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Widespread use of silver nanoparticles raises questions of environmental and biological impact.
Many synthesis approaches are used to produce pure silver and silver-shell gold-core particles
optimized for specific applications. Since both nanoparticles and silver dissolved from the par-
ticles may impact the biological response, it is important to understand the physicochemical char-
acteristics along with the biological impact of nanoparticles produced by different processes. The
authors have examined the structure, dissolution, and impact of particle exposure to macrophage
cells of two 20 nm silver particles synthesized in different ways, which have different internal
structures. The structures were examined by electron microscopy and dissolution measured in
Rosewell Park Memorial Institute media with 10% fetal bovine serum. Cytotoxicity and oxidative
stress were used to measure biological impact on RAW 264.7 macrophage cells. The particles
were polycrystalline, but 20 nm particles grown on gold seed particles had smaller crystallite size
with many high-energy grain boundaries and defects, and an apparent higher solubility than
20 nm pure silver particles. Greater oxidative stress and cytotoxicity were observed for 20 nm par-
ticles containing the Au core than for 20 nm pure silver particles. A simple dissolution model
described the time variation of particle size and dissolved silver for particle loadings larger than
9 ug/ml for the 24-h period characteristic of many in-vitro studies. © 2015 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0

Unported License. [http://dx.doi.org/10.1116/1.4926547]

I. INTRODUCTION

The use of Ag nanomaterials in consumer products has led
to the release of nanoparticles and Ag dissolved from the par-
ticles into the environment, making it important to understand
nanoparticle transformations in relevant media and the impli-
cations for environmental and human health.! A wide variety
of synthesis techniques and routes make it possible to produce
Ag nanoparticles (AgNPs) of controlled size, shape, and sur-
face functionality optimized for specific applications.”™"* Pure
AgNPs (AgPNPs) grown and structured in a variety of ways'*
are used in many applications, although challenges related to
uniformity and stability remain.'® There is growing interest in
AgNPs with Au cores (Ag”"NPs) due to the ability to tune or
optimize their optical and catalytic behaviors.'®'” Both Ag
and Au—Ag core—shell particles are available commercially.'®

Nanoparticles, transformed nanoparticles, and Ag dis-
solved from the particles have each been associated with bio-
logical effects. Although AgNPs themselves have been
observed to be toxic,'® dissolved Ag in the form of ions, or
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Ag complexed with other components of the media, has been
demonstrated to be toxic to bacteria,20 bioﬁlms,21 aquatic
organisms,”? and algae.”>?* The detailed nature of the par-
ticles can be important; George ef al.,” as one example, sug-
gested that surface defects in Ag nanoplatelets had a strong
impact on particle toxicity. The specific media also influence
particle fate.”® Although Au and Ag/Au particles intended for
cancer therapy were stable in the synthesis and storage
media, they were observed to be highly unstable in biological
media.?’ Cell culture models of toxicity are routinely utilized
for hazard assessment, and robust understanding of cellular
dosimetry to AgNPs, Ag ions, and ionic complexes is needed
for proper interpretation of these studies. Therefore, knowl-
edge of the nature of the initial particles, along with their
transformations and stability in biological media, is important
to understanding the biological impact of nanoparticles.

In addition to the initial nature of the particles and the dis-
persion media, experimental conditions, such as pH, pO,, and
particle concentrations, will impact AgNP particle stability
and biological response.'***? The confounding influences
of these factors can make it difficult to compare dissolution
data and biological impacts®® reported in the literature as

®
© Author(s) 2015 031003-1
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demonstrated by the wide variation in the amounts of Ag
observed to dissolve during in-vitro studies with a range of
seemingly inconsistent biological impacts.®*='=7 After test-
ing several AgNPs, Matzke et al.'® found no clear relationship
between toxicity and different particle shapes, sizes, or coat-
ings.'® They suggest an “intricate interplay between particle
characteristics and the media in which the tests are carried
out.” Upon transfer to test media, particles often increased in
size due to agglomeration and adsorption of proteins, both of
which can alter (inhibit or promote) dissolution and particle
transformation.”>*® Silver ions produced by dissolution may
bind to proteins in the media or react with inorganic compo-
nents in the media. Silver ions released by dissolution of Ag
nanowires inside epithelial cells have been observed to form
an insoluble Ag,S precipitate.***°

The measurements reported here are associated with a
National Institute of Environmental Health Sciences
(NIEHS) Centers for Nanotechnology Health Implications
Research (NCNHIR) consortium examining the toxicology
of nanoparticles. Specifically, 20 and 110 nm particles grown
using 7-8 nm Au seed particles having citrate coatings were
prepared by NanoComposix (San Diego, CA) for consortium
use. These particles are identified as Ag*“,o)NP and
Ag™"|1oNP. Another set of 20 nm particles were provided by
NanoComposix without the Au seed (AgP",oNP). For com-
parison, we also examined 20 nm silver particles with citrate
coatings grown at Imperial College London (AgpizoNP).

As already noted, the wide variety of synthesis methods,
the addition of different particle of coatings, the dispersion in
different cell culture media, and determining the responses
of different cell types all complicate comparison of results
from different studies. To make the comparison behaviors of
two different 20nm AgNPs possible in this study, our
approach was to minimize the parameters to be varied. We
characterized the particles including their structures, meas-
ured dissolution in the cell culture media being used for
in-vitro studies at Pacific Northwest National Laboratory
(PNNL) [Rosewell Park Memorial Institute (RPMI) 1640 cul-
ture medium supplemented with fetal bovine serum (FBS)]41
and assessed if differences in the particles would cause
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differences in biological responses of macrophage cells.
Therefore, as many parameters as possible were kept con-
stant, all particles examined had been stabilized in a citrate
solution (e.g., all started with nominally the same coating),
the samples were disbursed using the same process, tested in
the same media, and exposed to the same cell line. The bio-
logical outcomes reported here are preliminary in that they
inform more detailed and comprehensive tests of the biologi-
cal response to AgNPs to be reported later.

Il. MATERIALS AND METHODS
A. Ag nanomaterials sources and materials handling

Citrate-stabilized AgNPs ~20 and 110nm in diameter
were used in this study. AgNPs particles with ~7nm Au
cores (lot/batch number MGM 1659) of size 20 and 110 nm
(Ag*",0NPs and Ag™"|;oNPs) and a batch of pure Ag par-
ticles AgP",oNP were supplied by NCNHIR consortium (pur-
chased from nanoComposix, San Diego, CA). Arrival dates
of all stock solutions for each particle type are included in
Table S1.** Pure AgNPs of primary size ~20nm
(AgP',0NPs) were synthesized at the Imperial College
London, using a borohydride reduction method. The first
batch of Ag-NPs particles was observed to have significant
agglomeration within 3 months, and a second batch was
used to complete the studies. As-received particles in stock
solutions in 30 ml plastic containers were stored in a refriger-
ator at 4 °C before any further processing for designed disso-
lution experiments. Stock particles from both sources were
constituted in ~2mM citrate buffer solution. These stock
nanoparticle suspensions, 1 mg/ml for Ag*"NPs and 0.5 mg/
ml for AgpiZONPs, were diluted in deionized (DI) water for
particle size measurements by dynamic light scattering
(DLS). For dissolution experiments, stock particle solution
was dispersed in culture media according to Scheme 1.

B. Chemicals

RPMI 1640 and FBS serum were commercially purchased
from Atlanta Biologicals (Flowery Branch, GA). The com-
plete culture media was made up of a mixture of RPMI and

Required nanoparticle
concentration dispersed
in 10% FBS+RPMI

il

————>

Dilution in

I

W\

Final volume 1ml in each tube(All of

the experiments were done in
triplicates or more)

ScHeME 1. AgNP dispersion protocol followed for PNNL toxicology for in-vitro toxicity studies. Nanoparticles from the stock solution were directly diluted in
concentrated FBS to minimize agglomeration of particles followed by the addition of RPMI 1640.
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FBS (10% volume). DI water used in these studies was pro-
duced by a Millipore filter system and had 18.2 mQ conduc-
tivity at 25 °C, with 4 ppb total organic carbon. Acid solution
(70% double distilled nitric acid and double distilled concen-
trated hydrochloric acid) was obtained from GFS Chemicals,
Inc. (Columbus, OH, USA).

C. Preparation of Ag nanoparticles suspension
in culture media (FBS 10%+RPMI 1640)

We followed the process used by our biological team for
the delivery of nanoparticles to cells for in-vitro studies
(Scheme 1).*' Nanoparticles initially suspended in citrate
buffer were first dispersed in concentrated FBS solution fol-
lowed by the addition of RPMI 1640 to make the total vol-
ume of FBS 10%. For dissolution experiments, AgP,oNPs
and Ag”"NPs nanoparticles were prepared at concentrations
of 1-50 ug/ml. All the sample preparation was performed at
room temperature.

D. DLS particle size and zeta potential measurements

Hydrodynamic particle sizes and zeta potentials were
measured using a Brookhaven Instrument Corporation
(Holtsville, New York) ZetaPALS® (Zeta Potential Analyzer
using Phase Analysis Light Scattering) instrument.
Hydrodynamic diameters of particles were calculated from
intensity-weighted average translational diffusion coefficient
using cumulant analysis on the autocorrelation function
using vendor-provided software. Zeta potential measure-
ments were performed using a platinum electrode immersed
in the particle suspension and surface charge values derived
from electrophoretic mobility of particles under the influence
of an applied field. Smoluchowski’s equation was applied in
vendor-provided software to derive the numerical zeta value.
All size measurements were performed in triplicate with
more than one run for each set. Before particle size and sur-
face charge measurements, the stock particle solutions were
warmed to room temperature for a minimum of 10 min.
After warming, the solutions were sonicated for ~3 min to
break up weak agglomerates and then vortexed to create a
uniform particle suspension. These measurements were per-
formed at room temperature. For kinetic studies, particle sus-
pensions remained inside the DLS sample holder and data
was collected using automated data collection.

E. X-ray diffraction measurements

Silver nanoparticles were concentrated for x-ray diffrac-
tion (XRD) measurements by centrifuging 1 ml of stock so-
Iution at 30000 rpm for 20 min and removing the
supernatant. The particles suspensions were dried on zero-
background quartz substrate to leave a thin film of nanopar-
ticles. The scans were collected using a Panalytical
Bragg—Brentano diffractometer with Cu Ko radiation, auto-
matic divergence slits, and a postdiffraction monochromator.
Data were collected between 20° and 120° 2-theta and ana-
lyzed using the fundamental parameters approach using
Pawley fits to the data implemented in TOPAS v4.2 (Bruker
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AXS). The starting cell parameters for the Pawley fits were
obtained from International Centre for Diffraction Data data-
base entries 0-04-783 (Ag) and 0-04-784 (Au).

F. Scanning and high resolution-transmission electron
microscopy

Structural features of the nanoparticles were analyzed
using both scanning/transmission electron microscopy (S/
TEM) and high resolution TEM (HR-TEM) imaging. For S/
TEM imaging, the FEI-Titan 80-300 microscope equipped
with a probe-forming lens corrector was used and operated
at an accelerating voltage of 300keV. The high angle annu-
lar dark-field (HAADF) image collection angle was 50-200
mrad. HR-TEM images were captured with a FEI-Titan
80-300 microscope fitted with an image corrector. All TEM
samples were prepared by drop casting a drop of suspension
on a 200 mesh lacey carbon TEM grid. Nanoparticles fol-
lowing dissolution and transformation in cell culture me-
dium (according to Scheme 1) were also prepared in a
similar way; particles were dispersed at a concentration of
1 ug/ml and placed in an incubator at 37 °C for 24 h. These
particles were prepared for imaging by placing a drop of the
solution onto a TEM grid. As-received particles subjected to
dissolution conditions were prepared by following the same
procedure and conditions. The mean time between sample
grid preparation and imaging was minimized (typically 10
min or less), and the samples were dried in the vacuum of
the entry port to decrease exposure of particles to ambient
atmosphere and inhibit further dissolution or transformation.
Particle images shown were collected by scanning and spot-
ting particles around different regions of the sample grid.
Control tests were conducted to determine if beam damage
caused or enhanced any of the results reported.

G. Quantitative dissolution measurements
by inductively coupled plasma-mass spectrometry

Time-dependent dissolution of AgNPs was measured in
cell culture media at varying nanoparticle concentrations fol-
lowing Scheme 2. Suspensions of AgNPs (1 ml) were pre-
pared in triplicate by mixing Ag nanoparticle stock into
FBS, followed by the addition of RPMI (Scheme 1). Final
concentrations of nanoparticle suspensions ranged from 1 to
50 ug/ml in RPMI with 10% FBS. Nanoparticle suspensions
were maintained in a cell culture incubator at standard con-
ditions (37 C, ~5% CQO,), and at selected times consistent
with in-vitro studies (e.g., 0, 2, 6, or 24 h), nanoparticle sus-
pensions were removed and ultracentrifuged at 30 000 rpm
(49000 x g maximum, 38000 x g average, and 27000 x g
minimum) for 90 min. After centrifugation, aliquots of
supernatants (~200 ul) were collected, and silver levels were
quantified using inductively coupled plasma-mass spectrom-
etry (ICP-MS).

Samples for ICP-MS were digested with ~0.5 or 2ml of
70% double-distilled nitric acid for ~2 h or overnight until
clear, and then ~0.5 or 1 ml of double distilled concentrated
hydrochloric acid was added to shift the equilibrium from
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Silver particles dispersed
in culture media

In-Vitro condition
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ScHEME 2. Steps and conditions followed for nanoparticles dissolution experiments. Additional details provided in the text.

insoluble to soluble silver chloride complexes. Aliquots
were diluted to 2% nitric acid and total silver was quantified
using an Agilent 7500 CE (Santa Clara, CA, USA) induc-
tively coupled plasma-mass spectrometer. '’Ag was quanti-
fied in helium collision mode using *’Sc and '*°In (10 ng/ml)
as internal standards. Additionally, '“’Ag was also moni-
tored. Three rinses with 2% nitric acid between runs were
used to minimize carryover. Quantification was accom-
plished using a linear model fit to calibration curves (VHG
Labs, Inc., Manchester, NH, USA) created by spiking Ag
into 2% nitric acid or into RPMI+10%FBS mixture.
Measurements on the RPMI/FBS mixture contained Y as an
internal standard. Limits of quantitation for silver were
~0.1 ng/ml for samples diluted in 2% nitric acid.

H. HMOX1 western blot

RAW 264.7 macrophage cells were exposed to AgNPs at
various concentrations for 24 h and examined for oxidative
response and cytotoxicity. For the oxidative response tests,
the cells were lysed using phosphate-buffered saline (PBS)
buffer with 2% NP-40 containing protease cocktail inhibitor
(Roche, Inc., Cat#11836153001). The lysed proteins were
diluted in equal concentration in lithium-dodecyl-sulfate
buffer and separated electrophoretically under reducing con-
ditions on a 4%—12% bis—tris polyacrylamide gel in 2-(N-
morpholino)ethanesulfonic acid) sodium dodecyl sulfate
running buffer (Invitrogen, Carlsbad, CA). The electrophor-
etically separated proteins were transferred to a polyvinyli-
dene difluoride membrane (Invitrogen, Carlsbad, CA).
Membranes were blocked for 1h at room temperature in a
5% w/v solution containing nonfat milk in PBS. Western
blot analysis was used to measure the level of induction of
heme oxygenase (HMOX1), a common antioxidant response
protein that is regulated by redox-sensitive transcription fac-
tors. HMOX1 was detected on the blot using Anti-Heme
Oxygenase 1 (Abcam, Inc., Cat# ab52947) for 12 h at 40C
in PBS containing 1% w/v milk and antibody at (1:1000
dilution) followed by incubation for 1h at room temperature
with Goat antirabbit horseradish peroxidase secondary anti-
body (Jackson Immuno Research, Inc., Cat# 111-035-003) at
1:2000 dilution in PBS containing 1% w/v milk. The mem-
branes were washed in PBS with 1% Tween 20 prior to de-
velopment with SuperSignal West Pico ECL (enhanced
chemiluminescent substrate) (Thermo Scientific, Rockford,

Biointerphases, Vol. 10, No. 3, September 2015

IL) according to the manufacturer’s instructions. HMOX1
Band intensities were quantified using NIH maGes (http://
imagej.nih.gov/ij/).

I. Cytotoxicity

The cytotoxicity of AgNPs was evaluated using propi-
dium iodide (PI)/Hoechst 33342 (Hoechst). Cells were
plated at 4.17 x 104 cells/cm?” in a 24 well plate. After cells
were plated overnight, cells were exposed to the AgNPs at
the required concentration for 24 h. To determine the cyto-
toxicity, cells were incubated at 37°C with 1.5mM PI
(Sigma, Cat# P-4170) and 16.7 uM Hoechst (Anaspec, Inc.,
Cat#83218) for 15 min. After incubation, the cells were
washed once with PBS. The media, staining solution, and
washes were collected, spun down, and the cell pellet was
resuspended in 1:1 mix of Trypan blue (Sigma, Cat#T8154)
and PBS. The live/dead cells in the supernatants were quan-
tified using a hematocytometer. The live/dead cells on the
plates were quantified using Nikon Eclipse TE300. The live/
dead cells from the images were quantified using NIH
IMAGEJ. The final cytotoxicity = 100 x (total dead cells/total
cells), where total was the sum of cell counts from superna-
tants and cells on the plate.

J. XPS and optical absorption

To determine the presence of impurities and examine the
presence of surface coatings x-ray photoelectron spectros-
copy (XPS) measurements on nanoparticles were made using
a PHI Quantera. Drops of suspensions containing AgNPs
were deposited on a Si wafer substrates and dried before
analysis. Optical absorption measurements were made on
particle suspended in various media using a Varian Cary-1
UV-visible (UV-vis) spectrophotometer.

lll. RESULTS
A. Characterization of as-received AgNPs

1. Particle size, surface charge, and surface
composition

The effective hydrodynamic diameters, d.g, determined
by DLS and the zeta potentials of the as-received particles
are shown in Table I. Measurements for AgA“NPs had been
conducted in a NaCl solution at the National
Characterization Laboratory (NCL) of National Cancer
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Institute Laboratory before distribution to consortium mem-
bers. Hydrodynamic particle sizes (d.;) measured at PNNL
in DI water were generally consistent with those determined
at NCL. Two batches of AgP,oNPs and the AgP",oNPs had
similar hydrodynamic sizes ~29nm. Size distributions for
all particles are shown in Fig. SI1 and Table S2.** The
Ag™"oNPs, Ag™' 1oNPs, and AgP"»oNPs were monomodal
in size distribution with polydispersity indices (PDIs) less
than 0.2. The AgP i20NPS were monomodal with a somewhat
wider size distribution as indicated by higher polydispersity
value. The hydrodynamic size as measured by DLS was typi-
cally larger than the physical size of the particles as deter-
mined by methods such as TEM. The shape, size, and
morphology of the particles are discussed in more detail
below.

All of the AgNPs were negatively surface charged in
10mM NaCl and DI water, consistent with the citrate coat-
ing used for stabilization of particles against agglomeration.
Although there were minor differences in size and PDIs of
the two batches of AgpizoNPs, their dissolution and other
behaviors were virtually identical so no distinction was
made when reporting them. All particles were examined
using XPS to verify the surface and bulk compositions were
as expected (Figs. S2-S5). The elements present and the
chemical state of the carbon photoelectron peaks were con-
sistent with citrate coated AgNPs along with the presence of
some adventurous carbon. As reported earlier, the Au cores
for Ag™",oNPs appeared in XPS measurements and the data
provided supplementary material** about the Ag-shell Ag-
core shell nature of the particles.*’ The Au cores were not
visible by XPS for the Ag*";;oNPs.

After transfer to the culture medium, the hydrodynamic
diameter of particles increased (Table I). UV-vis spectros-
copy analysis on particles coated with proteins in DI water
or PBS showed slight red shift consistent to the particle size
increase (Fig. S6). No other peaks at longer wavelength
could be observed in DI water or PBS in the presence of
FBS, indicating the presence of particles as individual par-
ticles. This increase in size (representing coating thicknesses
averaging approximately 10nm) was consistent with litera-
ture reported FBS protein coating thicknesses, which range
from 10 to 25 nm.***’ Particles dispersed in the cell culture
media at room temperature remained in solution and main-
tained a stable size (as listed in Table I) for longer than 24 h
although UV-vis spectra particles in RPMI-FBS mixture had
a secondary peak, indicating that some agglomeration had
also occurred (Fig. S6).

2. Morphology and structure

The morphology and structure of as-received particles
were examined by electron microscopy and XRD. HAADF
STEM and HR-TEM images of the Ag™",oNPs, AgP»oNPs,
and AgP",oNPs were conducted to examine the size, mor-
phology, and grain structure of the particles. Representative
images are shown in Fig. 1 with additional images included
in Figs. S7 and S8. As expected, the physical sizes observed
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Fic. 1. Representative HAADF STEM (columns 1 and 2) and HR-TEM (column 3) images of the (a) Ag"",oNPs, (b) Ag”™,oNPs, and (c) AgP,oNPs stock

particles.

by TEM were nominally 20 nm diameters, smaller than the
hydrodynamic sizes measured by DLS. The AgP,oNPs [Fig.
1(c)] showed the largest variation in particle size and shape
consistent with a larger PDI value in Table I. The AgP",oNPs
shown in Fig. 1(b) are not as uniform in size as the
Ag™"5oNPs as also indicated by a slightly higher PDI.

The HAADF-STEM images highlight the Au cores of
AgAuzoNPs [Fig. 1(a)]. Intensities observed in HAADF-
STEM images vary as Z” of the scattering atoms. Therefore,
the core Au particle with higher atomic number (79)
appeared significantly brighter than the silver shell (atomic
number of 47). These images were consistent with the
~7-8 nm Au particles used as seeds to grow particles of uni-
form size.***” The gold core did not always appear to be
centered within the particles, and some of the gold seeded
particles were significantly distorted from a spherical shape.
The interface partition between the Ag and Au layer in
Ag™",oNPs appeared to be sharp, supporting the core—shell
structure rather than an alloy formation.

The AgA““ONPs, which were also seeded using ~7nm
Au seeds, appeared to be quasispherical with uniform size
distribution (see Fig. S8). Due to the small percent of Au in
these larger particles, Au cores in these particles were only
visible in a higher magnification image. Although the pres-
ence of the Au core was visible in the HAADF-STEM
images, the crystallite structure (but not the gold core) was
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more apparent in HR-TEM, as shown in Fig. 1. Because the
crystal structure (face centered cubic) and lattice constants
of Ag (0.408 nm) and Au (0.407 nm)**4° are nearly identical,
the Au cores were not visible in the phase contrast HR-TEM
images.

3. Structure of particles

The images shown in Fig. 1 provide structural informa-
tion about the three types of 20nm AgNPs. The structure of
AgP",oNPs and AgP',(NPs was significantly different to that
of the Ag™",oNPs. Both sets of pure AgNPs exhibited a rela-
tively uniform structure with a few visible planar defects
(stacking faults or grain boundaries) aligned along particular
crystallographic directions [Figs. 1(b) and 1(c)]. In contrast,
Ag™',oNPs are composed of many highly disordered
domains characteristic of multiple twined particles. The dif-
ference in structure of particles is likely due to difference in
synthesis route and the presence of the Au core. The origin
of separate domains was likely due to heterogeneous nuclea-
tion growth mechanism as described previously for many
seeded nanostructures growth including Au—Ag core—shell
nanocrystals.'*>® The AgP,,NPs synthesized by a homoge-
nous nucleation process (via borohydride reduction, Scheme
S1) were structurally more uniform showing slip planes and
made up of relatively few grains.



031003-7 Munusamy et al.: Comparison of 20 nm silver nanoparticles synthesized with and without a gold core

60{ —=— Ag", NPs
—o— Ag”, NPs
09 —a—Ag™ NPs

-0.6

-0.5

-~ £
X _ §
v— Ag”, NPs =
E 40 - 9 -04 ¢
3 kel
= ®
O 30 i 1
8 0 0.3 §
©
bt &
2 201 0.2 ©
o S
= 2
a 10 -0.1 )
X
0+ -0

Dissolution time (hours)

FiG. 2. Dissolution profile showing amount of Ag in the supernatant and per-
cent of particles dissolved for Ag™oNPs, AgP,oNPs, Ag™";oNPs, and
AgP'»NPs in FBS 10% volume + RPMI culture media.

Fitting the XRD data (Fig. S9) wusing the
Debye—Scherrer equation provides an estimate of grain
sizes within the particles, which supports the TEM obser-
vations. The Ag*“,o)NPs were made up of many ~7nm
Ag grains nucleated around the Au core, while the two
pure 20nm AgNPs had larger grain sizes (AgP)NPs ~
I15nm and Ag’,oNPs ~ 13nm), somewhat smaller than
the average particle sizes. The Ag™';;, NPs were com-
posed of ~55nm grains of Ag as indicated by XRD and
consistent with HR-TEM measurements (Fig. S3). In sum-
mary, the AgP,oNPs had a relatively ordered structure in
comparison to the disordered and potentially higher
energy structures of the Ag™,oNPs. The Ag™",;oNPs
were made up of grains with sizes significantly larger
than those in the Ag™",oNPs.

031003-7

B. Dissolution and transformation

1. Comparison of dissolution of four AgNPs in cell
culture media

The release of silver from the four types of AgNPs was
measured in cell culture media using conditions and methods
used for Scheme 2. For the initial comparison, each type of
nanoparticle was dispersed in medium at a concentration of
1 pg/ml. The weight percentage of particles dissolved and
Ag concentration measured in solution as a function of time
are shown in Fig. 2. The initial increase of dissolved Ag was
rapid and the rate of increase decreased at longer times, as
expected in the closed system as the driving force for disso-
lution decreased with the increasing amount of dissolved
Ag. During the 24-h period, a higher amount of Ag was
released from Ag”",(NPs into the supernatant (0.5 ug/ml
and 50% of particle mass) in comparison to other particles.
For the same time period, the AgP,(NPs, AgP",(NPs, and
Ag™' 1oNPs dissolved 20% (0.2 ug/ml) or less of the total
initial particle mass. As the total surface area of the 110 nm
particles was less than the 20 nm particles at the same mass
loading, the initial rate of dissolution for the larger particles
was expected to be slower, as observed. In this case, AgNPs
of similar size, synthesized by different chemical routes with
different microstructures, dissolved at different rates and
released significantly different amounts of Ag into the super-
natant during the 24-h period.

The evolution of morphology of Ag*“,)NPs and
AgProNPs during dissolution was examined by HAADF-
STEM after 24 h in cell culture media. These specimens
were prepared following Scheme 1, but were formed by
dropping solution onto TEM grids without centrifugation or
other processing of Scheme 2. Figure 3 shows images of
Ag™,0NPs and AgP",oNPs before [Figs. 3(a) and 3(d)] and
after 24 h incubation in cell culture media [Figs. 3(b), 3(c),
3(e), and 3(f)]. Consistent with the dissolution measure-
ments, the Ag*",)NPs changed significantly in size and

Fic. 3. HAADF STEM images of AgAuzoNPs and AgP",)NPs before and after dissolution imaged as dispersed in cell culture media after 24 h. (a) AgA“ZONPs
before and [(b) and (c)] after dissolution. Similarly for the Ag™,oNPs before (d) and [(e) and (f)] after dissolution.
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FiG. 4. Dissolution time plots for AgAuz(,NPs [(a) and (c)], AgpizoNPs [(b) and (d)] in FBS 10% volume + RPMI measured up to 24 h duration. [(a) and (b)]
Plots showing ion concentration and [(c) and (d)] displaying data in terms of the percentage of the particles dissolved.

morphology after 24 h. The Au cores remained intact while
significant change in the Ag shell layer occurred. The Ag
shell became nonuniform in both thickness and surface mor-
phology around the perimeter of the Au seed [Figs. 3(b) and
3(c)]. It is known that metal and metal oxide nanoparticles
can undergo preferential dissolution, which is initiated at
edges, corners, or defects.”’”? The Ag™“,oNPs underwent
extensive and highly nonuniform dissolution, leaving a
highly disordered structure reminiscent of the Ag shell
before incubation in the cell culture medium. Secondary or
Ag daughter particles (or possibly fragments of the dissolved
shell for the Ag™",)NPs) were observed at this particle load-
ing, but not at particle concentrations above 10 ug/ml. Some
daughter particles seemed to be attached to the remnant
nanoparticles (and may be residue of the initial shell) while
others were located some distance away from the parent
particles.

Although degradation of silver shells on the Ag™“,(NPs
was obvious from the images, AgP",y NPs were subject to
less and apparently more uniform dissolution [Figs. 3(e) and
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3(f)] although secondary particles were found near the pri-
mary particles, which had not changed significantly in size
(consistent with less overall dissolution). Images of
AgA“HONPs after dissolution, shown in Fig. S10, also indi-
cate little change in shape due to dissolution. Precipitation of
pure Ag and Ag,S nanoparticles has been observed by other
researchers in a variety of experimental conditions as the
product of a precipitation process.*>>*

2. Impact of particle mass concentration
on dissolution

Because in-vitro studies are often conducted at a variety
of particle concentrations, information about dissolved Ag
dose and dose rates™* was collected at particle concentrations
from 1 to 50 ug/ml. Data from a variety of particle concen-
trations are shown in Fig. 4 for AgAuzoNPs and AgpizoNPs.
The concentration of Ag in the supernatant is shown in the
top row [Figs. 4(a) and 4(b)]. In the data of Fig. 4, dissolved
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silver concentrations increased over time, providing infor-
mation about the rate of dissolution.

The first time-point in the data plots was set at 0.5 h rather
than O h. Although these measurements were for particles
processed immediately after preparation without being sub-
jected to actual in-vitro dissolution conditions, the particles
were in the media for roughly 2 h at room temperature as
Schemes 1 and 2 were being completed (with zero time at
37°C in Scheme 2). Based on the type of particle and initial
particle concentration, dissolved Ag concentrations measured
at this first time increment varied between 0.05 and 1 pug/ml.
The time for the first data point was selected to appear at 0.5
h in recognition that some dissolution of the AgNPs in culture
medium occurred during sample processing at room tempera-
ture. Although the contribution of dissolution during process-
ing did not dominate the results (the Ag concentration
increases with time in solution), it is relevant to remember
that particle dissolution continues at some level during sample
processing before and during supernatant analysis.

Within each type of particle [Figs. 4(a) and 4(b)], but
most obvious for the AgpizoNPs [Fig. 4(b)], Ag concentra-
tions in the supernatant tended to approach approximately
the same levels after 24 h for particle loadings above 10 ug/
ml. For the Ag™",oNPs after 24 h, Ag concentrations in the
supernatant reached ~2.5 ug/ml while the highest Ag solu-
tion concentrations for the Ag™;;o NPs and AgP,,NPs
remained below roughly ~1.5 ug/ml. Thus, Ag*",oNPs were
dissolved to a greater extent than other particles and pro-
duced a higher concentration of dissolved Ag in solution.
The data plotted as Ag in the supernatant can be replotted as
the percent of the total Ag found in the supernatant (indicat-
ing the amount of the particle dissolved) in the lower set of
frames [Figs. 4(c) and 4(d)]. A simple dissolution model was
applied to this form of the data (Fig. 5).

Due to the buildup of Ag concentration in solution, the
initial rate of dissolution was followed by a slower increase
in dissolved Ag. Therefore, much of the dissolution (up to
80%) occurred during the initial 6-h period independent of
particle type or initial particle concentration as reported in
other studies.® There appeared to be a critical particle con-
centration of ~9 ug/ml for the Ag™",(NPs, above which dis-
solution becomes a ‘“saturable” process. At particle
concentration of <9 ug/ml, dissolved Ag concentration after
24 h was dependent on the initial particle concentration.
However, at particle concentrations of >9 ug/ml, the amount
of dissolved silver concentrations in the supernatant reached
a steady-state condition. However, this saturation concentra-
tion at 24 h was only apparent as longer time data (not
shown) indicated that particles continued to dissolve, but at a
significantly slower rate.

3. Dissolution model

The time and concentration-dependent dissolution data
collected for AgP' and Ag*"NPs (Fig. 4) help provide quanti-
tative information about the nature of the particles and
amount of solubilized Ag that cells would see during in-vitro
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FiG. 5. Experimental data and dissolution model fit to the dissolution data as
a function of time for (a) AgA“ZONPS and (b) AgpizoNPs. The vertical axis is
plotted as [(M(0) — M(t))/M(0)] x 100 following Eq. (3). For each particle,
the solid lines represent a single set of k. and K, values for that particle.
Above solution concentrations of 9 ug/ml, the dissolution data can be
approximately fit by single particle specific values. However, these values
over predict dissolution that was observed for the lower concentrations of
particles in solution, and the dashed lines are from fits to the 1 ug/ml data
sets for each particle, with the values shown in Table II.

experiments at different particle loadings. The data in Fig. 4
clearly show the extent of particle dissolution and the Ag
concentration in solution will vary with the type of particle,
the size of the particles, and the density or loading of the par-
ticles in solution. We used a simple extension of the classical
dissolution model to parameterize dissolution behaviors in
solution and to extract quantitative information for compar-
ing the qualitative observations about differences in particle
behaviors.

In classical dissolution models, the overall rate of dissolu-
tion is moderated by the Gibbs free energy associated with
the dissolution.>

- k+{1 _exp<Rﬁ)}, )

where rg4;s is the overall dissolution rate, k, is the forward
rate of dissolution, R is the gas constant, and AG is the
Gibbs free energy change upon dissolution. The Gibbs free
energy change associated with dissolution will change as
products build up in solution. This formula can be somewhat
simplified identifying the ratio of the activity of the reactant
to species during dissolution raised to the power of their
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TaBLE II. Parameters obtained from fitting the experimental data to the simple dissolution model Eq. (3).

Ag*'oNPs AgP,oNPs AgP™5oNPs Ag™";oNPs
Particle concentration
(ug/ml) K (ugmm?h)  Ksp (ug/ml)  k(uglhm®h)  Ksp (ug/ml)  k (ug/om®h)  Ksp (ug/ml)  k (ug/nm”h)  Ksp (ug/ml)
1 0.5 x 10~ 0.53 0.4 x 1071 0.28 02 x 107 0.13 0.15x 107 0.26
3 1.8 x 1071 13
6 1.8 x 1071 1.8
9 1.8 x 1071 2.7
12.5 1.8x 1071 2.7 1.1x 107" 1.7 12x 107" 1.0 1.6 x 1071 1.4
25 1.8 x 10714 2.7 1.1x 107" 1.7 1.6 x 107 1.4
50 1.8 x 1071 2.7 1.1x 107" 1.7 1.6 x 1071 1.4

stoichiometric coefficients in the solution as Q and noting
the equilibrium value of Q is the solubility product K.
Because AG/RT = ln(Q/KSp)5 3 Eq. (1) can be rewritten as

I'dis = k+{l - Q/Ksp}' 2

At equilibrium Q/K, =1 and the deviation from 1.0 gives a
measure of the driving force for growth or dissolution.

This classical model can be extended to a spherical parti-
cle dissolution model to provide a framework for under-
standing dissolution as a function of particle concentration.
Although it will be a significant oversimplification for com-
plex biological media, dissolution in aqueous media are of-
ten understood in terms of a rate of dissolution, represented
by the dissolution coefficient k, and an apparent solution sol-
ubility product, Ky,. These can be combined into a time-
dependent dissolution model that considers the density of
particles in solution and assumes that particles are spherical
in shape and dissolve uniformly.

2
dcdissolved M(t) ’ Cdissolved
PRt b A | —~2 1 — —==
DO — k, Ag (M(O) o) 3)

where Cgissolved 1S the concentration of dissolved Ag in super-
natant (ug/ml), M(t) is the mass of the particles in solution as
function of time (ug or ug/ml), A,is theinitial specific sur-
face area of particles per solution volume (nm?/ml), k, is
the forward rate of dissolution [from Eq. (1)], (,ug/nm2 h),
and K, is the effective solubility product (ug/ml).

All time-dependent experimental data were fitted to Eq. (3).
Measurements and fits to the measurements for the AgpizoNPs
and Ag™",oNPs are shown in Fig. 5 at solution concentrations
of 1, 12.5, 25, and 50 pg/ml. The model fit is plotted in terms
of percent of particles dissolved over time based on the initial
concentration of particles in solution. The fit values of the
solubility product (K,p) and rate constant (k;) are given in
Table II for all measured particle concentrations and particle
types. For the solution concentrations of 12.5, 25, and 50 ug/
ml, the data for AgP,oNPs, Ag™",oNPs, and Ag™";;oNPs fit
well with self-consistent single values of k, and K, within
each particle type (e.g., single values of K, and k., determined
for each particle fit a fairly wide range of data for the particle).
Based on additional data for solution concentrations between 1
and 12.5 ug/ml for the Ag™",oNPs, we found single Ky, and k
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values could reasonably fit the data for this particle for solution
concentrations above 9 ug/ml, but significant deviations from
these parameters were required to fit the data at lower concen-
trations. The apparent K, values for the different particles sup-
port earlier observations that Ag*",)NPs particles have a
greater apparent solubility than AgP,oNPs. The results also
indicate that Ag™";,oNPs have solubility generally similar to
AgP»oNPs. Although less extensive than for the other particles,
the K, and &, parameters for the Ag™,oNPs indicate a lower
apparently solubility than the Ag™,,NPs.

C. Biological response cellular effects of Ag”",oNPs
and AgP",oNPs

We examined if the structural and stability differences in
AgNPs synthesized with or without the gold seeds were also
associated with differences in biological activity (Fig. 6).
Given the important role of macrophages as a first line of
defense against foreign particulates, these experiments uti-
lized the RAW 264.7 cell line as a model macrophage cell
type that is commonly used for hazard assessment and mech-
anistic studies in nanotoxicology.’®>’ Dose-response analy-
sis of the cytotoxic effects of AgNPs following 24-h
exposure demonstrated that neither AgP,(NP nor Ag™",oNP
caused overt cytotoxicity at concentrations up to 25 pg/ml.
However, a significant increase in cytotoxicity was observed
at 50 ug/ml for both particle types, and this effect was exa-
cerbated in particles containing a gold core.

The results clearly indicate that the presence of a gold
core enhances the cytotoxic effects of AgNPs at high cell
dose levels. However, because of the observed dissolution
kinetics, there are only minor differences in the dissolved Ag
to which the cells are exposed for loading at 12.5 ug/ml or
higher so that the level of extracellular Ag species resulting
from dissolution appears to play a relatively minor role in
the dose-dependent cytotoxicity of the particles. Rather, the
observed differences in the cytotoxicity of AgP",oNP and
Ag™"5oNP reflect differences in interactions of the particles
with the cells due to the different particles structures or the
rate of dissolution and/or reactivity following intracellular
uptake.

Given the induction of oxidative stress is a principal
mechanism of toxicity for AgNPs, potentially through inter-
actions between Ag ionic species and protein sulfhydryls, we
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Fic. 6. (a) Exposure to AgAuzoNPs (core) and AgPNZONPs (pure) caused differential expression of HMOX, a marker for oxidative stress in RAW 264.7 cells.
The insert shows HMOX expression blot with  actin as loading control. The graph is the average HMOX expression from two independent experiments, the
error bars are range of the two experimental values. (b) Exposure to AgAuzoNPs (circle) and Ag"™,oNPs (square) also showed differential cytotoxicity at high
nanoparticle concentrations. In both tests, the Au core particles have a greater impact at relatively high particle exposures.

also compared the relative potencies of AgP",oNP and
Ag™">0NP to induce an oxidative stress response in macro-
phages at subcytotoxic exposure levels. Western blot analy-
sis was used to measure the level of induction of HMOX1, a
common antioxidant response protein that is regulated by
redox-sensitive transcription factors.

The results demonstrate that both AgNP types induce oxi-
dative stress in macrophages at doses that precede overt cy-
totoxicity, and this response is enhanced by up to three-fold
for Ag*",oNP compared to the same dose of particles lack-
ing a gold core. The results are consistent with the notion
that differences in intracellular dissolution and/or reactivity
of the AgNPs associated with the structural alterations of the
particles arising from the presence or absence of a gold core
may underlie the variability in biological potency of these
nanoparticles.

IV. DISCUSSION

The combination of structural, dissolution, and biological
data shows that differences in AgNP synthesis route can alter
particle structure and impact particle stability and biological
response. Each of these is discussed individually before a
more general discussion below. The combination of multiple
types of data enables impacts of different parameters to be
assessed.

A. Variations in particle structure and synthesis route

The Ag NPs synthesized using gold nanoparticles as
seeds have a significantly different structure than nanopar-
ticles composed of pure silver. As indicated in Fig. 1, there
was less overall crystalline order in these smaller Au seeded
particles in comparison to the other three types of AgNPs.
The high density of crystallite boundaries and apparent dis-
order in Ag™",oNPs suggests the presence of many types of
defects in Ag particles, which have been identified as highly
correlated with toxicity.?® Disorder has also been linked with
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increased dissolution as observed and discussed below. The
grain size determined by XRD of ~7 nm for Ag"",(NPs was
roughly consistent with the shell thickness, as expected. For
the larger particles, which were also grown around an Au
core, the crystallite size was much larger (~50nm) and the
defect density was expected to be lower.

B. Dissolution and transformation

1. Influence of particle structure and history
on dissolution

The extent and rate of particle dissolution can be influ-
enced by many factors including those associated with par-
ticles such as structure, degree of aggregation, surface area,
shape, size, and density of defects and kink sites, and those
associated with the solutions such as composition, pH, and
chemical saturation.”® Results of our research reinforce the
role of synthesis route, particle structure and defects on par-
ticle transformation, dissolution, and solubility on the time
frame of biological studies. Due to the toxicity of Ag dis-
solved in solution,'® differences in solubility may impact
some biological endpoints.

The microstructure differences between AgAuzoNPs rela-
tive to both versions of AgP,oNPs appear to offer an
adequate explanation for much of the difference in the
observed solubility. Highly disordered and amorphous struc-
tures have a higher energy state than crystalline materials,
and thus, there is a free energy difference AG™ between dis-
ordered material (a) and well-ordered crystalline (c) solids.>’
There are related differences in AG for dissolution and con-
sequently variations in particle solubility.°® Therefore, amor-
phous and highly disordered materials have a higher
solubility (Kp) than crystalline materials.

Similar effects of structure on dissolution were reported
for hematite nanoparticles of similar size and with different
crystal structure and defect density.®’ Porter er al. also
observed enhanced dissolution at grain boundaries of
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hydroxyapatite in both in-vivo and in-vitro studies.®® The
pharmaceutical industry understands the impact of structure
differences in solubility and uses it to enhance drug delivery.
Hancock and Parks® note for even partially amorphous
materials the solubility enhancement (theoretical or meas-
ured) is likely to influence in-vitro and in-vivo dissolution
behavior. Much earlier work on the dissolution kinetics of
calcite demonstrated that even the presence of significantly
different concentrations of crystal dislocations could alter
the dissolution rate of calcite by a factor of three.®®

The amount of Ag dissolved in 24 h was nearly the same
for AgAu 110NPs and AgpiZONPs, and the apparent K, were
relatively similar. We interpret this as an indication that the
impact of the Au core on the particle structure diminished as
particle size increases and note the Ag crystallites that made
up the AgAu 110NPs were larger than the AgP,oNPs and the
crystallite sizes of both were larger than Ag crystallites
found in the AgAuzoNPs. It is well established that differen-
ces in size for nanoparticles can alter various types of par-
ticles properties,®* but many size-dependent properties of
nanoparticles do not change dramatically until the particle
diameters less than 20-30 nm.**® Therefore, significant dif-
ferences in the solubility for 20 or 110nm particles might
not be expected based upon size alone, but might be under-
stood based on differences in crystallinity.

Nanoparticles of various types are grown on seed crystals to
help produce uniform size or obtain desired properties.””~% The
current works shows that Ag grown on an Au seed crystal can
impact particle structure, especially for shell thicknesses of size
comparable or smaller than the core. However, other effects of
a seed crystal or core on particle stability need to be considered.
The contact potential difference between two metals can lead to
galvanic corrosion, which would lead in this case to enhanced
dissolution rates of Ag. Au—Ag alloys are a classic system for
examining dealloying effects because only Ag dissolves.”*”!
However, galvanic corrosion occurs when both metals are
exposed to the solution, which was not the case for the as-
synthesized particles. In a study of dealloying of Au-Ag alloy
nanoparticles, Star and Buttry’" noted that an over potential was
required to remove the Ag from these alloys and a subset of Ag
atoms appeared to be protected by Au in the NP cores.

The presence of a gold core was used by others to help
address questions related to the distribution of nanoparticles
relative to dissolved Ag. Meng e al.”? used gold-core Ag-
shell nanorods to probe the biodistribution and toxic effect
of silver NPs in mice. Using gold as a particle tracer made it
possible to compare the particle distribution versus the Ag
distribution, and they found limited distribution of particles
relative to the much wider distribution of dissolved Ag. Such
studies may help answer critical questions, but particles with
the core—shell structure may in some circumstances behave
differently than pure metal particles with different structure.

2. Effects of particle concentration

Understanding how particle concentrations impact parti-
cle aggregation, dissolution and other transformation
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provides critical information about the nature of cell expo-
sure to the particles and solution Ag. The simple dissolution
model described earlier fits the 24-h dissolution measure-
ments reasonably well and provides a simple way to predict
dissolution at different concentrations as well as a quantita-
tive comparison of the behaviors of the different particles.

The observation from Table 1I that a single set of K, and
k. parameters for each Ag"',oNPs, Ag™“;;oNPs, and
AgP5oNPs fit the dissolution data for particle loading from 9
to 50 ug/ml for the 24-h observation period indicates that the
dissolution was relatively well behaved and could be use-
fully described by the simple model for the specific range of
particle loadings and the 24-h period typical of many in-vitro
experiments. The varying K, values highlight the differen-
ces in apparent solubility of the particles as discussed earlier.
The Ag*“,oNPs particles with the highest K, values were
least stable and showed the highest dissolution in solution.
The parameters in Table II can be used with Eq. (3) to esti-
mate the integrated dose of dissolved Ag to which cells
would be exposed during in-vitro studies. As suggested by
the measured amounts dissolved Ag shown in Fig. 4, the
amounts of dissolved Ag to which cells would be exposed
would vary for the type of particles involved, but would be
essentially independent of the particle loading for particle
concentrations above 10 ug/ml.

C. Biological response

The cytotoxicity and oxidative stress measurements on
macrophage cells indicate that structure/property differences
between AgP">oNPs and Ag™",oNPs can have biological con-
sequences. These results provide information for more
detailed mechanistic biological studies that are under way.
The difference between cytotoxicity and oxidative stress
may have implications related to the difference between
chronic effects and acute toxicity as highlighted by Wang
et al.”® The results also shed some light on the relative im-
portance of AgNPs versus dissolved Ag in the cell culture or
exposure media.”* Significant cytotoxic effects of exposure
(Fig. 6) were not observed below particle concentrations of
25 pug/ml, although analysis of HMOXI1 expression clearly
indicated the induction of cellular oxidative stress at this
dose level. Although there were differences in solution Ag
between the two particle types for all particle loadings,
within each particle type, there were virtually no differences
in dissolved Ag as a function of particle exposure for particle
loadings ~10 pg/ml. Consequently, effects appearing at only
higher doses suggest impacts of particle uptake and not dif-
ferences in exposure to Ag dissolved from particles in the
cell culture media. A potential explanation for these observa-
tions is that overt cytotoxicity of AgNPs occurs only after
the level of intracellular Ag species reaches a critical level
that overwhelms normal antioxidant defense capacity of
cells. While extracellular dissolution may be insufficient to
reach this critical point, there is no fundamental reason to
expect that the differences in dissolution rates observed
between different structural types of AgNPs do not also
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operate intracellularly, thereby contributing to the differen-
ces in cytotoxicity observed among particle types at higher
dose levels.

An impact of particles with a higher defect density is con-
sistent with the observations of defect induced toxicity of
George et al.>> However, differences in solubility of the par-
ticles once within the cells might alter the amounts of inter-
nally dissolved Ag and internally dissolved Ag might be
responsible for biological differences. Our observations spe-
cifically apply to RAW 264.7 macrophage cells exposed to
AgNPs in the RPMI+10%FBS media as described in
Scheme 1 and may not reflect observations of other cell
types, cell culture media, or exposure conditions.

D. General discussion

1. Particle coatings and interactions with biological
media

The interactions of nanoparticles with biological systems
can be strongly influenced by the initial coatings on the par-
ticles being tested and the formation of protein layers or coro-
nas that form in biological media.?*”> A recent study found
that citrate-AgNPs were more toxic than Polyvinylpyrrolidone
(PVP)-AgNPs, despite having similar sizes and dissolution
rates.”* The authors proposed that Ag ions form complexes
with PVP, which reduces their bioavailability and conse-
quently cytotoxicity. Theodorou ef al.”” demonstrated that Ag
ions may also undergo PVP-mediated reduction to form sec-
ondary AgNPs. These secondary particles, having a much
smaller size could directly interfere with the function of cell
membranes, allowing a larger number of AgNPs to penetrate
inside cells.** They might also reach internal organelles more
easily,”® potentially inducing more pronounced toxic effects.

We have observed that dissolution of AgNPs is signifi-
cantly accelerated when FBS is added to either DI water or
the RPMI culture medium indicating that protein adsorption
(corona formation) can assist dissolution. This raises the ques-
tion of whether variations in the composition of protein coro-
nas might partially explain either the observed differences in
dissolution kinetics or biological responses. The presence of a
protein corona can modulate cellular uptake and toxicity of
AgNPs, though it is unclear specific corona proteins are criti-
cal for these effects.”” While a direct comparison of the co-
rona protein composition of AgNPs prepared with or without
gold cores has not been done, a previous study reported the
composition of proteins associated with the same Ag™"»(NPs
and AgAul 10NPs after incubation in culture medium contain-
ing 10% fetal bovine serum.”® Mass spectrometry analyses
identified common subsets of proteins that bound the AgNPs
regardless of size or surface coating, including albumin, apoli-
poproteins, complement molecules, and other serum proteins.
Although work by Podila et al.”® had shown that surfactant
free particles had a larger corona that particles surfactant sta-
bilized, no clear relationships between surface coating (citrate
or PVP) and the protein corona composition were found in
this case (suggesting coatings such as citrate are readily dis-
placed), size-dependent differences in protein adsorption
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suggest the enhanced curvature of 20 nm particles can result
in preferential binding of some classes of proteins. Mass spec-
trometry analyses at PNNL (Kodali ez al., unpublished) con-
firmed these general observations. Future studies which
determine whether specific subsets of these corona proteins
serve as protein “sinks” for Ag ions would be informative to
understand how the corona composition influences dissolution
kinetics and cell responses.

Due to the complexity of the cell culture media (mixture
of RPMI and FBS) and some of the complexation and corona
effects noted above, we would not expect the simple dissolu-
tion model of Eq. (3) to adequately describe all of the proc-
esses that could take place. The simple dissolution model
has at least two limitations observed in our studies. First, the
parameters that fit the data above solution concentrations of
9 ug/ml significantly over-predicted the measured dissolu-
tion at lower particle concentrations. Second, additional data
collected for longer than 24 h demonstrated that dissolution
does not actually reach stable saturation values of dissolved
Ag at 24 h as indicated by the fit to the simple model. The
well-established tendency of silver ions to interact with or-
ganic molecules in aqueous media®® likely contributes in dif-
ferent ways to both of these observed limitations.

It is relevant to recognize that the [CP-MS measurements
used in this study measured all Ag that was in the superna-
tant, not just free Ag ions. Such data provided an appropriate
indication of the amount of Ag dissolved from the particles,
but included both ions in solution and Ag of any type that
was not removed from the supernatant by the centrifuge pro-
cess, including Ag entrained in proteins associated with FBS
as well as any nonparticle (or very small particle) forms of
Ag compounds that may have formed. The solubility product
K, used in the simple model effectively assumes equilib-
rium between solid Ag and ions in solution, not taking into
account any Ag tied to organic matter. Thus Ag ions may
react (and possibly reduce) upon interaction with the serum
proteins in solution creating a sink for Ag that is not repre-
sented in the current simple dissolution model. For data col-
lection extended to periods as long as 72 h, no true
saturation was observed. Although the simple model
describes the data up to 24 h fit fair accuracy, it does not
apply to longer times.

2. Daughter particle formation

The apparent lower effective solubility at lower particle
loadings, producing lower K, values, seems to be counterin-
tuitive. Using control studies, we verified that it is not the
loss of Ag ions to the sample vessel wall or due to processing
of the samples for ICP measurements. However, the small
particles shown in Fig. 3 for dissolution with particle load-
ings of 1 ug/ml provided an important hint to what may be
happening. The presence of daughter particles, or possibly
particle fragments for the Ag™",oNPs, large enough to be
observed by TEM was not apparent during TEM examina-
tion at higher particle loadings. These smaller particles were
potentially large enough to be at least partially removed by
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TasLE III. Range of particle sizes, dissolved Ag concentrations, and biological impacts reported in the literature.

Nanoparticle

Dissolved

Particle Dissolution concentration Ag concentration Dissolved

Reference Dissolution medium size (nm) time (h) (pg/ml) (pg/ml) Ag (wt. %) Conclusions on toxicity
31 Dulbecco’s Modified 20 24 5 0.85 17 Ag ion responsible for change in gene
Eagle Medium (DMEM)/ 113 24 25 1.5 6 expression in a range of stress responses including
Fetal Calf Serum oxidative stress, endoplasmic stress response,
(FCS) 10% and apoptosis
6 RPMI 1640/FCS 10% 30 48 33 3.6 ~I11 Toxicity not due to Ag ions characterized by
reduction in cell viability and
increased lactate dehydrogenase release
32 Perchlorate buffer w/ 14 72 25 >1.5 6 No toxicity studies performed
dipalmitoylphosphatidylcholine
pulmonary surfactant
25 L-15 w/alignic acid 20 24 5 0.5 10 Ag ions induced oxidative
Holtfereter w/alignic acid 0.07 1.4 stress effects. Nanoplates more toxic compared
to spheres due to high surface reactivity
33 Hoagland 20 24 0.6 0.066 11 No toxicity studies performed
34 Bronchial Epithelial Cell 20 24 12.5 0.53 ~4 Cellular toxicity and oxidative
Growth Medium 110 0.31 ~2.50 stress due to Ag ions
35 KNOj; w/bovine 30 24 5 0.5 10 Hemolytic toxicity caused by Ag complexes
serum albumin like AgCl rather than free Ag ions
36 Not reported ~20 24 25 1.44 5.76 No hepatoxicity or immunotoxicity
in rats by biochemical markers and antibody
levels in blood, lymphocyte proliferation
and cytokine release, and natural
killer-cell activity
37 DMEM 10 24 10 2.36 23.6 Cell viability evaluated by lactate dehydrogenase

assay and attributed to intracellular drug release

the centrifugation process.®' As indicated by the discussion
below, precipitation and growth of “larger” daughter par-
ticles appears to be favored at lower particles loadings.

It is well established that AgNPs can form in a variety of
circumstances.>""*78%82 We note particularly that Akaighe
et al.®® observed formation of AgNPs by the reduction of Ag
ions in the presence of humic acids; Goswami et al®
observed protein enabled nanoparticle growth; Panaek
et al® used a high molecular weight polymer to nucleate
and control the size of Ag nanoparticles. They found the
presence of poly(acrylic acid) (PAA), which forms a strong
complex with Ag"s, influenced both nucleation and growth
of nanoparticles and that the size of the particles formed was
larger when the concentration ratio of PAA/Ag was higher.
An image of the particle formation and capture process
shown in Fig. 6 in their paper® appears similar to our Figs.
3(b), 3(c), 3(e), and 3(f).

These reports suggest a possibility that AgNP formation
could occur in our RPMI+FBS solution in the presence of
Ag™" and seed nanoparticles, and that the size of the particles
formed might depend on the concentration of AgNPs pres-
ent, the amount of dissolved Ag, and the protein concentra-
tion. To test the hypothesis that a small concentration of
“parent” AgNPs in solution with Ag ions might lead to the
formation of “daughter” smaller than the parent particles,
but large enough to be removed by the centrifugation process
used to separate nanoparticles from the supernatant, we
measured Ag in the supernatant for a RPMI+FBS solution
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initially containing Ag ion concentration of 2.7 ug/ml (using
AgC,H30,) and loadings of 0, 1, and 12.5 ug/ml of
AgP",oNPs. After 24 h, we were able to recover all or most
of the initial concentration of supernatant Ag when only the
Ag salt was present and when a concentration of 12.5 ug/ml
of particles was present. However, for the solution contain-
ing 1 ug/ml of AgP",oNPs, the amount of Ag measured in the
supernatant was lowered by 50% (Fig. S11).** This measure-
ment was consistent with the formation of nanoparticles
large enough to be removed by centrifugation when low con-
centrations of AgNP particles—serving as seeds—were pres-
ent in Ag" containing solution. The data also indicate that
such particles were not present in significant quantities for
initial particle loadings of 12.5 ug/ml or higher. It is also
consistent with the TEM observations in Fig. 3. Thus the
lower than expected amounts of Ag in the supernatant
observed for particle loadings below 10 ug/ml in our dissolu-
tion data (lower apparent K, values relative to the values
found for higher particle concentrations) appear to be due to
the formation of daughter particles sufficiently large to be at
least partially removed from the supernatant during the cen-
trifugation process of Scheme 2.%!

3. Range of Ag toxicity in the literature

The wide variety of responses to Ag reported in the litera-
ture as shown by examples in Table III, are likely due to var-
iations in the biological systems being examined, the testing
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media, the particle exposure, and/or the nature of the initial
particles. Mechanistic understanding of important processes
may require additional information that we are just begin-
ning to understand and we may not yet have adequate data to
parse some of these differences. In this study, the particles
were the only variable showing the 20 nm particles made in
different ways can have different physicochemical and bio-
logical impacts.

The ranges of variations of relevant parameters reported
in literature regarding the dissolution and toxicology of
AgNPs are shown in Table III. The solution concentration of
Ag dissolved from the particles in 24 h ranged from 0.07 to
3.6 ug/ml (as a comparison, for the specific media, particles
and protocols used in the studies reported in this paper and
for initial particle loadings above 10 pg/ml, the dissolved Ag
concentrations at 24 h ranged from 1 to 2.7 ug/ml). The bio-
logical impacts were not simply related to higher dissolved
Ag concentration. For example, Bouwmeester et al.’'
reported dissolved Ag concentrations of 0.85 ug/ml for
20 nm particles for an initial and stress response. In contrast,
Stoehr et al.® reported dissolved Ag concentrations of
3.6 pg/ml in RPMI 1640/FCS 10% for similar sized particles
for an initial particle concentration of 33 ug/ml with no
reported toxicity for spherical particles. Mechanistic under-
standing of important processes may require information
that is not yet commonly available. For example, Gliga
et al’” examined the effect of AgNPs versus ions released
for cytotoxicity in human lung cells. Their data showed tox-
icity induced by AgNPs of size 10nm while the free silver
ions, as isolated from dissolution studies after 24 h, did not
induce any toxicity. They concluded that toxicity was mainly
responsible due to intracellular Ag release. In some cases,
cells can protect themselves from Ag ions, but Ag particles
may be able to penetrate the cell and then release ions, a
Trojan horse mechanism.”* Ag ion complexation may occur
at multiple time scales, impacting dissolution, altering the
nature of the Ag (ions, particles, or complexed in some way)
interacting with cells, leading to formation of small particles
and alternate pockets of Ag, thereby providing multiple sour-
ces of Ag to interact with a biological system.

The fate and solubility of particles in cells or biological
systems may be highly dynamic. The traffic and fate of par-
ticles, their initial aggregation state, the cellular uptake proc-
esses involved, the nature of the media within the cell can all
influence the nature of the particles and the solution Ag. The
current studies were focused on understanding the bioavaila-
bility and stability of AgNPs as relevant for dosimetry mod-
eling for in-vitro toxicity studies. Further work is needed to
understand the transport and dissolution of particles into and
with cells.

V. SUMMARY, CONCLUSION, AND PERSPECTIVES

The impact of AgNPs on biological systems depends on
the initial nature of the particles, transformations they
undergo in the media, the biological systems to which they
are exposed, and the amount of dissolved Ag available for
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interaction. Results reported in this paper highlight and pro-
vide some quantitative information about the impact of particle
structure on dissolution in one media and biological impact.

The detailed structure of nanoparticles depends on the
synthesis process and particle history. As defects have been
shown to impact particle toxicity in some circumstances,
particles with widely different defect concentrations might
reasonably be suspected to induce variations in biological
response.

The 20nm Ag particles formed around the Au core
(Ag™",oNPs) were found to have high disorder (high number
of grain boundaries) and an apparent higher effective solubil-
ity than the less disordered pure Ag particles, changing the
amount of dissolved Ag present in biological media during
times typical of in-vitro studies. In addition, the dissolution of
the core—shell particles was less uniform in comparison to the
pure particles, indicating that the structure of the particles can
change significantly during dissolution. The 20 nm core—shell
particles had a greater impact on RAW 264.7 macrophage
cells. The nature of the dose response suggests that the differ-
ences in biological response are due to particle uptake and not
dissolution in the cell culture media.

A simple dissolution model rationalized the impact of
particle concentration on the rate of dissolution for particle
concentrations between about 9 and 50 ug/ml for the media
used in these studies. Although the simple model has several
limitations, it can provide a helpful guide to understanding
and predicting concentration effects for the time of many
in-vitro experiments.
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