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ABSTRACT: Nanoparticles are being increasingly used in
consumer products worldwide, and their toxicological effects
are currently being intensely debated. In vitro tests play a
significant role in nanoparticle risk assessment, but reliable
particle characterization in the cell culture medium with added
fetal bovine serum (CCM) used in these tests is not available.
As a step toward filling this gap, we report on silver ion release
by silver nanoparticles and on changes in the particle radii and
in their protein corona when incubated in CCM. Particles of a
certified reference material, p;, and particles of a commercial
silver nanoparticle material, p,, were investigated. The colloidal
stability of p, is provided by the surfactants polyethylene
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glycol-25 glyceryl trioleate and polyethylene glycol-20 sorbitan monolaurate, whereas p, is stabilized by polyvinylpyrrolidone.
Dialyses of p; and p, reveal that their silver ion release rates in CCM are much larger than in water. Particle characterization was
performed with asymmetrical flow field-flow fractionation, small-angle X-ray scattering, dynamic light scattering, and electron
microscopy. p; and p, have similar hydrodynamic radii of 15 and 16 nm, respectively. The silver core radii are 9.2 and 10.2 nm.
Gel electrophoresis and subsequent peptide identification reveal that albumin is the main corona component of p; and p, after
incubation in CCM that consists of Dulbecco’s modified Eagle medium with 10% fetal bovine serum added.

B INTRODUCTION

The number of nanoparticle-based consumer products has
increased significantly over the past decade. Many products
containing silver nanoparticles are used because of the
antimicrobial properties of silver." Silver nanoparticles can be
found in textiles, refrigerators, cosmetics, dietary supplements,
etc; this makes detailed knowledge of their oral uptake,
chemical fate, and toxicity necessary.” It has to be noted that a
nanomaterial is defined by the European Commission as “a
natural, incidental or manufactured material containing
particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50% or more of the particles in the
number size distribution, one or more external dimensions is in
the size range 1 nm—100 nm”.> Due to the number-weighted
basis of this definition, we are convinced that materials easily
become nanomaterials when modified with silver nanoparticles.
This assumption is based on the fact that a small quantity of
particles by weight can produce a tremendous quantity of
particles when these particles are counted.

Despite their increasing application, there is an ongoing
controversial debate about the toxicologically relevant effects of
silver nanoparticles on human health; these effects may depend
on diverse particle characteristics, such as radius, morphology,
stabilizing agents, and surface charge. These characteristics
strongly influence certain properties, such as the adsorption
behavior of proteins to the nanoparticles and, hence, the
lifetime of these materials in human or animal body fluids.*
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When applied to in vitro models, the administered nano-
particles become dispersed in cell culture medium (CCM),
which changes the particle surfaces and associated particle—
particle and particle—cell interactions.’™” Protein adsorption
from the CCM, e.g, Dulbecco’s modified Eagle medium
(DMEM) with fetal bovine serum added, can cause numerous
changes in the physicochemical and toxicological behavior of
such nanoparticles, which thus can no longer be related to the
untreated particles. Protein adsorption onto the nanoparticle
surface normally results in the formation of so-called hard and
soft coronas of proteins around the nanoparticles.® The
structure and composition of these protein coronas depend
on the contact time and abundance of available proteins.”®
Such a corona alters, for example, the radii of the particles.
Typically, the physicochemical characterization of particles in
protein-rich media utilizes techniques such as dynamic light
scattering (DLS) and transmission electron microscopy
(TEM).>”'® However, neither of these techniques alone is
sufficient to quantify agglomeration and aggregation, because
DLS is very sensitive to a small quantity of aggregates and TEM
images often lack statistical significance.

In addition to increasing the total particle radius, proteins
substantially change the surface of nanoparticles and, therefore,
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Figure 1. Structures of the molecules that stabilize the silver nanoparticles against aggregation in suspension. p; particles are stabilized by a mixture
of the nonionic surfactants Tween 20 and Tagat TO V (top and middle structures, respectively). p, particles are stabilized by the polymer PVP

(lower structure).
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alter their interaction with in vitro cell systems. For instance,
the adsorption of bovine serum albumin (BSA) to polystyrene
nanoparticles altered the uptake of the particles by HeLa cells."!
Furthermore, a protein corona could alter the uptake and
cytotoxicity of nanoparticles dramatically.'*~'* Polystyrene
nanoparticles dispersed in the nonionic surfactant polyethylene
glycol (PEG)-20 sorbitan monolaurate exhibited a higher
affinity to cell membranes than the pristine particles at a
surfactant concentration ranging from 0.0025% to 0.05%.'°
That study pointed out that PEG-20 sorbitan monolaurate
decreased the cell viability and proliferation rate of Caco-2 cells.
Furthermore, Ahamed et al. showed that silver nanoparticles
stabilized by polysaccharides are more toxic to different cell
types than particles without these biocompatible stabilizers."®
Stabilizers not only affect the toxicity of the nanoparticles but
also the release of silver ions. Many authors claim that the
toxicity of silver nanoparticles is related to the induction of
oxidative stress, which causes apoptosis in different cell
types.'®™'® It is frequently assumed that these effects are
based only on the release of silver ions from the nanoparticles.
However, there is also evidence for a synergistic impact of
nanoparticles and ions.”'”*° These studies show that an
adequate characterization of the nanoparticles is not only
necessary for the raw material but also for nanoparticles
subjected to specific experimental conditions. Toxic mecha-
nisms of nanoparticles are influenced by many of their
physicochemical properties; the underlying mechanisms are
still poorly understood. As a consequence, we believe that it is
important to characterize the nanoparticle stock suspension and
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the particles under relevant experimental conditions in order to
be able to make adequate assumptions about the toxicity of
nanoparticles from in vitro experiments. Relevant dispersion
media are CCMs for in vitro and body fluids for in vivo studies.
If knowledge of the particle properties is given only in a pristine
state, it is nearly impossible to compare in vitro results from
different studies unambiguously. Therefore, such a character-
ization benefits from techniques that gently separate the
nanoparticles from their surrounding medium to minimize
protein-corona effects. This separation is ideally followed by a
determination of the particle diameters, e eg, DLS, small-angle
X-ray scattering (SAXS), and TEM.>'* The ion-release
properties of the particles could be measured using UV—vis
spectroscopy or dialysis.

In this report, silver nanoparticles stabilized with surfactants
were chosen for the first type of particles (p,) and with the
biocompatible polymer polyvinylpyrrolidone (PVP) for the
second type (p,). The chemical structures of the stabilizers are
shown in Figure 1. p; and p, have similar hydrodynamic radii,
Ry, of 15 and 16 nm but are assumed to display different
protein affinities due to their different stabilizers.* > Our
recent study suggests that the p, particles indeed overcome the
gastrointestinal juices in their particulate form and therefore
may interact with the intestine when entering the body through
oral administration.”” The particle suspensions were incubated
in water and CCM to investigate the influence of the
suspending media on the release of silver ions and the changes
in their structure, e.g, the appearance of the resulting
aggregates. We determined the particles’ protein corona in
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CCM by means of two-dimensional gel electrophoresis to allow
quantification of the expected corona composition.

B MATERIALS AND METHODS

Materials. Water used for all preparations was Milli-Q-grade (18.2
MQ at 25 °C). Cell culture medium used for nanoparticle dispersions
was Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum (FBS) (PAA).

The silver nanoparticles used in this study were p; (rent a scientist)
coated with PEG-25 glycerol trioleate and PEG-20 sorbitan
monolaurate. The original dispersion was diluted from a silver content
of 10% (w/w) to a stock dispersion of 2 mg silver mL™" with water.
The p, particles are available as a certified reference material BAM-
N001 (BAM). Additionally, PVP-coated spherical silver nanoparticles
p» (Nanocomposix) were used as delivered [silver concentration 1 mg
mL™" (w/w)].

Sample Preparation for Field-Flow Fractionation (FFF). Silver
nanoparticles were either mixed with CCM or water to a final
concentration of 500 ug silver mL™" and stored without light in a
heating cabinet (Heraeus Function line, Thermo) at 37 °C for 1 day.
Subsequently, the nanoparticle suspensions were filtered through a
450 nm poly(ether sulfone) (PES) filter into FFF glass vials and
measured after <5 min.

FFF Experiments. FFF data was acquired with an asymmetric flow
field-flow fractionation system from Postnova Analytics (Germany).
The system consists of an AF2000 focus system, equipped with a PN
5200 auto sampler, PN 7505 inline degasser, PN 1122 tip, and focus
pump. Inline solvent filters were placed between the pumps and the
channel to reduce background noise. The channel thickness was 500
pum, and the membrane consists of PES with a molecular weight cutoff
(MWCO) of 3500 Da. The solvent used was water, containing 0.01%
(w/v) sodium dodecyl sulfate (SDS) and 0.2% sodium azide as
electrolytes. The flow rates were controlled via AF2000 software
(Postnova). A slot-outlet function was implemented by using a
modified channel cover with an additional 13 mm port in front of the
laminar outlet port and by connecting a narrow capillary to the slot
outlet port of the FFF unit to achieve 80% slot flow as a result of
backpressure.”” The slot-outlet was applied to minimize dilution of the
particles. A UV detector (Milton Roy; detection at wavelength of 430)
was coupled directly to the channel outlet. The fractionation and
measurements were performed at 20 + 1 °C. A fraction collector
(Gilson) was additionally connected. A sample of 100 uL with a silver
content of 500 ug mL™" was injected. We used an injection time of 6
min and an injection flow of 0.1 mL min™" with a cross-flow of 1.5 mL
min~" and then an exponential cross-flow decay over 40 min to a flow
of 0 mL min~". The fractionation was started 1 min after the silver
peak occurred in the UV detector signal due to eluent run time
through the capillaries, and the procedure was repeated two times to
yield a sufficient volume of sample material.

Centrifugation. particle p, was dispersed in CCM at a
concentration of 25 ug silver mL™" and stored at 37 °C for 1 day
without light in a heating cabinet (Heraeus Function line, Thermo).
Subsequently, the dispersions were centrifuged three times with a
Heraeus 3SR+ (Thermo) at 10 000g for 20 min. Following the first
and second centrifugation, the supernatant was discarded, and the
precipitate was suspended with PBS. After the third centrifugation, 30
UL of reducing SDS sample buffer (Sigma) was used as the dispersion
medium, and the resulting fluid was heated to 95 °C for S min. After
centrifugation at 10 000g for S min, the supernatant was transferred to
a one-dimensional electrophoresis (1-DE) gel.

DLS Measurements. The DLS measurements were performed
using a Malvern Instruments particle sizer (Zetasizer Nano ZS,
Malvern Instruments, UK) equipped with a He—Ne laser (4 = 632.8
nm). The scattering data were recorded at 25 + 1 °C in backscattering
modus at a scattering angle of 26 = 173°, which corresponded to a
scattering vector of q = 47n/A sin 6 (0.02638 nm™"). Samples used for
analysis were fractions A—D from the FFF separation without further
preparation.
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SAXS Measurements. SAXS measurements were performed in a
quartz capillary with an SAXSess Kratky-type instrument (Anton Paar)
at 25 + 1 °C. The SAXSess has a low sample-to-detector distance
(0.309 m), which is appropriate for investigation of dispersions with
low scattering intensities. The measured intensity was corrected by
subtracting the intensity of a capillary filled with pure water. The
scattering vector is defined in terms of the scattering angle (0) and the
wavelength (1) of the radiation (1 = 0.154 nm); thus, q = 47/4 sin 6.
Deconvolution (slit length desmearing) of the SAXS curves was
performed with Glatter’s established indirect Fourier transformation
method implemented in the PCG Software Version 2.02.0S5
(University of Graz) to verify the results produced with the SAXS-
Quant software. Samples analyzed with SAXS were prepared similarly
to those for FFF separation experiments. Curve fitting was performed
with SASfit software (Paul Scherrer Institute) and curve simulation by
Monte Carlo methods with the McSAS software.”®*

Two-Dimensional Electrophoresis (2-DE) Gels. Nanoparticles
used for 2-DE gels were fractions B and D from the FFF separation.
The suspensions were centrifuged three times at 2500g for 1S5 min.
After the first and second centrifugation steps, the supernatant was
discarded, and the remaining pellet was resuspended in PBS.
Subsequent to the third centrifugation step, the pellet was resuspended
in 100 puL of lysis-buffer containing 7 M urea (Serva), 2 M thiourea
(Serva), 0.16% (m/v) Serdolit (Serva), 4% (m/v) 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)
(BioRad), 2% (v/v) Pharmalyte (GE Healthcare), 1.5% (v/v)
DeStreak reagent (GE Healthvare), 0.6% (w/v) spermine (Sigma),
and water (proteome grade, BioRad). Additionally, 350 uL of
rehydration-buffer containing 42% (w/v) urea, 17% (w/v) thiourea,
1.5% (v/v) CHAPS, 1.2% (v/v) DeStreak reagent, 0.5% IPG buffer
(pH 3—10, GE Healthcare), and water was added. The solution was
transferred to Immobiline DryStrip Gels (GE Healthcare), and
isoelectrical focusing was performed with an Ettan IPGphor 3 (GE
Healthcare) for 40 h. Focused 1-DE gels were loaded on 10%
acrylamide gels and the 2-D separation was performed with an Ettan
Dalt X1I separation unit (GE Healthcare). Completed gels were stored
at 4 °C until further preparation for MALDI-analysis.

MALDI-Tof/Tof Measurements. The protein bands from the 1-
DE and 2-DE gels were excised, and after washing, reduction with
DTT (Merck), and carbamidomethylization with iodoacetamide
(Merck), they were in-gel digested with trypsin (Roche). The resulting
peptide mixtures were analyzed with an Ultraflex II TOF/TOF
(Bruker) and the implemented Biotools 3.2 software. Peptide
identification was conducted with Mascot (Matrix Science) software.

TEM Imaging. One drop of the FFF fractions was dried, on a dust-
free carbon-coated copper-grid and TEM images were taken with an
analytical TEM (JEM 2200FS, JEOL) at 200 kV.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Analysis. One- and 7-day dialyses were conducted of 3 mL of a 25 ug
silver mL™" NP suspension for both nanoparticles in (a) FBS, (b) 6.4 g
L™! NaCl (Merck) solution, and (c) water in the dark using a cellulose
ester dialysis membrane (Spectra/Por, Spectrum Laboratories) with a
cut off from 500—1000 Da with 500 mL of water at 37 °C under
constant agitation. The initial pH values were 7.5, and the final values
were 7.0 in CCM. The corresponding values in water were 6.5 and 6.3,
respectively. The dialysis reservoirs were enclosed 500 mL glass flasks
and were opened only briefly for sampling. After 1 and 7 days,
respectively, the dialysis membrane was removed and 50 mL of
ultrapure 34% HCI (Carl Roth) was added; the solution was stirred for
10 min. Then, S mL of the reservoir outside the membrane was mixed
with S mL of ultrapure 70% HNO,; (Carl Roth, Germany) and
analyzed with ICP-MS (X-series II, Thermo).

Cell Line and Viability and Toxicity Assays. The human colon
adenocarcinoma cell line Caco-2 was obtained from the European
Collection of Cell Cultures (ECACC, Porton Down). Cells were kept
in DMEM (PAN Biotech) at 37 °C in a humidified atmosphere of 5%
CO,. All media were supplemented with 10% (v/v) FBS and 1% (v/v)
penicillin/streptomycin. Caco-2 cells were cultured in tissue culture
flasks for propagation (75 cm?) and in 96-well plates for experiments.
After exposure of the cells, cell viability and the proliferation of Caco-2
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cells were assessed utilizing the commonly used Promegas CellTiter
Blue (CTB) assay. The CTB assay is based on the ability of living cells
to convert resazurin into resorufin and measures the oxidative
metabolism. Nonviable cells rapidly lose their metabolic capacity and
thus do not generate a fluorescent signal. For the CTB assay, the
Caco-2 cells were plated into 96-well plates at a density of 10 X 10°
cells per well in culture medium. Cells were allowed to attach for 1 day
before treatment. Subsequently, the culture medium was replaced with
100 uL of medium control and different concentrations of silver
nanoparticles. Cells were exposed for 1 day. Finally, CTB reagent was
added to each well, and the resulting solution mixture was incubated
for an additional 2 h and measured on a microplate reader with 540
nm excitation and 590 nm emissions. The medium control was set to
100%. Means and standard deviations were calculated from at least
three independent experiments.

B RESULTS AND DISCUSSION

Silver lon Release. The impact of silver ions on the toxicity
of silver nanoparticles is discussed ambivalently in the literature.
However, all authors agree that silver nanoparticles are a steady
source of silver ions to the surrounding media. Therefore, we
first investigated the silver ion release from p; and p, dispersed
in water and in CCM to determine whether differences in
stabilizer, medium, and concentration have a significant
influence. Dialyses of dispersions with a total initial silver
concentration of 2.5 and 25.0 ug mL™" were performed for this
purpose at a temperature of 37 °C for 1 and 7 days. The setup
is shown in Figure 2. The silver ion content in ultrapure water

Ag' - f— L V,=5mL
4

— V/,= 500 mL

Figure 2. Dialysis setup for monitoring the release of silver ions from
silver nanoparticles. The volume of the dialysis tube was S mL and the
volume of the dialysis reservoir was S00 mL.

as dialysis medium was determined by ICP-MS. The ratio of
the volume of the dialysis tube to the volume of the dialysate
reservoir was 1 to 100. The results for the quantities of released
silver in terms of mass release and in percentage of the available
silver are summarized in Table 1. Values for released silver in
percentage of the initial quantity of silver are additionally given

in Figure 3. It can be seen that the quantity of released silver
ions is generally much larger in CCM than in water. The largest
effect is observed for p, at a concentration of 2.5 yig mL, where
no silver release was detected in water, but complete release
was seen in CCM. A smaller percentage of silver ions was
released at the higher initial concentration of 25.0 ytg mL than
at the lower concentration of 2.5 pg mL. Furthermore, the
differences between CCM and water are more pronounced for
p: than for p,, but the differences between dialysis times of 1
and 7 days are small. Obviously, the equilibrium between the
silver ion containing dialysate and silver ion resource became
established within 24 h. Note that, if the dialysate had been
changed during dialysis, the release of silver ions obviously
could have proceeded.®® However, we did not change the
dialysate in our study because this would not be comparable to
cell culture experiments, in which the nanoparticle dispersion
under study usually is not changed during the exposure time.

It is surprising that the CCM results in the release of a much
higher quantity of silver ions. A possible explanation for the
more rapid dissolution of the particles in CCM compared to
water could be the formation of soluble AgCl,™ and AgCl;* at
high CI™ concentrations, which is 120 mM in the CCM.*' The
formation of AgCl in the dialysis medium can be excluded
because of the rapid transport of CI™ and Ag" to the bulk water.
Contingently, existing silver chloride species in the bulk water
were dissolved by adding concentrated hydrochloric acid prior
to ICP-MS measurements. Another possible explanation for the
high silver ion release in CCM could be nteractions of the
dissolved ions with free cysteine and cysteine groups of proteins
in CCM. These amino acids are known to remove free silver
ions from solution and thereby shift the equilibrium toward the
release of more silver ions.*” The particles show an equilibrium
between dissolved and particulate silver after at least 4 days in
CCM. In water, p, reached equilibrium shortly after dispersion,
whereas p, exhibited an increasing Ag" release. Slower
dissolution rates for p; in water may be due to the high
stabilizer concentration, which provides a brushlike structure of
PEO chains on the particles’ surface. These chains bind water
molecules relatively tightly via hydrogen bonds and form a
water shell outside the brush, which reduces the contact of free
oxidizing species with the silver surface.>>>* In any case, it is
obvious that the different stabilizers influence the quantity of
released silver ions in water and in CCM differently.

The dissolution of silver ions is a complex phenomenon and
cannot be understood by applying a simple model, but we
measured the silver ion release curves from the CCM to the
water reservoir, as shown in Figure 4. The curve shapes are
similar to those observed for the release of silver ions from pure

Table 1. Release of Silver Ions from p,; and p, Silver Nanoparticles Measured with ICP-MS after Dialysis in Water and CCM*

ug of Ag”
P1 253
incubation time (days) H,0 CCM H,0 CCM
Initial Quantity of Silver: 12.5 ug (c = 2.5 ug mL™")
1 _a 112 + 1.5 (89.6 + 12%) 2.8 + 0.4 (224 + 3.2%) 83 + 1.1 (664 + 8.8%)
7 = 116 + 15 (92.8 + 12%) 3.6 + 0.5 (28.8 + 3.7%) 107 + 1.4 (85.6 + 11.2%)

Initial Quantity of Silver: 125.0 ug (c = 25.0 ug mL™")

7.0 £ 14 (5.6 + 1.1%)
7 7.3 + 1.5 (57 + 1.1%)

47.0 + 6.1 (37.6 + 4.9%)
57.0 + 7.4 (45.6 + 5.9%)

9+ 12 (72 + 1%)
30.6 + 3.9 (24.5 + 3.2%)

77.0 + 10.0 (61.6 + 8.0%)
72.0 + 9.4 (57.6 + 7.7%)

“The concentration was below the limit of detection. “The temperature during dialysis was 37 °C. Times of dialysis were 1 and 7 days. The total
amount of silver in the dispersions prior to dialysis was 12.5 and 125 pg in § mL, corresponding to initial concentrations of 2.5 and 25 pg mL™".
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Figure 3. Release of silver ions from particles p, and p, measured with ICP-MS after dialysis times of 1 and 7 days (blue and red bars, respectively).
The initial concentrations of total silver content were 2.5 and 25.0 ug mL™", respectively.
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Figure 4. Release kinetics of silver ions from p; and p, in CCM dialyzed against Milli-Q water at 37 °C for 1 week. The dialysis membrane consisted
of cellulose ester with a molar weight cutoff at 500—1000 g mol™". Initial silver concentrations of the nanoparticle suspensions were 2.5 ug mL™"
(squares) and 25.0 ug mL™" (circles). Analysis of the released silver ion was conducted using ICP-MS. The results of fitting a modified first order
reaction are given (solid lines), including their confidence intervals at a 95% level (transparent areas).

water as reported by Kittler et al.** In analogy to their study, we
also utilized a modified first-order reaction kinetic rate equation
of the form

exp(—kt)] (1)

for data description. The y(t) is the released quantity of silver
ions as a percentage of the initial value, g, is the extrapolated
value of released silver ions for infinite times, k is a formal rate
constant, and t is the experimental time in hours. The optimal
values for yg,, and k were determined from the curve fits, as
shown in Figure 4 (solid lines). The 95% confidence intervals
are shown in the figure (shaded areas). Best fit values for yg,, of
py are 89 & 2% and 44 + 2% at concentrations of 2.5 and 25.0
ug mL™". The corresponding values for p, are 78 + 7% and 61
+ 4%. These values are close to the values given in Figure 3, as
must be expected if the silver ion release has reached
completion at the end of the experimental time of 1 week.
The k-values can be utilized for easier interpretation to calculate

y(t) = J’ﬁnal[l -
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the time 7 required to release 50% of silver ions contained in
Yfinal USING

7=1In(2) x k* (2)
+

The t7-values are 1.8 + 0.3 and 12 + 2 h for p, at
concentrations of 2.5 and 25.0 ug mL™', respectively. The
corresponding values for p, are 15 + 6 and 14 + 3 h. All values
are summarized in Table 2. It is obvious that the release kinetics
of p, at the low concentration of 2.5 ug mL™" is approximately
7 times faster than at the higher concentration of 25.0 yug mL™".
In contrast, no significant difference in 7 is observed for p, at
these two concentrations. The lower uncertainty values for 7 of
0.3 and 2 h for p; compared to 6 and 3 h for p, indicate that the
release of silver ions is more structured in the case of p; than
p»- The lower uncertainties result in smaller confidence
intervals, which are displayed in Figure 4.

Cell Viability. A concentration-dependent effect on cell
viability is to be expected for both silver nanoparticles.
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Table 2. Fit Parameters for the Release of Silver Ions,
Calculated for Formal First-Order Kinetics According to Eq
la

particles  conen (ug mL™)  ygoa (%) k (h7™h) 7 (h)
P 2.5 89 +2 0.300 + 0.060 1.8 +£03
P1 25.0 44 + 2 0.058 + 0.007 12 +2
P2 2.5 78 + 7 0.047 + 0.020 15+ 6
P2 25.0 61 + 4 0.048 + 0.010 14 +3

“The temperature during dialysis was 37 °C. Dialysis times were 1 and
7 days. The total quantity of silver in the dispersions prior to dialysis
was 12.5 and 125 ug in 5 mL, corresponding to initial concentrations
of 2.5 and 25 ug mL™".

Therefore, we employed an in vitro cytotoxicity assay on Caco-
2 cells to quantify the expected effect. Indeed, the cell viability
decreases with increasing concentration of p; and p,, as shown
in Figure S. Tentatively, we used a linear model to interpret the
cell viability; this resulted in a decrease of 0.59 =+ 0.08% per ug
mL™" for p; and 0.60 + 0.03% per ug mL™" for p,. We can
therefore conclude that no differences between p, and p, can
be detected within the experimental uncertainty limits with
respect to the reduction of cell viability. At first glance, this
result seems contradictory, because the silver ion release from
p1 at a low concentration of 2.5 ug mL™" is much faster than for
P, But it can be seen in Figure S that no significant effect of the
particles on the cell viability can be detected at concentrations
below 20 ug mL™". In conclusion, the differences in silver
release kinetics at concentrations lower than a threshold of 20
ug mL™" are not relevant for the viability of Caco-2 cells. We
also measured the viability of the cells in the presence of silver
in the form of silver nitrate and in the presence of the
stabilizers. We found that the stabilizers have no measurable
impact on the viability at concentrations of up to 100 ug mL™’,
as shown in the bar diagram in Figure S. This result was
expected, but the silver in form of silver nitrate produces a
decrease of 4.0 + 0.6% per ug mL™", which is a factor of 6 to 7
times larger than that produced by the particles. In addition, the
cell viability is slightly, but significantly, reduced by about 10%
at low silver salt concentrations in a range of 2—3%. In this

concentration range, the nanoparticles have no effect on cell
viability, although they release most of the silver in the form of
ions. In all probability, the silver ions from the nanoparticles are
masked by proteins, and this suppresses cell viability effects
below a certain threshold value.

Separation of Particles from CCM. In any case, we must
expect that the cell culture medium interacts substantially with
the nanoparticles. In order to shed light on this interaction, we
performed a detailed characterization of the p; and p, particles
after incubation in water and CCM at 37 °C for 1 day. We used
these conditions because the data given above showed that an
equilibrium state is generally achieved after 1 day, and in
addition, similar conditions have been used for previous
cytotoxicity tests.>® After incubation, we were interested in
revealing whether the CCM produces changes of structure of
the particles in comparison to water. The nanoparticles must be
separated from the excess protein for this purpose. In this case,
we utilized FFF because of the low shear forces it exerts during
nanoparticle separation. Other methods, e.g., ultracentrifuga-
tion and size exclusion chromatography, produce much higher
shear forces that may ablate proteins from the nanoparticle
surface.”” We performed UV detection during FFF fractiona-
tion at wavelengths of 430 and 280 nm, which are the
absorption maxima of the nanoparticles as well as the amino
acids tryptophan and tyrosine, respectively.”® These amino
acids are components of the proteins present in our CCM. The
UV absorption of the nanoparticles dispersed in water and
CCM, respectively, are shown in Figure 6 as a function of the
fractionation time. It can be seen that the particles dispersed in
CCM eluted later than the particles dispersed in water. In
water, p; eluted at fractionation times between 15 and 30 min
with a maximum at 17 min. In CCM, p, eluted between 18 and
38 min with a maximum at 22 min. Similarly, p, in water eluted
between 15 and 22 min with a maximum at 17 min. In CCM,
the p, eluted between 19 and 40 min with a maximum at 23
min. The maximum in the trace of the two particles in CCM is
shifted to later times by approximately 5—6 min. Additionally,
the width of the peak increases from 15 to 20 min for p; and
from 7 to 21 min for p,. Obviously, the shift of the maxima
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Figure S. Cell viability of Caco-2 cells as a function of the concentration of particles p; and p, (left-hand panel). For comparison, the stabilizing
surfactants of p; and the stabilizing PVP of p, alone induced no change of cell viability at a concentration of 100 yg mL™", which is the value of the
highest nanoparticle concentration (right-hand panel). The Caco-2 cells were seeded in 96-well plates at a density of 10* cells per well and cultured
for 1 day before treatment. Cells were then incubated with medium control and different concentrations of p; and p,. Cell viability was measured
using the Promegas CellTiter Blue (CTB) assay. The medium control was set to 100%. The experiment was repeated three times and the standard
deviation was calculated. Significant cellular toxicity was apparent at S0 ug Ag mL™" for both particles.
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Figure 6. FFF elugrams of suspensions of p; and p, silver nanoparticles in water and CCM (solid and dotted curves, respectively). The UV signals
are displayed as a function of fractionation time at the particles’ absorption maximum of 430 nm for p; (a) and 400 nm for p, (b). In addition, the
signals measured at 280 nm are shown for both. The total silver concentrations were 500 pg mL™". All suspensions were incubated in the dark at 37
°C for 1 day. The fractions around the peak maxima, marked with rectangles in the figures, were used for DLS and TEM measurements. Samples
were collected at elution times between 16 and 18 min (fraction A), 21 and 23 min (fraction B), 16 and 18 min (fraction C), and 23 and 25 min
(fraction D). Curve maxima of the particles in CCM are shifted toward later retention times of S min for p, and 7 min for p, in comparison to the
particles in water. These shifts indicate increased Ry due to a protein corona.

correspond to higher hydrodynamic radii of the particles in
CCM than in water.”” This width increase can be interpreted as
an increase in the width of the particles’ radii distributions.
These radii increases and radii distribution broadenings are
either a result of particle aggregation or particle growth, e.g.
caused by protein adsorption.

Core Radii Distribution. Next, SAXS measurements were
performed in order to reveal whether particle aggregation or
protein adsorption causes the observed differences in the FFF
retention times. We expected that SAXS would be highly
sensitive to particle aggregation but hardly sensitive at all to the
formation of a protein corona. Since the SAXS intensity is
proportional to the square of the density difference between
nanoparticle and its surroundings, the contrast of a silver
nanoparticle in water is about 750 times higher than that of a
protein. The measured SAXS data were initially fitted using a
spherical model of the silver cores and Gaussian radii
distribution. Differential volume-weighted distributions of p,;
and p, in water are shown in the top row of Figure 7 (parts a
and b, respectively). The corresponding curves of the particles
in CCM are displayed in the middle row (Figure 7, parts c and
d, respectively). The insets display the corresponding SAXS
data and fit curves (gray and blue curves, respectively). Curve
fits for p, reveal particle radii of R = 6.5 + 0.1 nm before
(Figure 7a) and 6.9 + 0.1 nm after incubation in CCM (Figure
7c). The values of p, are R = 9.6 + 0.1 nm (Figure 7b) and 9.7
+ 0.1 nm (Figure 7d), respectively. The widths of the radii
distributions are 1.3 nm for p; and 1.5 nm for p,, and they are
the same for water and CCM. It is obvious from inspection of
the curve fits that the resulting Gaussian radii distributions must
considered as a rough estimate.

Therefore, we applied a recently developed Monte Carlo
approach, which allows form-free simulations of the SAXS
data® The resulting curves simulate the measured SAXS
curves within their experimental error (black and red solid
curves of the insets), and the volume-weighted radii
distributions are presented as histograms. The Monte Carlo
simulation derived mean radii are R = 9.2 + 0.1 nm for p, in
water and 9.5 + 0.1 nm in CCM. The corresponding values for
P2 are R=10.2 + 0.1 and 11.2 + 0.2 nm. The width of the radii
distributions are 3.4 and 3.1 nm for p, in water and CCM,
respectively. For p, the widths are 2.2 and 4.6 nm. Obviously,
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the increased width of p, is caused by a small, but significant,
quantity of aggregates. This difference is more obvious in the
cumulative presentation of the radii distributions in Figure 7e,f,
in which no aggregation is detectable for p; and approximately
5% aggregation is seen for p, in CCM, with radii of the
aggregates between 25 and 33 nm. To conclude the discussion
of the SAXS analysis, it was found that p; displays an
asymmetric core radii distribution, which does not change in
CCM. In contrast, p, displays a symmetric core radii
distribution, which is prone to a small but significant core
aggregation in CCM. Therefore, aggregation is not the reason
for the longer FFF retention times of the particles in CCM
compared to water.

Particle Corona. This finding leads to the assumption that
instead of aggregation, the formation of a large protein corona
around the particles after their incubation in CCM is very
probable. In order to prove this assumption, DLS measure-
ments were performed. They provide the hydrodynamic radius
and are therefore a measure of radii of the whole particles, i.e.,
core plus corona. The DLS results for p, and p, after FFF
separation are shown in Figure 8 (left- and right-hand panel,
respectively). Given are intensity-weighted radii distributions in
differential and cumulative presentation of the particles in water
(black solid curves) and in CCM (red dotted curves). The peak
maxima are at R, = 15 + 1 and 23 + 3 nm for p, in water and
CCM, respectively. The corresponding widths of the radii
distributions for p; are S and 14 nm, respectively. The maxima
of p, are Ry, = 16 + 1 and 39 + S nm. The widths of the radii
distributions for p, are 8 and 29 nm, respectively. The
difference between hydrodynamic radius and core radius,
ARy piizer = Ry — R, is an estimate of the thickness of the
layer formed by the stabilizer. This layer is about 4—5 nm for p,
and p,. Additionally, we can estimate the thickness of the
protein corona from the differences in the particles’ R, values,
AR;rotein = Riycom — Rpwater- This assumption seems reasonable,
since no or little aggregation of the cores was detected for p, or
P2 respectively. Under these assumptions, the protein layer
thicknesses are approximately 8 + 3 and 23 + S nm for p,; and
P2- The protein layer appears to be thinner and more defined
for p, than for p,. The main protein component of the CCM is
bovine serum albumin, which amounts to 85 wt %. It has
dimensions of 84 X 84 X 3.15 nm.** When taking these

DOI: 10.1021/acs.langmuir.5b00687
Langmuir 2015, 31, 6842—6852


http://dx.doi.org/10.1021/acs.langmuir.5b00687

Langmuir

| (a) p, in water (b) p, in water
S = =N -
; 3 3 >
T+ S S ®
g L S
2 2 ) >
o L €N S 17}
> c (O c
= 2 | > 2
s £ | 8 k=
r 0.1 R w oL 0.1 X -
q (nm ) q (nm' )
ﬁ Bz . . f J zzx " . .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
R (nm) R (nm)
(c) ‘ p1 in CCM (d) p2 in CCM
~ | N . —_ o~
=) 1 . B L B
- l 3 3 5
S 1‘ @ S ©
> | ‘ g g
o (7] c (7]
=] [ c 0] c
o T ﬁ\ Q9 2 Q
L = o £ J
| ‘ 0.1 P w r 0.1 )
PF g (nm’") g (nm”)
ha ‘h le \iﬁ&\??-; I L L L L *ﬂth sl
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
R (nm) R (nm)
9 i
o \
< 100 < 100F ()
8 ~
S 8o} & sof
- 5
2 ol 6ol
S o
= L
E 40 a>) 40+
=} =
©
E 20} S 20t
O IS
)
0 a L L L L 1 L (@] 0 L 1 1 1 1 L
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
R (nm) R (nm)

Figure 7. Radii distributions of the silver cores of the particles as determined with SAXS. Differential volume-weighted distributions of p; and p, in
water are shown in the top row (a and b, respectively). The corresponding curves of the particles in CCM are displayed in the middle row (c and d,
respectively). Gaussian radii distributions are derived from curve fits (blue curves), whereas the histograms are derived from form-free simulations of
the SAXS data.”® The insets display the corresponding SAXS data, fit curves, and simulation curves. Curve fits for p, reveal particle radii of R = 6.5 +
0.1 nm before (a) and 6.9 + 0.1 nm after (c) incubation in CCM. The values of p, are R = 9.6 + 0.1 nm (b) and 9.7 + 0.1 nm (d), respectively. The
widths of the radii distributions are 1.3 nm for p; and 1.5 nm for p,, and they are the same for water and CCM. The simulations using the Monte
Carlo approach reproduce the measured curves significantly better (black and red solid curves of the insets). The Monte Carlo simulation derived
mean radii for p; in water and CCM are R = 9.2 + 0.1 and 9.5 + 0.1 nm, respectively. The values for p, are R = 10.2 + 0.1 and 11.2 & 0.2 nm. The
width of the radii distributions are 3.4 and 3.1 nm for p, in water and CCM, respectively. The corresponding widths of p, are 2.2 and 4.6 nm. The
cumulative presentation of the radii distributions in parts e and f display no aggregates for p, and about 5% aggregates for p, in CCM, with radii
between 25 and 33 nm.

dimensions and the fact that a volume-equivalent sphere has a accumulation of sulfur in the periphery of the particles after
radius of 6 nm into account, we assume that a protein incubation in CCM. We assume that the sulfur results from
monolayer forms the protein corona of p;. In contrast, a diffuse adsorption of proteins to the particles. Binding of proteins to
multilayer of approximately three to four protein layers on the particles’ surfaces seems unlikely, since they are densely
average can be assumed for p,. covered with the stabilizer. If that is the case, the interaction is
In order to verify our findings from SAXS and DLS, we dominated by van der Waals forces and Coulomb interactions.
analyzed the FFF fractions with STEM/TEM in combination A coordinative binding of proteins to the silver nanoparticle
with energy dispersive X-ray spectroscopy. The STEM/TEM surface can occur, e.g., via the thiol groups of cysteine and
pictures as displayed in Figure S1 (Supporting Information) carboxyl groups of the amino acids.*"** BSA, as the most
prove that the particles are spherical with radii ranging from ca. abundant protein in FBS, has about 30 cysteine groups.
20 to 25 nm. The gray shades around the particles may However, without any conformational changes of the protein,
originate from surrounding medium residues after particle there is only one cysteine group available (Cys-34) for a
preparation for TEM. The pictures from STEM with EDX in covalent binding to the silver core.” Nonetheless, BSA and
Figures Slc and S2b (Supporting Information) show an other proteins undergo changes in their secondary structure
6849 DOI: 10.1021/acs.langmuir.5b00687
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Figure 8. DLS results for p, and p, after FFF separation (left- and right-hand panels, respectively). Given are intensity-weighted radii distributions in
differential and cumulative presentation of the particles in water (black solid curves) and in CCM (red dotted curves). The peak maxima are at R, =
1S + 1 and 23 + 3 nm for p, in water and CCM, respectively. The corresponding widths of the radii distributions for p, are 5 and 14 nm,
respectively. The maxima of p, are Ry, = 16 + 1 and 39 + S nm. The widths of the radii distributions for p, are 8 and 29 nm, respectively.

(e.g, disulfide bond cleavage) after adsorption to silver
nanoparticles and, hence, provide more thiol groups for a
bond.*

To analyze the composition of the protein corona, 2-DE gels
were prepared from the selected FFF fractions. Pictures of the
gels are shown in Figure S3 (Supporting Information). The
most abundant detected protein on p; and p, is BSA. This was
expected because BSA is the most abundant protein in FBS and
will therefore probably interact first with the particle surface.**
Gessner et al. also presumed that hydrophilic nanoparticle
surfaces mainly adsorb albumin, fibrinogen, and immunoglo-
bulins (IgG).* From this list of proteins, only albumin can be
detected on our particles. The complete lists of proteins for p,
and p,, respectively, are given in Tables S1 and S2 (Supporting
Information). Interestingly, the long incubation time in CCM
does not seem to reduce the amount of BSA in the particle
corona compared to the low-abundance proteins, which may
have stronger binding affinities but slower binding kinetics, as
has been reported by other authors.*® A semiquantitative
analysis of protein abundance by comparing spot intensities
revealed a ratio of albumin to all other proteins of 1.6 to 1 and
34 to 1 for p, and p,, respectively. In the coronae of both
particles, we found metal-binding proteins, which may interact
with the silver ions, in addition to calcium affine proteins, e.g,,
S100-P, which may bind silver ions because of the similarity of
the ion radii of silver (102 pm) and calcium (100 pm).*”
However, there is no preferred protein group in the corona of
either particle, which makes a prediction of their physiological
impacts difficult.

The hydrophilic surface of p, should lead to the formation of
a water shell around the particles, which would make them
more inaccessible for molecules like proteins or amino acids.*®
Furthermore, several research groups have previously shown
that the steric hindrance of many PEG chains, as provided here
by PEG-25 glyceryl trioleate and PEG-20 sorbitan monolaurate,
decreases protein adsorption. This effect is due to their
brushlike structure and loop formation at the particle surface,
which increases the steric hindrance of protein adsorption and
also diminishes the binding of sulfur groups of the proteins to
the nanoparticles’ surface.>*** In contrast, Florin et al. showed
that poly(ethylene oxide) (PEO) chains lose their adsorbed
water under salty conditions,*® and salty conditions exist in
CCM. This water-releasing effect occurs mainly with shorter
PEO chains, e.g, as in PEG-20 sorbitan monolaurate.*® With
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more interaction between the polymer chains, gaps may occur
in the brush formation on the particle surface; this results in
reduced protein adsorption. PEO chains may interact with the
hydrophobic a-helix and f-sheet regions of the protein. This
may result in cleavage of the previously unavailable disulfide
bridges and thus a strong binding to the nanoparticle surface,
which makes it unavailable for other proteins in the medium.
BSA, as a main component of sera, could fill this gap and would
make these nanoparticles long lasting in the circulatory
system.”’ Another possible explanation for the binding of
only BSA could be the prolate elliptical structure of BSA.
Judging from the structure of BSA, it seems reasonable that it
intercalates between the chains of the stabilizers. Water
exclusion between the PEO chains may lead to an inclusion
of the particles, with their hydrophobic parts toward the particle
surface and the hydrophilic parts interacting with the PEO
chains. However, this only occurs if the entropy gain after water
desorption is greater than the entropy loss due to protein
freedom reduction. If the hydroxyl groups of the PEO chains
are unaffected by BSA adsorption, they will collect water
molecules via hydrogen bonds and thus create hydrophilicity
around the particle. Moreover, this results in (a) surface
inactivity of the silver core due to BSA adsorption and (b) PEO
chain deformation from a more mushroomlike conformation (if
the stabilizer concentration is in that range) to a brushlike
conformation; this makes it even more difficult for other
proteins to interact with the particles.**

To allow comparison to the FFF method, p; was dispersed in
CCM and subsequently separated from unbound proteins by
centrifugation. Centrifugation was applied to compare its
widespread use prior to protein-corona analysis in recent
reports with our analysis combination.”**** After the
centrifugation and washing steps, p, exhibited more and
broader protein spots (as shown in Figure S3c, Supporting
Information) than the spots found in the FFF separation on the
2-DE gel. This finding indicates the presence of additional
molecules and higher protein quantities than after FFF
separation. This difference may lead to misinterpretation of
the composition of the corona and also demonstrates the
sensitivity of the FFF separation. Problems in nanoparticle
characterization resulting from ultracentrifugation have been
described elsewhere, and our results underline these state-
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ments.
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Bl CONCLUSION

Our work demonstrates the significance of a medium-specific
physicochemical nanoparticle characterization prior to in vitro
experiments. The particle surface changes due to protein
adsorption from the cell culture medium. Although both
particle types used in our study were hydrophilic, we found
differences in their protein coronae, but both have albumin as
the main component. We suggest the use of asymmetric flow
field-flow fractionation for gentle separation of protein-
decorated particles from a protein-containing medium. Because
it causes only weak shear forces, FFF is the most promising
separation method for preserving the particles’ complete
protein corona. To our surprise, a combination of SAXS and
DLS reveals that no particle aggregation was induced by the
CCM for the surfactant-stabilized particles p;. Only a minor
aggregation of 5% was determined for the PVP-stabilized
particle p,.

Another result of our work is the medium dependency of the
dissolution of the nanoparticles. Both particles revealed similar
dissolution behavior in CCM after 1 day and 1 week. However,
there was a concentration dependency of the release kinetics,
resulting in a delayed release of ions for higher initial particle
concentrations. This makes careful consideration before making
a decision regarding the media of the stock solutions prior to in
vitro experiments important, because Ag" ions are presumed to
be the major cytotoxic component when cells are exposed to
silver nanoparticles.
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