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Abstract

Due to their widespread incorporation into a range of biomedical and consumer products, the
ingestion of silver nanoparticles (AgNPs) is of considerable concern to human health. However,
the extent to which AgNPs will be modified within the gastric compartment of the gastrointestinal
tract is still poorly understood. Studies have yet to fully evaluate the extent of physicochemical
changes to AgNPs in the presence of biological macromolecules, such as pepsin, the most
abundant protein in the stomach, or the influence of AgNPs on protein structure and activity.
Herein, AgNPs of two different sizes and surface coatings (20 and 110 nm, citrate or
polyvinylpyrrolidone) were added to simulated gastric fluid (SGF) with or without porcine pepsin
at three pHs (2.0, 3.5, and 5.0), representing a range of values between preprandial (fasted) and
postprandial (fed) conditions. Rapid increases in diameter were observed for all AgNPs, with a
greater increase in diameter in the presence of pepsin, indicating that pepsin facilitated AgNPs
aggregation. AgNPs interaction with pepsin only minimally reduced the protein’s proteolytic
functioning capability, with the greatest inhibitory effect caused by smaller (20 nm) particles of
both coatings. No changes in pepsin secondary structural elements were observed for the different
AgNPs, even at high particle concentrations. This research highlights the size-dependent kinetics
of nanoparticle aggregation or dissolution from interaction with biological elements such as
proteins in the gastrointestinal tract. Further, these results demonstrate that, in addition to mass,
knowing the chemical form and aggregation state of nanoparticles is critical when evaluating
toxicological effects from nanoparticle exposure in the body.

Introduction

Engineered nanoparticles are used in a wide variety of consumer, industrial, pharmaceutical,
and biomechanical products because of their unique physical properties.1=3 In particular,
silver nanoparticles (AgNPs) have gathered interest as potential antimicrobial agents in
consumer products (i.e. clothing and food packaging) owing to the ability of the silver ions
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(Ag™) released from the particle to penetrate the bacterial cell wall.*% As AgNPs are
incorporated into more consumer products, ingestion of AgNPs, either accidentally or from
the deliberate incorporation into food-related products, is likely to increase. However, the
toxicity of AgNPs remains a controversial issue. While exposure of different cell lines to
AgNPs to has been shown to induce varying degrees cytotoxicity,”19 /7 vivo studies have
shown inconsistent results.11-13 Nonetheless, only limited research has examined
modification of AgNPs within the gastrointestinal (GI) tract.14-17 A limitation of most in
vitro toxicological studies is the direct use of laboratory generated or commercially available
nanoparticles, without consideration of the potential for AQNPs to be modified during
passage through the stomach.® Physicochemical characteristics, including size, surface
charge, coating, and agglomeration state will affect how nanoparticles interact with one
another.1® More importantly, these physical characteristics can affect the interaction with
biological moieties, such as proteins, within the body. Therefore, characterizing the extent of
dissolution or aggregation of ingested nanoparticles is essential for directing and prioritizing
future toxicological studies of nanoparticle-related exposure.*

When a nanoparticle is introduced into biological media, a protein corona quickly forms
around the nanoparticle, an interaction dependent upon the surface properties of both the
biomolecules in the media and the nanoparticles.20 21 The layers have been termed the
“soft” corona, consisting of loosely bound proteins, and the “hard” corona, consisting of
tightly bound proteins.22-25 The formation of a protein corona is a dynamic process;
adsorption and desorption of proteins occurs as the nanoparticle is transported through the
media.26: 27 The proteins with the highest binding affinity will preferentially bind and form
the hard corona, which subsequently can be characterized via analytical methods.26: 27 It is
the presence of these biological components within the hard corona that are of the greatest
interest, as these can either directly or indirectly modify the bioreactivity of the particle.28
For example, the adsorption of proteins to the nanoparticle interface has been shown to
modify protein function, by either inhibiting enzymatic activity or inducing conformational
changes.2%-31 This structural rearrangement has the potential to prevent binding to target
receptors or may trigger an immune response in the body, thereby enhancing nanoparticle
toxicity.32 Furthermore, the composition of the corona has been shown to modulate cellular
interactions, including membrane affinity, uptake, and retention of nanoparticles,33-3%
Ultimately, changes in nanoparticle reactivity can affect signalling pathways that may lead to
altered cellular function.22: 27. 33 Therefore, understanding the extent of the nanoparticle-
protein interaction and subsequent changes to the protein structure are essential for assessing
biological alterations due to exposure.

The high salt content and acidity of the Gl tract have great potential to drastically alter the
physicochemical properties of AgNPs after ingestion, but limited research examining these
processes in model systems has been conducted.14-17 In high salt synthetic biological fluids
silver nanoparticles have been shown to undergo physical transformations resulting in
aggregation or dissolution.3¢: 37 Previous studies have shown that exposure of AgNPs to
simple simulated gastric fluid (SGF) can modify aggregation state, zeta potential, and
morphology.38-41 These changes can occur within seconds to minutes after exposure, via the
immediate release of small amounts of Ag*, followed by the precipitation of AgCl with
excess ClI~, and subsequent aggregation of AgNPs through Van der Waal’s attraction.!
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Thus, in this inorganic only system, AgNPs appear primarily in aggregated form, with low
Ag™ concentration present. Nanoparticle transformations studied through changes in pH,
salts and enzymes will provide a greater understanding and ability to interpret toxicity data
from Jin vitro and in vivo studies.

While studies using simple gastric media formulations have provided insight into
mechanistic processes regarding transformations of AgNPs,14-16 they lack biological
macromolecules, specifically the protein component, which represent an important aspect of
physiologically relevant conditions. Previous /in vitro research has indicated that
nanoparticles can be taken up into intestinal epithelial cells via macropinocytosis or
endocytosis.*2 43 Yet, it remains unclear whether these nanoparticles reach the intestine in
dissolved ionic (Ag*) or nanoparticle form.#4 Dissolution studies of AGNPs in SGF with
porcine pepsin have observed increases in the hydrodynamic diameter attributed partially to
the formation of a protein corona, though the relative importance and characteristics of
corona formation were not investigated.1”- 45 Both studies suggested that the pepsin corona
may protect AgNPs from the acidic environment of the stomach, which was proposed to aid
the particles in reaching the intestine at their initial size. Given the complexity of
nanoparticle modifications in the Gl tract and the influence of a protein corona,
understanding the interaction between pepsin and silver nanoparticles is essential for
ultimately deciphering the cause of toxicity.

In this study, two sizes of AgNPs with two different coatings (20 nm and 110 nm citrate and
polyvinylpyrrolidone (PVP)-coated) were exposed to SGF with and without proteins to
determine the modification of AgNPs and properties of the protein corona. The SGF was
prepared at three different pH levels (fasted pH 2, late fed pH 3.5, and early fed pH 5),
which represent a range of values between the prandial and post-prandial conditions. SGF
with pepsin (SGF-P), the primary proteolytic enzyme in the stomach, was observed to
immediately influence the size distribution of the nanoparticles, indicating rapid protein
corona formation and a greater increase in diameter over a 60 minutes than for SGF without
pepsin. Furthermore, the influence of AgNPs on the protein itself was explored by assessing
the effect on protein catalytic activity and conformational structure.

Experimental

Materials

Four AgNPs were evaluated in this study, including citrate-coated 20 and 110 nm (C20 and
C110), and PVP-coated 20 and 110 nm (P20 and P110) particles each containing a 7 nm
gold core (Nanocomposix, Inc.). The AgNPs were stored in stock solutions of 1 mg mL™1 at
4 °C in the dark. Initial characterization for the AgNPs was provided by the Nanoparticle
Characterization Laboratory (NCL), with additional characterization reported in recent
literature in which these particles were utilized.12 14 This characterization included
transmission electron microscopy (TEM), ultraviolet-visible spectroscopy (UV-Vis),
dynamic light scattering and zeta potential (DLS and ZP), nanoparticle tracking analysis
(NTA), and inductively coupled plasma mass spectrometry (ICP-MS). The initial sizes and
zeta potentials of each type of the AgNPs in MilliQ water (18 MQ) were confirmed using
NTA and DLS/ZP prior to use in this work, at 31.8 nm for C20, 28.5 nm for P20, 113.1 nm
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for C110, and 106.9 nm for P110 (Table S1). Manufacturer concentrations were reported as
1 mg/mL and precise silver mass concentrations from NCL are given in Table S1.

Simple SGF was prepared using 34.2 mM NaCl (Sigma Aldrich) in 37% w/v HCI (Sigma
Aldrich, Inc.) and MilliQ water (18 MQ).6 The SGF pH was adjusted to 2.0, 3.5, and 5.0
using HCI, and was monitored with a pH meter (Mettler Toledo FE20). The SGF was then
filtered through a 0.22 um polyethersulfone filter membrane (Corning Life Sciences,
Tewksbury, MA). Porcine pepsin (Sigma Aldrich, Inc.) was used to represent stomach
protein, and was added in a concentration of 0.19 mg mL~! to the SGF, referred to as SGF-P,
approximately 45 minutes prior to experiments. This concentration of pepsin was chosen
because the pepsin concentration in the human fasted state ranges from 0.11 to 0.22 mg
mL-1.47

Dissolution Apparatus

The United States Pharmacopeia Apparatus 2 (USP 2) is a standard method used in
pharmaceutical testing to evaluate the dissolution properties of orally administered solid
dosage forms (Figure 1).%6 Its simple design, consisting of a vessel and paddle, makes it
easy to use and appropriate for quality control and research and development purposes.*8
Literature values for the volume of liquid in the stomach have been recorded to range from
18 — 54 mL in the fasted condition,*® while averaging 250 mL in the fed condition.>® Due to
the small volume within the stomach, a USP 2 mini vessel of 150 mL (72600573, Hanson
Research), the smallest available, was used. To mimic movement and digestion within the
stomach, a PTFE-coated mini paddle (72800460, Hanson Research) was inserted into the
vessel and rotated using a motorized stirrer (EW-50006-01, Caframo Limited) at a constant
65 rotations per minute (RPM), a speed within the range of USP 2 recommendations (50 —
75 RPM).%6 The vessel was placed in a glass aquarium containing water, an immersion
heater (Cole Palmer), and Techne™ hollow plastic balls (Fischer Science), which were used
to maintain a constant temperature of 37 °C, normal human body temperature. Prior to
experiments, the SGF and SGF-P were allowed to warm and mix in the USP 2 apparatus for
45 minutes prior to the addition of AgNPs. Additionally, SGF-P at each pH was
characterized in the NTA prior to each trial and over a 2 hour time period to ensure that the
pepsin was not significantly changing the size distribution through aggregation without
AgNPs (Figure S1). The concentration of AgNPs added to the vessel was determined based
on the particle concentration (particles mL™1) range of the NTA and was between 108 and
109 particles mL~1 in a volume of 25 — 75 pL, of the stock solutions of AgNPs, depending
on the size of the initial AgNPs.

Nanoparticle Tracking Analysis

Nanoparticle tracking analysis (NTA) was used to assess change in the hydrodynamic
diameter of AgNPs over the course of one hour after introduction to SGF or SGF-P within
the USP 2. The NanoSight LM10 used in this study and the theory behind its operation has
been described elsewhere in detail >1-55 Briefly, the LM10 was equipped with a 20x
objective microscope and a 405 nm laser diode module. The laser is directed into a 350-L
sampling chamber and light scattering from nanoparticles is captured with a high sensitivity
SCMOS camera at 30 frames per second. This set up is capable of detecting particles within
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the size range of 10 — 1000 nm. Particle displacement due to Brownian motion is converted
using the Stokes equation to hydrodynamic diameter.56

At time points of 1, 10, 30, and 60 minutes after AgNPs were introduced, 1 mL aliquots
were extracted from the vessel and injected into the LM10 sampling chamber using a
syringe pump (NTA1014 NanoSight), which allowed for greater precision in determining the
hydrodynamic diameters of AgNPs due to steady sample flow. All samples were measured
within 5 minutes of extraction from the vessel. The measurement for time zero for all
AgNPs was performed separately in MilliQ water due to the rapid modification of the
nanoparticles in the SGF. To determine average size distributions, 10 videos of 30 seconds
each were captured for a total of 300 seconds at each sampling time point. Videos were
batch analyzed using the NTA 3.0 (Build 60) software and plotted to obtain the peak mode.

Transmission Electron Microscopy

A JEOL 3011 TEM was used to collect high resolution images of each of the AgNPs after
reaction in SGF-P at the different pHs. After 10 minutes of AgNPs reacting in SGF-P, a 10
pL droplet was extracted and deposited onto a carbon -coated 200-mesh copper TEM grid
(Ted Pella, Inc.) and allowed to coat the grid for 20 minutes. After which, excess liquid was
wicked away using a Kim-wipe and the grid was quickly dip-rinsed in MilliQ to remove any
remaining acidic media. Grids dried for 24 hours prior to collecting images. The JEOL 3011
was operated at 1.5 x 10~/ Pa and at an accelerating voltage of 100 kV. Images collected
from the JEOL 3011 were processed using ImageJ version 1.48 (http://imagej.nih.gov/ij/)
and projected area diameters were calculated from measured particle perimeter.

UV-Vis Spectroscopy

A UV-Vis spectrometer (Cary 50; Agilent Technologies) was used to assess the modification
of the AgNPs by pepsin and formation of complexes between pepsin and AgNPs. For
assessing modification of AgNPs by pepsin, a 100 pg mL~1 sample of stock solution was
added to 10 mL of each SGF or SGF-P (containing 1 mg mL~1 of pepsin) and incubated at
37 °C in a water bath. After 10 minutes, samples were removed from the bath and a 2.5 mL
aliquot was used for absorbance measurements. Spectra were collected in the range of 300 —
800 nm in a 1 cm path length quartz cuvette. To monitor the formation of pepsin-AgNP
complexes, a 100 pg mL~1 sample of the stock solution of AgNPs was added to 10 mL of
SGF-P (containing 0.19 mg mL~! of pepsin) and incubated in a water bath for 10 minutes at
37 °C. After 10 min, 2.5 mL of sample was extracted and absorbance measurements were
recorded from 200 — 360 nm in a 1 cm quartz cuvette. Initial background absorbance of SGF
was used to blank the spectrometer for each experiment and all experiments were run in
triplicate.

The Anson method was used to assess the change in pepsin catalytic activity in the stomach
upon introduction of the AgNPs.5” Three different concentrations (10, 50, and 100 pg mL™1)
of C20, P20, C110, P110, and AgNO3 were used. Each was mixed individually in a solution
of HCl at pH 2 containing 0.5 mg mL™1 of pepsin. The mixtures were then incubated for 10
minutes in a water bath at 37 °C. Following the first incubation, a 1-mL aliquot of bovine
hemoglobin (Sigma Aldrich, Inc.) was added to the mixture and allowed to incubate for 10
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minutes, after which, the reaction was terminated by adding 2 mL of 5 % trichloroacetic
acid. Upon termination, the mixture remained in the water bath for 5 minutes. After this
time, a 2-mL aliquot of the mixture was extracted and centrifuged (Baxter Scientific
Products, Biofuge A) at 5,000 RPM for 5 minutes. The supernatant was collected and placed
in a 1 cm quartz cuvette and absorbance at 280 nm was measured using the UV-Vis
spectrometer. Initial background absorbance of the pH 2 HCI solution was used as a blank
and pepsin alone was used as a control. Experiments were repeated in triplicate and data are
presented as percentage of control:

Sample Asgg — Control Asgg
Control A280

x 100

Circular Dichroism of Pepsin

Results

Circular dichroism (CD; Jasco CD J-1500 spectrometer) was used to assess changes in
pepsin secondary structure in the presence of C20, P20, C110, and P110. Concentrations of
100, 200, and 500 pg mL~1 of each of the AgNPs were added individually to a mixture
consisting of 1 mg mL~1 pepsin and HCI at either pH 2 or 5. Upon addition of AgNPs, the
media was incubated at 37 °C in a water bath for 60 min. After incubation, the mixtures
were removed and centrifuged at 12,000 RPM for 20 min. Approximately 500 L of the
supernatant was removed from the mixture, and the pellet was resuspended in 10 mM HCI.
The concentration of pepsin was confirmed using UV-Vis spectroscopy with the Beer-
Lambert law using a molar extinction coefficient for pepsin of 51,300 cm=1 M~1,58. 59

CD spectra were recorded in a 1 cm quartz cuvette from 190 — 250 nm. The scanning speed
was set at 50 nm min~1 for 3 accumulations. Data was converted into mean residual
ellipticity (MRE; deg-cm? dmol~1) and analyzed using CDPro software (http:/
lamar.colostate.edu/~sreeram/CDPro/main.html), which was available online to examine
protein structure using CD. SDP48 was selected as the reference set because of the inclusion
of both soluble and denatured proteins.f0 The fractions of the structural elements outputs for
the Continll program were summed together. For the statistical analysis, p-values were
calculated for pepsin activity decrease at the 95% confidence interval assuming a normal
distribution.

Size Distributions of AgQNPs in SGF using NTA

The size distributions collected using the NTA for C20, P20, C110, and P110 in SGF pH 2,
respectively, is shown in Figure 2a—d. Figure 2e—h shows size distributions for C20, P20,
C110, and P110 in SGF-P pH 2. In SGF pH 2, C20 and P20 more than double their
diameter, growing by 55 nm and 47 nm after 1 minute (Table S1 and S2). In contrast, the
C110 and P110 show a relatively small growth in diameter, by only 19 nm and 29 nm,
respectively. The growth in diameter of the AgNPs in SGF over 60 minutes was observed to
decrease with increasing pH. In SGF-P pH2, there was an immediate growth for each AgNP
to even larger diameters when compared to the corresponding SGF. To more easily see the
change in diameter of the AgNPs as a function of time, Figure 3 shows the peak mode
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diameter (log-normal fit) versus time for C20 (Figure 3a), P20 (Figure 3b), C110 (Figure
3c), and P110 (Figure 3d). The C20 and P20 underwent the greatest growth within the first
minute in SGF-P pH 2, indicating aggregates of roughly ~100-200 particles. C20 and P20
then appeared to reach equilibrium, whereas in SGF pH 2 they had a slower (though still
rapid) initial growth followed by gradual growth over the 60 minute period. Again, the
observed growth for C110 and P110 was much less than that of the 20 nm AgNPs. For all
four AgNPs, greater growth was observed in the presence of pepsin. The C20 was observed
to grow more in diameter after incubation in SGF and SGF-P pH 2 when compared to P20,
and both 20 nm particles are observed to grow by 55 — 67 % more than the 110 nm particles
in either media. These results indicate that the increase in the diameter of the AgNPs was
dependent on the initial particle diameter, not the surface coating.

TEM images were collected for each type of the AgNPs in SGF-P at all pHs after 10
minutes of incubation (Figure S2). This time point was chosen because very little change in
diameter was observed after this point. The TEM images show aggregation at the initial time
point most likely due to drying prior to imaging and when under the vacuum of the SEM.
The C20 and P20 showed large (> 10 particles) agglomerates and single isolated particles
were rarely observed. The C110 and P110 were also aggregated, though less so than the C20
and P20, and individual particles were easier to locate on sample TEM grids. These images
indicated that there were minimal changes in initial primary particle diameter, due to
dissolution of the Ag metal to Ag*, within the larger aggregate (Figure 4). This was
determined by measuring the projected area diameters for individual AgNPs with in the
aggregate using Image-J. The primary particle diameter is then compared with initial NCL
characterization. Only C110 could have a real difference in primary particle size, but has
limited statistics due to experimental difficulties. Ultimately, these results indicate the
AgNPs, and in particular the 20 nm AgNPs, retain their initial diameter when added to SGF-
P and do not dissolve to form Ag* in appreciable quantities.

Physical changes to AgNPs characterized using UV-Vis

To determine the influence of pepsin on the physical properties of the AgNPs, each of the
AgNPs were individually incubated for 10 minutes in SGF and SGF-P at all pHs, and their
absorbance was measured using a UV-Vis spectrometer (Figure 5). Images were collected of
each sample to visually show the colour and indicate the change in absorption. In water, C20
and P20 each had a large peak in absorbance present at 405 and 395 nm, respectively. This
was due to their localized surface plasmon resonance (Figures 5a-b, respectively) and
correlated with initial NCL characterization. In addition to this, P20 had a second peak
around 600 nm. In SGF, both the C20 and P20 peaks were observed to decrease in intensity
with decreasing pH. Additionally, in SGF pH 2 the C20 peak at 405 nm was no longer
observed. For both C20 and P20 in SGF-P at all pHs, there was a drastic decrease in
absorbance intensity and a red shift of the higher intensity (~400 nm) peak. There was also
the emergence of a lower intensity peak around 605 nm, indicating both aggregation and
increased particle diameter.51: 62 “Manna, 2001 #583” In water, C110 and P110 both showed
two peaks in absorbance at 410 and 508 nm (Figure 5c), and 410 and 509 nm (Figure 5d),
respectively. In the SGF at all pHs, there was a complete absence of the absorbance at 508
nm for C110. In the presence of pepsin, however, these peaks remained for C110, but each
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showed a slight broadening and decrease in intensity. In both cases with and without pepsin,
the C110 absorbance did not appear to be greatly influenced by pH. In contrast, both P110
absorption peaks were observed to decrease in intensity with decreasing pH down to pH 3.5,
irrespective of the presence of pepsin. In SGF and SGF-P pH 2, these two peaks were
observed to broaden and have a large decrease in intensity when compared to other pHs. The
presence of pepsin was observed to influence the spectral properties of each type of AgNPs,
with the greatest effect on the smaller, C20 and P20 particles. This indicates that pepsin was
interacting with each of the AgNPs over the range of pHs and forming pepsin-AgNP
complexes.

In order to study changes in pepsin tertiary structure, UV-Vis spectra were collected from
200 — 360 nm, a range where pepsin absorbs, after a 10 minute incubation with each of the
AgNPs at all pHs (Figure S3). The initial UV-Vis spectrum for pepsin in water showed a
maximum absorption in the region from 275 — 280 nm, which is primarily due to the
aromatic amino acids, tryptophan, and tyrosine, with some contribution from cysteine
residues.83-85 Upon addition of the AgNPs with SGF-P, there was an observed decrease in
absorbance for all four AgNPs, with very minor blue shifts in the absorbance peak. No clear
trend was observed as a function of pH. These modifications in absorbance represent tertiary
structure changes of pepsin via transformation of the microenvironment of the residues.6
Incubation with C20 showed the greatest decrease in absorbance.

Influence of ANPs on Pepsin Secondary Structure

To assess changes in pepsin secondary structure upon the introduction of AgNPs, circular
dichroism (CD) spectra were collected in the far-UV region from 190 — 250 nm (spectra in
Supplemental Information, Figure S4). The calculated percentages of secondary structural
elements are given in Table S3. Pepsin is a f-sheet-rich protein, which also has a significant
amount of disordered structure.83: 87 After a 60 minute incubation in SGF-P pH 2 and pH 5
mixtures, the fractions of secondary structural elements did not change beyond + 1%,
indicating the AgNPs did not induce significant changes in secondary structure.

Influence of AQNPs on Pepsin Catalytic Activity

The potential for altering the biochemical activity of pepsin was assessed, since the AgNP-
pepsin interaction was shown to influence pepsin’s tertiary structure. After a 10 minute
incubation with each type of the AgNPs, moderate decreases in pepsin catalytic activity
were observed (Figure 6). These decreases in activity were observed in a dose-dependent
manner, with C20 and P20 exhibiting greater potential inhibition. Based on manufacturer
specifications from Nanocomposix, the concentrations of nanoparticles (0.09, 0.46, and 0.93
pmol) corresponded to 2.3 x 1013, 4. 6 x 1013, and 1.15 x 1014 particles mL~1 for C20 and
P20, and 1.0 x 1019, 3.0 x 1010, and 7.0 x 1010 particles mL~2 for C110 and P110. At the
highest concentration (1:1), the C20 and P20 reduced pepsin activity by approximately 20%,
whereas C110 and P110 reduced pepsin activity by 13% and 10%, respectively. At the
highest concentration of AgNO3, there was minimal reduction of pepsin activity,
approximately 5%. Interestingly, Ag* ions have been shown to preferentially interact with
sulfhydryl groups in the cysteine residues of proteins and can subsequently inhibit enzymatic
activity.58: 69 However, the decrease in activity due to Ag* ions is less than for all AgNPs,
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suggesting that interaction with the sulfhydryl groups does not have as large of an effect on
activity as binding to the nanoparticle within the protein corona. Overall, the results
indicates that the AgNPs have a greater inhibitory effect on pepsin catalytic activity than
Ag* ions.

Discussion

Size, surface coating, and GI media components can greatly influence physicochemical
transformations of AgNPs within the GI tract. In the present study, changes in the size
distribution of four different AGNPs in SGF and SGF-P at three pHs were evaluated over a
60 minute period using a USP 2 dissolution apparatus. This was the first use of the USP 2
approach to study nanoparticle modification (dissolution or aggregation). With each of the
trials, the AgNPs underwent transformations dependent on the type of dissolution media and
initial characteristics of the nanoparticle. Overall, the AgNPs were observed to reach larger
diameters when added to SGF-P. The greatest increase in size occurred in the order of:
fasted (pH 2), late fed (pH 3.5), and early fed (pH 5). Within fasted media, the 20 nm
particles underwent the greatest increase in size; whereas, the 110 nm particles reached
slightly less than double their initial size. The greatest rate of growth for the AgNPs was
observed within the first minute of being added to either SGF or SGF-P, which is consistent
with our previous study of SGF over shorter time periods, which showed that particle growth
in SGF occurred rapidly on a 30 second time scale.1

AgNPs have been shown to dissolve when they are added to increasingly acidic solutions of
HNO3.36 However, when NaCl is present, a significant increase in particle size due to
aggregation has been observed.14 38-40 AgNPs are highly susceptible to aggregation in the
presence of chloride anions (CI7), which can interact with free Ag* or Ag* on the
nanoparticle surface to form insoluble AgCl.14: 70 Our previous work has proposed that this
aggregation in SGF occurs via a multi-step process: first, Ag* is generated from the acid
stripping the coating and dissolving a small portion of the metal surface, then the CI~ (which
is in excess in the stomach) precipitates with the Ag* due to low solubility (1.92 x 1074 g/
100g H,0), which forms AgCl.14 The AgCl precipitate contributes to the aggregation
process by decreasing surface charge and allowing Van der Waal’s forces to hold the
nanoparticles together as aggregates after collisions in the media.1*

Increasing the complexity of the system through the addition of pepsin to the SGF
dramatically increased the growth rate and final diameter of the AgNPs by facilitating
aggregation. Additionally, further NTA trials using fasted SGF and SGF-P indicated that
C20 and P20 remained aggregated for up to 4 hours after incubation in the gastric system
(Figures S4). Current studies of AgNPs in cell culture media have shown contradictory
results regarding the aggregation of AgNPs in the presence of proteins.”2~73 For example,
Kittler et al.”? found that interactions of AgNPs with proteins present in cell culture media
increased the degree of aggregation for AgNPs. In contrast, other studies have reported that
proteins can stabilize individual pure AgNPs against aggregation while in cell culture media,
primarily by acting as a coating agent that shields particle from modification.” 73
Modifications of the isomeric conformation of proteins, such as bovine serum albumin, have
been reported and may induce or prevent aggregation of nanoparticles.’*
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However, in gastric media of high ionic strength and low pH, aggregation has been observed
to be enhanced. Both Walzack et al.1” and Bohmert et al.#> observed large agglomerates of
AgNPs when digested in acidic gastric media with pepsin, which was attributed to bound
proteins or aggregates. Present results indicate that the addition of pepsin increased
aggregation of AgNPs in a pH-dependent manner. Changes in the gastric media acidity
influenced the electrostatic and hydrophobic interactions between the protein and the
AgNPs, such that aggregation was enhanced. UV-Vis data confirmed the influence of pepsin,
in the form of a protein corona, on the SGF-induced physical changes of AgNPs. The shifts
in peak absorbance of the AgNPs and changes in peak intensity indicated interactions
between the pepsin and AgNPs, indicative of pepsin-AgNP binding. This was consistent
with previous literature, which have shown red shifts in absorption spectra of AgNPs after
incubation with proteins.68 75

Adsorption of a protein onto a nanoparticle is a complex process, dependent on multiple
factors, including nanoparticle size, material, surface charge, as well as the protein
characteristics and the GI media used.28: 76. 77 Pepsin is the primary proteolytic enzyme in
the stomach, responsible for the degradation of peptide bonds.”8 It is secreted as a zymogen,
and in its activated form, at acidic pH levels (2-3), it has a molecular weight of 34 kDa.”®
Pepsin has been shown to form complexes with small molecules, indicated by red shifts in
wavelength and changes absorbance intensity in UV-vis spectra.2?: 63. 64 Reductions in
absorption intensity indicate that the chromophores, tryptophan and tyrosine, are less
exposed to the solvent, thus contributing differently to the adsorption coefficient.8° The
present study suggests that the absorption of pepsin to the AgNPs reduced exposure of these
chromophores in such a way that the formation of the pepsin-AgNP complex ultimately
influenced the tertiary structure of the protein.

Previous reports have indicated there are conformational changes in secondary structure
when proteins bind to or interact with nanoparticles.2?: 8. 80 Banerjee et al.3! observed a
minor change (< 8%) in secondary structural elements of the protein alpha A-Crystallin at a
stoichiometric ratio of AgNPs to protein. At ratios of excess protein to AgNPs, these shifts
in percentages were again observed to be minor (< 3%). Kakinen et al.%8 observed modest,
up to 15.4%, conformational changes in protein secondary structure after adsorption to
AgNPs, attributed to the formation of multiple layers of protein coating, with the outer
layers protecting inner one. In the present study, no significant change was observed in the
percentages of structural elements even at the highest concentration of AgNPs (6.3:1 molar
ratio of pepsin to AgNPs). Given the reductions in pepsin activity at lower molar ratios of
pepsin to AgNPs, this suggests that when pepsin binds to the AgNPs within the corona, the
secondary structure of the protein is preserved. The formation of the corona has been shown
to modify the interaction with cells and translocation in gastric and duodenal fluids,82: 82
which emphasizes the importance of understanding protein corona properties under different
conditions.83-85

The activity of a protein is highly dependent on proper conformational structure, as well as
access of the substrate to the active site. The incubation of pepsin with AgNPs showed both
a concentration and size-dependent relationship of pepsin activity inhibition. Interestingly,
C20 and P20 were observed to reduce the pepsin activity to a greater extent than C110 and
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P110. Smaller nanoparticles (<50 nm) have been shown to preferentially bind a greater
number of proteins than similar nanoparticles of larger (~100 nm) sizes, due to a greater
surface area to mass ratio.2* 6 It is also possible that since C20 and P20 have a greater
number of particles per given volume, the inhibitory effect may be in part due to a crowding
out effect.

The affinity of Ag™ ions for thiol groups in proteins has been reported in several
studies.87-89 Since Ag* ions have previously been reported to inhibit enzyme activity via
interaction with cysteine residues, pepsin was incubated with AgNO3.%8: 62 Only minor
reductions in activity were observed. Pepsin has two aspartic residues, Asp32 and Asp215,
within the catalytic site, as well as 6 cysteine residues within the entire protein.?0-92 The
substrate binding cleft is located between two homologous lobes (N-terminal lobe and C-
terminal lobe) and is protected by a B-hairpin loop.”® It is possible that these Ag-thiol
interactions can happen without altering proteolytic function, due to their distance from the
catalytic cleft. Since the nanoparticles exhibited greater inhibition than the Ag* ions, our
data suggests that the inhibition of activity was due to the physical adsorption onto the
nanoparticle, rather than conformational changes in structure from Ag* binding.

Conclusions

This study demonstrated that aggregation rates and terminal sizes of AgNPs of different
sizes and coatings were enhanced in SGF containing protein versus SGF without protein.
The presence of pepsin in the SGF was observed to lead to a significant enhancement in
aggregation of AgNPs. This aggregation occurred rapidly, within the first minute of being
added to SGF-P, and showed a pH-dependent relationship: fasted (pH 2) > late fed (pH 3.5)
> early fed (pH 5). Changes in UV-Vis absorption for each of these AgNP in SGF-P
confirmed these physical changes, and indicated the formation of a protein corona, which
was confirmed with electron microscopy analysis. The binding of pepsin to the AgNPs was
shown to induce minor shifts in protein tertiary structure, with no discernible changes in
secondary structure. At high concentrations of AgNPs, proteolytic activity of pepsin was
reduced. The higher standard deviations for the 1:1 samples run in triplicate explains the
lack of statistical significance, but would be expected to be significant were it not for
experimental challenges related to the higher AgNPs concentrations. Since changes in
pepsin secondary structure were not observed, these results suggest that the inhibition of
pepsin activity was a result of the physical adsorption of the protein onto the nanoparticle.
The studies across different pHs, and thus prandial states, indicate increased particle growth
with increasing acidity.

Future studies will expand the current artificial stomach model to contain multiple vessels
representing the fluid composition of the small intestine, as well as increasing the
complexity to more physiologically relevant conditions of the gastrointestinal tract (multiple
enzymes, surfactants, etc.). This will enable us to explore both the transformation of AgNPs
in the complex GI environment and the subsequent influence it has on the properties of the
protein corona. Ultimately, understanding the nature of these interactions within the Gl tract
can provide insight for assessing risk to downstream biochemical and cellular processes that
may be impacted from nanoparticle exposure.
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Figure 1.
The USP 2 apparatus set-up including a 150 mL mini vessel and PTFE-coated mini paddle

which are immersed in an aquarium holding water heated to 37 °C. The motorized stirrer
rotates at a constant 65 RPM during experiments. a) shows the entire apparatus, while b)
zooms in on the USP vessel. The Techne™ white plastic balls (Fischer Science) assist in
maintaining an even 37 °C across the apparatus.

Environ Sci Nano. Author manuscript; available in PMC 2017 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ault et al. Page 17

|— T=0min* — T=1min T =10 min — T =30 min — T = 60 min|

5 No Pepsin (SGF) Pepsin (SGF-P)
2x10
a) \ e) = 1x107
1 J c20 i
0 0 Q)
“e  5x10' 2
g “4qb) 9 -8
] 3 - L]
o P20 1x10 =1
s 2 i S
= 1 5
§ 0 -0 3
s ; 7 @
£ 1x10' -C) f‘ a) ~1x100 2
3 g
8 c110 i L -~
-0

2x10 _d) h}

P110

o Y
| I T
~N
-
Ai
| R B L L B
o = N WA
>
L
o
L

2 4 2 2 4
10 100 1000 10 100 1000
Hydrodynamic Diameter (nm)

Figure 2.
a) C20, b) P20, ¢) C110, and d) P110 NTA size distributions in pH 2 SGF and e) C20, f)

P20, g) C110, h) P110 NTA in SGF-P. *Time = 0 min measurement was performed
separately in MilliQ water due to the fast reactivity of the AgNPs at low pH.
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Figure 3.

The change in the peak diameter for a) C20, b) P20, c) C110, and d) P110 in both SGF and
SGF-P at pH 2, 3.5, and 5. *Time = 0 min measurement was performed separately in MilliQ
water due to the fast reactivity of the AgNPs at low pH (same as Figure 2).
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Figure 4.
Average primary particle projected area diameters determined from TEM images of a) C20,

b) P20, ¢) C110, and d) P110 after 10 minutes of incubation in SGF-P at pH 2, 3.5, and 5.
The yellow bars represent the average diameter and standard deviation from the initial NCL
characterization.
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Figureb5.
UV-Vis spectra of a) C20, b) P20, c) C110, and d) P110 after 10 minutes in SGF and SGF-P

at pH 2, 3.5, and 5. The photographs show colour changes for the particles in media when
either the pH is changed or pepsin is added.
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Mass ratio AgNP (or Ag’ for AgNO;) to pepsin:
m 11 @ 1:2 m 1:10 *

*

c20 P20 c110 P110 AgNO,

The change in pepsin catalytic activity after incubation for 10 minutes in an HCI/H,O
solution of pH 2 with C20, P20, C110, P110, and AgNO3 of three concentrations (10, 50,
and 100 pug mL™1). Activity is reported as percent of the pepsin-only control. *Indicates

values with p <

0.05 compared to those for pepsin in SGF
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