, more environmentally relevant proteins

with the AgNPs in the future.
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Chapter V: Conclusions and Future Directions

As aforementioned, protein coronas greatly alter AgNP behaviors within an
organism or an ecosystem, including their adsorption, distribution, biotransformation and
fate.?? Protein coronas have asserted themselves as major constituents in treating diseases
in medical settings, such as assisting in drug delivery,? inducing apoptosis in cancer cells,
and allowing interactions with other cellular sites that bare AgNPs cannot access.”®
AgNP-PCs can evade the immune system by having the corona be constituted of specific
proteins that are prevalent in the body and would help the AgNPs circumvent
opsonization. By loading ligands that specifically bind to target cells of concern, AgNP-
PCs can also be used to deliver drugs to target cells.? While studies indicate that the
structure of the NPs itself also seems to have an impact on the ability to evade the
immune system of the NP-PC complex that follows,”> protein composition of the PC is
deemed to most significant factor. Thus, development of quantitative analyses that can
enhance our understanding of these corona structures is essential.

In this work, two novel CE techniques, NECEEM and the pull-down assay, were
developed and validated for quantitative analyses on both single and multi-adsorbate
systems. Qualitative analyses —namely, DLS and CD — were also employed to provide
adequate support for results obtained through the quantitative analyses. The primary
findings are, in accord with previous literature, the size of the AgNP directs their
reactivity with adsorbates, with specific sizes favoring one adsorbate over the other.
Further, an interesting finding from this work was the altered binding behavior and

changes in secondary structure of BSA induced by the addition of SRHA into the system.
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In the foreseeable future, optimization of NECEEM conditions to analyze SRHA-
AgNP complexes will have to be performed to compare with UV-Vis Langmuir
isotherms to further validate the NECEEM technique. More work on the SRHA portion
of the pull-down assay will also have to be performed to study how its binding behaviors
are altered by BSA. Moreover, the pull-down assay has only been applied to competitive
binding scenarios to date, so future work will seek to quantify the effects of sequential
additions of BSA and SRHA on their binding affinity. Results from qualitative analyses
suggest some changes to the structure of the corona depending on the adsorption
conditions with some conditions leading to the formation of compact coronas and others
leading to AgNP aggregation. To affirm these hypotheses, all samples studied in the
single and multi-adsorbate scenarios will be imaged with TEM to visualize the corona.
Then, the TEM images will be correlated with DLS size data obtained through this work
to further investigate corona formation mechanisms qualitatively.

Other studies in the literature have shown that the adsorption of proteins onto the
AgNP surface can restructure the surface chemistry of AgNPs, possibly opening binding
sites previously inaccessible.?** Thus, once the pull-down assay is fully optimized, a
natural extension of this work would be its application to complex coronas containing
more than two adsorbates. Specifically, with a focus on the application of AgNPs in
medicine, more biologically relevant proteins can be studied to understand how binding
behaviors are mediated through protein-protein interactions. For example, serum proteins
such as fibrinogen, human serum albumin, immunoglobulin G and a2HS glycoprotein,
could be useful to study due to their different sizes, charge, and functions. Interestingly,

fibrinogen and immunoglobulin G were recently shown to work cooperatively to adsorb
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to NP surfaces.?® The pull-down assay could provide interesting insights to this PC

system.
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Appendix

Table Al. Hydrodynamic diameter measurement values obtained by the DLS for single adsorbate

systems.
Conditions AgNPs only (nm) AgNPs + BSA (nm) | AgNPs +SRHA (nm)
10 76 £ 10 52x1 593
daaw | o 39.240.1 48 + 20 46+ 8
(nm)
40 520x04 44+2 4915

Table A2. PDI measurement values obtained by the DLS for single adsorbate systems.

Conditions AgNPs only AgNPs + BSA AgNPs + SRHHA
10 0.3+0.2 0.43 + 0.02 0.38 + 0.05
dagwe | 0.4250 + 6E-4 0.47 + 0.04 0.44 + 0.02
(nm)
40 0.260 + 0.001 0.42 + 0.09 0.40 + 0.04

Table A3. Zeta potential measurement values obtained by the DLS for single adsorbate systems.

Conditions AgNPs only (mV) AgNPs + BSA (mV) AgNIE?};,?RHA
10 40 %2 37+ 4 2371405
dagwe | 5 4341 3241 2383+ 0.4
(nm)
40 42 +1 23242 239+3
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Figure Al. DLS size distributions for all single adsorbate conditions. Size distributions of pure
AgNP (AgNP), AgNP with 60 mg L' SRHA (SRHA) and AgNP with 1 uM BSA (BSA) for (A)
10 nm, (B) 20 nm, and (C) 40 nm AgNP solutions. Samples were prepared in pre-concentrated
(40 mg L'1) AgNP solutions.
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Figure A2. CD spectra of control samples only containing 60 mg L™ SRHA in 10 mM sodium

bicarbonate (pH 7.0) buffer (SRHA), and each of the pre-concentrated 10, 20, and 40 nm AgNPs
(40 mg L.
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Table A4. CD o-helicity values calculated for all multi adsorbate conditions using equation 8.

Conditions | BSA only (%) Comp (%) Seq 1 (%) Seq 2 (%)
0 41.4+0.3 24+1 - -
10 41.3+0.8 23 0+1 2+3
dAsNP
(am) 5y 3941 94 B 0+1 0+1
40 409+ 0.7 4+1 2+3 3+5
®5 200 nM © 54 300 nM
oM 4 20M | 700
— 50 nM — —
2 2 :
E E E 3
g 2 gv 2 %‘ 2] |
<§' § (:Z (ﬁ o I
0 \l\
-2 . 0 e
0 2 6 8 2 4 8 0 4 6 8
Time (min) Time (min) Time (min)

Figure A3. Representative NECEEM electropherograms. Representative NECEEM

electropherograms of (A) 10 nm (B) 20 nm and (C) 40 nm AgNPs in solution with varying
concentrations of BSA, as indicated, in solution.
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Figure A4. DLS size distributions for all multi adsorbate conditions. (Top) Effect of 60 mg L™
SRHA on the diameter of (A) 10 nm (B) 20 nm (C) 40 nm AgNPs. (Bottom) Effect of 1 uM
BSA on the diameter of (D) 10 nm (E) 20 nm (F) 40 nm AgNPs. AgNP denotes AgNPs prepared
alone, (BSA and SRHA) denotes AgNPs prepared with either adsorbate, comp denotes AgNPs
prepared simultaneously with SRHA and BSA, seq 1 denotes AgNPs sequentially incubated with
BSA followed by SRHA, and seq 2 denotes AgNPs sequentially incubated with SRHA followed
by BSA. All solutions contained 40 mg L™ AgNPs in 10 mM sodium bicarbonate buffer solution

(pH 7.0).

Table AS5. Hydrodynamic diameter measurement values obtained by the DLS for multi adsorbate

systems.
Conditions Agl\(]:;;) g Comp (nm) Seq 1 (nm) Seq 2 (nm)
10 76 £10 3543 49.1+£0.3 483.1+£0.1
daaw | oo | 303401 5246 46 10 41.140.1
(nm)
40 529104 4291 0.7 150 £ 40 75x 16
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Table A6. PDI measurement values obtained by the DLS for multi adsorbate systems.

Conditions AgNPs only Comp Seq 1 Seq 2
10 031+0.2 0.42 £0.03 0.278 £ 0.003 0.279 £ 0.005
dagnp
(nm) 20| 0.4250 £ 6E-4 0.491 £ 0.005 0.47+£0.02 0.44+0.01
40 1 0.260 £0.001 0.43 £0.08 0.22+0.03 0.27+£0.09

Table A7. Zeta potential measurement values obtained by the DLS for multi adsorbate systems.

AgNPs only

Conditions (mV) Comp (mV) Seq 1 (mV) Seq 2 (mV)
10 41 +2 34+1 3342 38.84+0.7
dagwe | o -42.5+0.8 3442 34.440.8 35+1
(nm)
40 42+ 1 39+ 1 348403 35+1
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Figure AS. Full UV-Vis spectra runs spanning 300 to 600 nm for all multi adsorbate conditions.
(Top) Effect of 60 mg L' SRHA on the diameter of (A) 10 nm (B) 20 nm (C) 40 nm AgNPs.
(Bottom) Effect of 1 uM BSA on the diameter of (D) 10 nm (E) 20 nm (F) 40 nm AgNPs. AgNP
denotes AgNPs prepared alone, (BSA and SRHA) denotes AgNPs prepared with either adsorbate,
comp denotes AgNPs prepared simultaneously with SRHA and BSA, seq 1 denotes AgNPs
sequentially incubated with BSA followed by SRHA, and seq 2 denotes AgNPs sequentially
incubated with SRIA followed by BSA. All solutions contained 4 mg L™ AgNPs in 10 mM

sodium bicarbonate buffer solution (pH 7.0).

Table A8. % BSApouna from pull-down assay and computed change in % BSApound.

Conditions BSA only (%) BSA + SRHA (%) A % BS Abound (%0)
10 44+3 3143 15.0

dagnp
20 8§x3 2x1 70.5

(nm)
40 1.1 £0.38 07205 40.0
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