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Abstract Distinguishing the toxic effects of nanoparticles
(NPs) themselves from the well-studied toxic effects of
their ions is a critical but challenging measurement for
nanotoxicity studies and regulation. This measurement is
especially difficult for silver NPs (AgNPs) because in many
relevant biological and environmental solutions, dissolved
silver forms AgCl NPs or microparticles. Simulations
predict that solid AgCl particles form at silver concen-
trations greater than 0.18 and 0.58 pg/mL in cell culture
media and moderately hard reconstituted water (MHRW),
respectively. The AgCl NPs are usually not easily separable
from AgNPs. Therefore, common existing total silver
techniques applied to measure AgNP dissolution, such as
inductively coupled plasma mass spectrometry (ICP-MS) or
atomic absorption, cannot accurately measure the amount
of silver remaining in AgNP form, as they cannot
distinguish Ag oxidation states. In this work, we introduce
a simple localized surface plasmon resonance (LSPR) UV—
visible absorbance measurement as a technique to measure
the amount of silver remaining in AgNP form for AgNPs
with constant agglomeration states. Unlike other existing
methods, this absorbance method can be used to measure
the amount of silver remaining in AgNP form even in
biological and environmental solutions containing chloride
because AgCl NPs do not have an associated LSPR
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absorbance. In addition, no separation step is required to
measure the dissolution of the AgNPs. After using ICP-MS
to show that the area under the absorbance curve is an
accurate measure of silver in AgNP state for unagglomerat-
ing AgNPs in non-chloride-containing media, the absor-
bance is used to measure dissolution rates of AgNPs with
different polymer coatings in biological and environmental
solutions. We find that the dissolution rate decreases at high
AgNP concentrations, 5 kDa polyethylene glycol thiol
coatings increase the dissolution rate, and the rate is much
higher in cell culture media than in MHRW.

Keywords Silver colloid - Dissolution - Silver ion - ICP-
MS - Localized surface plasmon resonance absorbance

Introduction

Numerous studies have implicated the dissolution of metal
ions from nanoparticles (NPs) in their toxicities because many
metal ions used in NPs (e.g., Ag’, Zn**, Cu™*, and Cd*") are
well known to be toxic [1-12]. Researchers studying NP
toxicity are concerned about NP-specific effects apart from
the effects of their ions [4-6, 12—14]. Therefore, it is critical
to develop methods to measure the dissolution of these NPs
to distinguish between the toxicities of the metal NPs and the
toxicities of their dissolved ions and ion complexes. Silver
nanoparticles (AgNPs) in particular have been studied
extensively due to their common and increasing use as
anti-microbial agents and their demonstrated toxicity to
certain cells and organisms [3—-6, 8, 12]. However, it is still
frequently unclear whether AgNP toxicity is caused by
released silver ions, by the NPs themselves, or by a
combination of NP and released ion effects (e.g., the “Trojan
horse” effect [8, 13]).
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The most common methods used to measure dissolution
of AgNPs are inductively coupled plasma-mass spectrom-
etry (ICP-MS), inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES), and atomic absorption (AA).
All of these methods require that the silver ions be
separated from the AgNPs before the measurements
because they detect total silver content and not the silver
oxidation state. This separation step has been done using
centrifugation, ultrafiltration, and dialysis, each of which
has potential artifacts. For example, centrifugation may not
always sediment all of the smallest NPs unless very high
centrifugal forces and long times are used (e.g., previous
work showed that AgNPs smaller than 4 nm were not
sedimented [15]). Ultrafiltration, which uses centrifugation
or pressurized gas to force the solution through a nano-
porous membrane, can separate even very small particles
from the ions, but ions can adsorb to the membrane. This
mass imbalance is especially significant for low concen-
trations of dissolved species. Dialysis takes a long time,
often dilutes the sample, and can also lose ions due to
membrane adsorption. Depending on the dissolution kinet-
ics and the separation time, the AgNPs may dissolve
significantly during the separation process for all methods.
Finally, most environmental and biological solutions con-
tain chloride ions, so that AgCl (and sometimes silver
carbonate and silver phosphate) particles will form from the
dissolved silver ions. At very high chloride concentrations,
calculations based on equilibrium association constants
predict that dissolved AgCl,” and AgCly* will form.
However, many environmental and biological solutions
contain only moderate concentrations of chloride. In these
solutions, we calculate in the theory section that solid AgCl
particles can constitute a large fraction of non-AgNP silver.
Since AgCl particles cannot be distinguished from AgNPs
with these ICP- and AA-based methods, they only measure
the amount of silver in non-particulate form, and the total
dissolution is underestimated. Other methods to measure
ion dissolution include ion-selective electrodes and ion
chromatography, which only measure Ag’ ions and not
strong silver complexes (e.g., with thiols, proteins, or
chloride), again underestimating AgNP dissolution.

Because conventional methods used to measure AgNP
dissolution cannot distinguish between AgNPs and AgCl
NPs, they have typically only measured soluble dissolved
forms of silver or have worked with low concentrations of
AgNPs in which solid AgCIl NPs do not form [3, 4, 6, 16—
18]. Even complex measurement techniques such as laser
postionization secondary neutral mass spectrometry/time-
of-flight secondary ion mass spectrometry generally only
measure silver concentrations and do not distinguish
AgNPs from AgCl NPs [19]. In this work, we introduce a
simple method using the UV-visible absorbance spectrum
to measure AgNP dissolution in various solutions contain-
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ing moderate (5 pg/mL) to high (100 pug/mL) AgNP
concentrations. AgNPs are well known to have a localized
surface plasmon resonance (LSPR) peak, which causes a
peak absorbance near 400 nm for unagglomerated particles
and shifts to longer wavelengths for agglomerated particles.
The peak absorbance has previously been used as an
estimate of AgNPs remaining as single NPs when agglom-
eration is occurring, since the absorbance at the peak
decreases when AgNPs agglomerate and sediment [16, 20—
22]. However, for unagglomerating NPs, decreases in
absorbance can be used as a measure of dissolution.
Because AgCl particles do not have an LSPR peak, it is
expected that this absorbance-based method is one of the
only methods that can measure AgNP dissolution rates in
situ from moderate to high AgNP concentrations in many
solutions containing chloride ions.

Materials and methods

Certain commercial equipment, instruments, or materials
are identified in this report to specify adequately the
experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute
of Standards and Technology (NIST), nor does it imply that
the materials or equipment identified are necessarily the
best available for the purpose. Unless stated otherwise, all
chemicals were ACS reagent grade and used as received
without further purification.

Synthesis of AgNPs

Citrate-stabilized AgNPs (~23 nm intensity-weighted mean
diameter in water by DLS) were produced using a
previously described method of reducing an aqueous
solution of boiling silver nitrate in the presence of trisodium
citrate dihydrate with sodium borohydride obtained from
Sigma Aldrich (St. Louis, MO, USA) [20]. The AgNPs
were coated with different polymers by ligand exchange.
The polymer coatings used were two different sizes of poly
(ethylene glycol)-thiols (5 kDa PEG and 20 kDa PEG) from
Nanocs (New York, NY, USA, #PEG3-0021 and #PEG3-
0025, respectively), and approximately 10 kDa poly(vinyl
pyrollidone) (PVP) and dextran from Sigma-Aldrich (#PVP10
and #D9260, respectively). Specifically, ~60 pg/mL citrate-
coated AgNPs were mixed with 1 mmol/L of each polymer at
a 9:1 volume ratio. The reaction was allowed to proceed for
1 h. Each of the samples was concentrated to 1 mg/mL by
nitrogen-pressurized ultrafiltration (Millipore 8200) us-
ing a regenerated cellulose 100-kDa relative molecular
weight cutoff membrane so that free ligands were
mostly (>90%) separated from the AgNPs. Character-
ization of purified stocks of functionalized AgNPs can
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be found in Electronic Supplementary Material Figs. S1,
S2, S3, S4, S5, and S6.

For the experiments comparing absorbance and ICP-MS,
both PEG-AgNPs were dispersed in 0.1 mol/L HNOj; at
5 pg/mL. Because they dissolve quickly in HNO;, the
absorbance of the NPs at 5 pg/mL in deionized water was
used as the baseline absorbance. The citrate-AgNPs were
dispersed in 0.15 mol/L KNOs+2% bovine serum albumin
(BSA) with two different recently described methods [23],
depending on the desired agglomeration state. To obtain
well-dispersed AgNPs, the AgNPs were pipetted directly into
KNO5/BSA while vortexing at maximum speed. To obtain
agglomerates, AgNPs were first dispersed at 200 pg/mL in
0.15 mol/L KNO; and allowed to agglomerate to the desired
mean size before diluting 1:1 with 0.15 mol/L KNO;z+
4% BSA. The samples were then immediately diluted to
5 ng/mL AgNPs with deionized water, since the agglom-
erates were more stable in this diluted solution.

After measuring the absorbance at the desired time point as
described below, the samples were immediately centrifuged at
20,800xg for 30 min at 2 °C to pellet the undissolved
AgNPs. Finally, the supernatant was taken and diluted with
0.1 mol/L HNO; for measurement by ICP-MS. In addition,
the AgNPs were diluted directly into 0.1 mol/L HNO;
without centrifugation in order to measure the total silver
concentration with ICP-MS. Also, since the AgNPs were
used 2 to 5 months after they were prepared, some silver
may have dissolved prior to the experiments. Therefore, the
AgNPs were centrifuged in deionized water, and the
supernatant was then measured with ICP-MS in order to
measure the initial concentration of silver ions and/or AgNPs
too small to sediment. The initial non-sedimented weight
fractions were about 4.5% for citrate-AgNPs, and 24% and
22% for 5- and 20-kDa PEG-AgNPs, respectively. The
higher initial “dissolved” fraction for PEG-AgNPs may be
due to the longer time between their preparation and use
(5 months for PEG vs. 2 to 3 months for citrate) or due to the
slower sedimentation of PEG-AgNPs. This initial dissolved
silver concentration was subtracted from all other measure-
ments when calculating the dissolution rate.

Dynamic light scattering (DLS)

For characterization of functionalized AgNP stocks, the
DLS methodology followed recommendations outlined in
the NIST-Nanotechnology Characterization Laboratory As-
say Cascade Protocol PCC-1 [24]. DLS measurements were
performed using a Malvern Instruments (Westborough, MA,
USA) Zetasizer Nano in 173° backscatter mode or
Brookhaven Instruments (Brookhaven, NY, USA) Zeta-
PALS at a 90° angle at 20.0 °C. Sample preparation was
performed in a particle-free hood. Disposable semi-micro
cuvettes were cleaned and dried immediately before use.

The cumulants analysis algorithm was applied to obtain the
Zae equivalent hydrodynamic diameter. Samples were
vortexed immediately prior to measurement in order to
avoid artifacts from sedimentation of agglomerates. Diam-
eter values reported are the mean of five consecutive
measurements, with one standard deviation representing the
precision of the observed mean.

ICP-MS

Samples were stored in the dark in a refrigerator at 4 °C prior
to analysis. Analyses were completed within 3 days of sample
preparation. Prior to analysis, the samples were removed from
the refrigerator and allowed to reach normal laboratory
temperature (20 °C to 25 °C). An aliquot of indium internal
standard was added to each tube, and the samples were then
diluted to 14.75 mL using high-purity de-ionized water.

Determinations of silver were made using a Thermo X7
ICP-MS instrument (Thermo Electron, Winsford, Cheshire,
UK) operating in conventional (not collision cell technology)
pulse counting mode. Five blocks of data, each 30 s in
duration, were acquired for each sample at mass/charge (m/z)
109 (Ag) and 115 (In) using peak jumping and a dwell time
of 10 ms. Quantitative measurements were made using
external calibration. The calibration standard, having a
concentration of 9.77 ng/mL, was prepared in the laboratory
by serial dilution of a high-purity primary standard (NIST
SRM 3151, Silver Standard Solution, lot number 992212).
The sample run sequence was randomized with the
calibration standard measured at the beginning, middle, and
end of the measurement run. Silver measurements by ICP-
MS can be problematic owing to memory effects from silver
adsorption on material surfaces resulting in sample-to-sample
cross-talk. However, in this case, the instrument background
was found to return to normal and stabilize within 2 min of
washout with the instrument rinse solution (2% mass fraction
nitric acid), and no specialized wash solutions were required.
The expanded uncertainties of the ICP-MS measurements
(calculated from the combined uncertainties of replicate
measurements, calibration measurements, primary calibrant,
instrument mass discrimination drift, instrument dead-time
correction effects, instrument background correction, and
weighing measurements [25]) were approximately 2% of the
measured mean values.

Absorbance measurements

Spectrophotometric absorbance measurements between 300
and 1,100 nm were made using a Hewlett Packard 8453
spectrophotometer (Palo Alto, CA, USA). Samples were
vortexed immediately prior to measurement in order to avoid
artifacts from sedimentation of agglomerates. The absorbance
of the 5-ug/mL. AgNPs was measured directly in a 1-cm
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quartz cuvette. The 100-pg/mL AgNPs were diluted 20x with
water immediately before each absorbance measurement. The
appropriate background absorbance of Dulbecco's modified
Eagle's medium (DMEM)+2% BSA was subtracted from the
spectra of AgNPs dispersed in DMEM. To minimize effects
of slight changes in the baseline, the baseline (calculated as
the mean absorbance between 900 and 1,100 nm) was
subtracted from every curve. In addition, scattering due to
AgCl NPs was approximated by assuming Rayleigh scatter-
ing (so absorbance is proportional to A\ ™*) and setting the
absorbance at 325 nm (Abszys) to 5.5% of the peak
absorbance Abs,go, resulting in the equation Abssgci=
(Abs325—0.055x Absgg) x(M325)™*. The absorbance at
325 nm was chosen for fitting because unagglomerated
AgNPs have a minimum at 325 nm, and 5.5% was used
because Abszps is 5.5% of Absy for unagglomerated
AgNPs. This factor was subtracted from every spectrum.
This correction factor will be most accurate when AgCl NPs
are small, since deviations from Rayleigh scattering become
significant when the NPs are not much smaller than the
wavelength of light.

The absorbance curve was integrated from 340 to
650 nm for the integrated absorbance, or the peak
absorbance (~395 nm) was found. Despite the complexity
of reactions occurring (e.g., silver ions complexing with
other species), dissolution rates were found to approxi-
mately fit first order kinetics (i.e., Abs=Absge ). The first
order rate constant £ was found by plotting In(absorbance)
vs. time for the first 22 h and fitting a straight line.

Dissolution in biological and environmental media

DMEM, pH 7.4, with 4.5 g/L glucose and sodium pyruvate
but without phenol red or L-glutamine was obtained from
Mediatech (Manassas, VA, USA). Bovine serum albumin
(BSA) was from Sigma Aldrich (St. Louis, MO, USA;
>96%, essentially fatty acid free). The antibiotics strepto-
mycin and penicillin were from Invitrogen and were added
at 100 pg/mL and 100 U/mL, respectively, to DMEM to
reduce bacterial growth. DMEM+4% BSA and 0.15 mol/L
KNO3;+4% BSA by weight were filtered through a 0.2-pm
polypropylene syringe filter to remove large protein
aggregates that would interfere with the DLS measure-
ments. Preparation of EPA moderately hard reconstituted
water (MHRW) followed the procedure described else-
where [26]. A stock solution of humic acid was prepared by
dissolving Suwannee River Humic Acid Standard II
(#2S101H, International Humic Substances Society, St.
Paul, MN, USA) in deionized water at 1 mg/mL, then
diluted into MHRW at the desired working concentration.
The absorbance spectra of citrate-, dextran-, PVP-, and
both PEG-stabilized AgNPs were monitored over time in
DMEM+2% BSA and in MHRW+10 pg/mL humic acids.

@ Springer

The AgNPs were dispersed at 5 or 100 pg/mL to determine
the effect of AgNP concentration on dissolution. To obtain
well-dispersed NPs, they were dispersed in both solutions by
pipetting a 50- or 1,000-pg/mL AgNP solution into the media
while vortexing at maximum speed. The initial absorbance
measurement was made within 1 min of dispersing the
AgNPs. The solutions were stored at room temperature and
measured 1, 2, 3.5, 5, 22, and 46 h after dispersion.

All statistical comparisons were performed in Matlab
(Natick, MA, USA) using the one-way ANOVA test with
Tukey's honestly statistically different test to compare the
individual means.

Simulations of equilibrium proportions of aqueous silver
and AgCl particles

Simulations were performed to determine how silver from
AgNO; (a model for silver dissolved from AgNPs)
partitions between all aqueous silver forms (which remain
in solution after centrifugation) and AgCl particles (which
are in the pellet after centrifugation) in solutions containing
various relevant concentrations of chloride. Simulations
were performed with the freely available program
GeoChem-EZ [27] to calculate how much silver is in
aqueous and in AgCI(s) particulate forms at equilibrium.
We specified only the concentrations of silver and chloride,
keeping all parameters as their default values except
allowing solids to precipitate.

Theory

Effect of chloride ions on AgNP dissolution measurement
techniques

Here, we simulate how silver that has dissolved from AgNPs
(modeled as AgNOj in a solution) speciates between aqueous
and AgCl particulate forms in order to predict when ICP-MS
and AA will not measure the total amount of silver that has
dissolved from AgNPs. As described in the “Introduction”
section, chloride ions will often form AgCl particles from
silver that dissolves from AgNPs. Therefore, chloride can
have a significant effect on all AgNP dissolution measure-
ment techniques that rely on separating dissolved silver from
particulate silver using centrifugation and/or filtration mem-
branes (e.g., ICP-MS and AA) or that only measure
dissociated Ag" ions (e.g., ion-selective electrodes). The
impact of chloride on these measurement techniques depends
on both the silver concentration and the chloride concentra-
tion, since silver can be in several aqueous forms (Ag", AgCl
(aq), AgCl,, AgC1327, and AgCl437), as well as in
particulate form (AgNP and AgCl(s)). We calculated the
proportion of silver in all aqueous forms because these forms
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are measured by ICP-MS and AA after centrifugation, whereas
AgCl(s) particles are sedimented into the pellet with any
AgNPs and are not measured. The dissolution kinetics of silver
released from AgNPs is generally slower than the kinetics of
formation of forms of silver that arise from the silver ions.
Thus, a calculation was performed to estimate the dissolved
fraction of silver that would exist for various concentrations of
AgNO5 added to a chloride-containing solution, as a model
of equivalent concentrations of silver dissolved from AgNPs.
Predictions of the fraction of silver that would exist in
aqueous form (i.e., measured by ICP-MS or AA) were
determined for chloride concentrations of 0.01, 0.054
(MHRW), 119 (DMEM), and 339 mmol/L (seawater [28]).

As shown in Table 1, these simulations predict that at
equilibrium, silver from AgNO; (or dissolved AgNPs) is
entirely in aqueous form at very low silver concentrations.
At higher silver concentrations of 5 and 100 pg/mL, the
highest concentration of AgCl particles occurs around
physiological chloride concentrations. It should be noted
that increasing concentrations of silver do not necessarily
create higher concentrations of aqueous silver species, since
AgCl has a limited solubility (e.g., at physiological chloride
concentrations, the total aqueous silver is 0.18 ug/mL for
total silver concentrations of 5 or 100 pg/mL). Therefore,
for silver concentrations higher than those in the first four
rows of Table I, typical methods of measuring AgNP
dissolution that cannot distinguish AgCl NPs from AgNPs
(e.g., ICP-MS or AA) could show that dissolved silver has
reached an “equilibrium” state when in fact silver is still
dissolving from AgNPs and forming AgCl particles.

These calculations do not include non-chloride AgNP- and
Ag'-complexing agents (such as L-cysteine, which is at a
concentration of 0.32 mmol/L in typical DMEM formula-
tions), which will likely cause higher soluble silver fractions
than in these calculations. However, since UV-visible
absorbance measurements show light scattering from non-

AgNP particles after dissolution of 5 pg/mL AgNPs, it
appears likely that AgCl particles form even when the total
concentration of silver is much smaller than cysteine. We
measure AgCl particles even in the presence of cysteine
probably because the concentration of chloride is very high,
and the AgCl association constant is very large. This result is
consistent with recent simulations, which predicted that solid
AgCl will predominate at extracellular thiol concentrations
for 1 mmol/L total silver [17].

AgNPs and Beer's law

Beer's law for a solution containing dissolving AgNPs can
be written as:

A:Z&bc’i (1)

where ¢; is the absorptivity of species i, b is the path length,
and ¢; is the concentration of species; species 1 is
unagglomerated AgNPs, species 2 is various AgNP
agglomerates, species 3 is silver ions or very small AgNPs,
and species 4 is the extinction due to scattering from AgCl
particles. Typically, €5 is close to zero. If the AgNPs are the
only light-absorbing species in the solution and are singly
dispersed, so that ¢,=0, or the absorbance of non-AgNP
components is constant or can be subtracted (e.g., AgCl
particles), then the absorbance after 100% dissolution
should be zero. Beer's law then dictates the mass of the
remaining AgNPs is directly proportional to the absor-
bance. However, because AgNPs are expected to decrease
in size during dissolution, the observed absorbance may not
hold Beer's law linearity if the absorptivity of AgNPs
changes significantly with size (i.e., if e; changes).
Additionally, different sizes of agglomerates exhibit differ-
ent absorbance spectrum changes (i.e., £, changes) [23],
and larger agglomerates can sediment out of solution (i.e.,

Table 1 Calculated equilibrium
quantity of aqueous silver (vs.
solid AgCl) with chloride at

Media ([CI ] in mmol/L)

[Ag] in pg/mL (mmol/L)
dissolved from AgNPs

Percent aqueous Ag (pg/mL)

various relevant environmental
and biological concentrations
(not including other Ag*-com-
plexing agents) from AgNO; or
silver dissolved from AgNPs

Low CI™ (0.01)
MHRW (0.054)
DMEM® (119)
Seawater (339)
Low CI™ (0.01)
MHRW (0.054)
DMEM® (119)
Seawater (339)
Low CI” (0.01)
MHRW" (0.054)
DMEM® (119)
Seawater (339)

# Maximum concentrations of
silver for which 100% is in
aqueous form (i.e., no AgCl
particles)

®MHRW based on chloride in
moderately hard reconstituted
water

“DMEM based on chloride in
cell culture media

<2.4 (0.022) 100 (2.4)
<0.48 (0.0044) 100 (0.48)
<0.18 (0.0017)? 100 (0.18)

<1.0 (0.0093)* 100 (1.0)

5 (0.046) 90.8 (4.54)
5 (0.046) 26.4 (1.32)
5 (0.046) 3.60 (0.18)
5 (0.046) 20.8 (1.04)
100 (0.93) 98.1 (98.1)
100 (0.93) 94.4 (94.4)
100 (0.93) 0.18 (0.18)
100 (0.93) 1.03 (1.03)
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¢, changes). Also, NPs may adsorb to surfaces of the
container, although these effects were considered to be
negligible in these experiments. The smallest AgNPs
(<4 nm) stay in the supernatant and are thus measured by
ICP-MS as “dissolved”, but €5 and their LSPR is nearly zero,
so they are also measured as “dissolved” by the absorbance
method. These last two competing effects may appear to
cancel to some extent, keeping close agreement to the 1:1
correlation line between techniques in Fig. 1. However, most
of these possibilities would cause the absorbance to decrease
more than expected (causing points above the 1:1 correlation
line in Fig. 1), but shifts in absorbance due to agglomeration
can cause the area under the absorbance curve to increase
(causing points below the 1:1 correlation line in Fig. 1).
Therefore, to determine under which conditions Beer's law
can be used to quantify AgNP dissolution, with tolerable
deviations from the 1:1 correlation, we have compared the
absorbance changes to the dissolved Ag measured by
centrifugal separation and ICP-MS.

Results and discussion

Method validation with ICP-MS in solutions
without chloride

To determine the conditions under which the absorbance-
based method is appropriate to measure AgNP dissolution,
we compared either the decrease in peak absorbance or the

1 /I
E e
S o a 3
= @ 08 -
c 8 o 4
o = ./
-
@ s
3o o O o
i ®o E
ac &
— o 04
§ 2 © ,«A @ 5 kDa PEG
S g - »i A 20kDa PEG
E < A @ Citrate
w e © Citrate-agg
0 :

o] 0.2 04 0.6 0.8 1
Fractional Dissolution from ICP-MS

Fig. 1 Comparison of fractional dissolution of AgNPs measured by
decrease in absorbance to dissolution measured by ICP-MS. The
decrease in absorbance was calculated from the peak at ~400 nm
(empty black symbols) or from the integrated area under the
absorbance curve (filled grey symbols). Dissolution was measured
for AgNPs coated with (1) 5 kDa PEG-thiol (squares) and (2) 20 kDa
PEG-thiol (triangles) in 100 mmol/L HNOs, (3) citrate-coated AgNPs
dispersed as primary particles in 150 mmol/L KNO;+2% BSA
(circles), and (4) citrate-coated AgNPs dispersed as agglomerates that
grow over 5 days from 230 to 780 nm (DLS intensity-weighted mean
diameters) in 7.5 mmol/L KNO3;+0.1% BSA (diamonds). The
diagonal dotted grey line indicates the 1:1 correlation expected from
Beer's law. Standard deviations for replicated absorbance and ICP-MS
measurements of the same sample are smaller than the symbols
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integrated area under the absorbance spectrum to the
dissolved silver measured by ICP-MS after centrifuging
down the AgNPs. To validate the absorbance-based method
with ICP-MS, we tested four different solutions that cause
AgNPs to dissolve rapidly but do not contain chloride.
Specifically, absorbance and ICP-MS were compared for
(1) AgNPs coated with 5 kDa PEG-thiol in 100 mmol/L
HNO;, (2) AgNPs coated with 20 kDa PEG-thiol in
100 mmol/L HNOs;, (3) citrate-coated AgNPs dispersed as
primary particles in 150 mmol/L KNO5;+2% BSA, and (4)
citrate-coated AgNPs dispersed as agglomerates that grow
over 5 days from 230 to 780 nm (DLS intensity-weighted
mean diameters) in 7.5 mmol/L KNO;3;+0.1% BSA.

The PEG-coated AgNPs were chosen for method
validation because they are stable against agglomeration
in most high ionic strength solutions. DLS was used to
characterize the polymer coatings on the AgNPs, which has
been successfully used previously to measure the increase
in size after polymer coating [29, 30]. We found that the
mean intensity-weighted diameters and standard deviations
were 21.1£0.1, 40.6+0.6, 62.8+0.8, 25.0+£0.2, and 22.1+
0.3 nm for AgNPs coated with citrate, 5-kDa PEG, 20-kDa
PEG, PVP, and dextran, respectively. All polymer-coated
AgNPs were statistically significantly larger than the
citrate-coated AgNPs (»<0.05). Both types of PEG-coated
AgNPs dissolve by about 80% within 4 h in 100 mmol/L
HNO; (see Electronic Supplementary Material Fig. S7 for
plots showing dissolution vs. time), showing an approxi-
mately 1:1 correlation between dissolution and the decrease
in either peak absorbance or area under the absorbance
curve (5 and 20 kDa PEG are represented by squares and
triangles, respectively, in Fig. 1). In Fig. 1, the proportional
dissolution measured by the absorbance decrease is
compared to the dissolution measured by ICP-MS, with
the diagonal dotted line indicating a 1:1 correlation between
absorbance decrease and dissolution. Figure 2a shows an
example of the absorbance decrease over time for 5 kDa
PEG-coated AgNPs, used to construct Fig. 1. The final time
point at 21 h shows slightly more decrease in absorbance
than expected, which may be a result of slight agglomer-
ation of the remaining AgNPs after long times in the acidic
solution.

The citrate-coated AgNPs dispersed as single NPs (i.e.,
no LSPR absorbance shift) were also stable against
agglomeration as a result of the high BSA concentration
coating the NPs. These AgNPs dissolved by about 50% in
27 h in 0.15 mol/L KNO;+2% BSA (Electronic Supple-
mentary Material Fig. S7), showing an approximately 1:1
correlation between dissolution and the decrease in area
under the absorbance curve (filled circles in Fig. 1).
However, the peak absorbance decreases more than
expected, indicating that the area under the absorbance
curve is more robust towards slight shifts in the LSPR
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absorbance spectrum, which could be caused by changes in
the dielectric constant around the AgNPs or association
between AgNPs.

Finally, as a more complex system, we tested citrate-
coated AgNPs dispersed as agglomerates. Unlike in cell
culture media [23] we were unable to find conditions in
KNOj; in which the agglomerates remained constant in size.
In this situation, there is not a 1:1 correlation between
dissolution and absorbance, even when measuring the area
under the absorbance curve (see diamonds in Fig. 1).
Instead, the absorbance decreases more than expected,
which is probably due to changes in the NP agglomeration
state that cause the LSPR absorbance spectrum to change.
Even though the net absorbance spectrum decreases fairly
uniformly across all wavelengths, as shown in Fig. 2b, the
size measured by DLS increases significantly from 231 to
521 nm over 25 h, indicating that some additional
agglomerates are formed over time despite the presence of
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Fig. 2 Absorbance spectra at several time points illustrating how the
absorbance decreases as the AgNPs dissolve for (a) 5 kDa PEG-
coated AgNPs that remain stable in size (as measured by DLS) over
21 h in 0.1 mol/L HNOj (squares in Fig. 1). b Citrate-coated AgNPs
dispersed as agglomerates that grow in size over 5 days from 231 to
781 nm (DLS intensity-weighted mean diameters, as labeled on the
right side of the figure) in 7.5 mmol/L KNO3+0.1% BSA (diamonds
in Fig. 1). Spectra for other dissolution experiments are shown in
Electronic Supplementary Material Fig. S8

excess BSA. Similar results are obtained for slightly larger
agglomerates depicted in Electronic Supplementary Mate-
rial Fig. S8. Therefore, absorbance may not provide an
accurate estimate of dissolution in systems in which the
agglomeration state changes over time. However, by
monitoring the particle size by DLS, one can ensure the
validity of the absorbance method for the system of interest.

To assess statistical agreement between the ICP-MS and
absorbance-based methods, we used a method published
previously [31], in which the mean and twice the standard
deviation (SD) of the difference between the two methods
gives the bias and “limits of agreement” (i.e., the deviation
from the 1:1 correlation line in Fig. 1). When subtracting
the ICP-MS measurement from the area under the absor-
bance curve for the 5-kDa PEG, 20-kDa PEG, and

Citrate - 5 ug/ml - MHRW

5 kDa PEG- 100 ug/ml
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-
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-
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Fig. 3 Proportional AgNP dissolution over 46 h as measured by area
under the absorbance curve for AgNPs at 5 and 100 pg/mL with
5 kDa PEG-thiol, 20 kDa PEG-thiol, citrate, PVP, and dextran coatings
(as labeled in (a) and (b)) in DMEM+2% BSA (except for one
experiment in MHRW labeled “Citrate—5 pg/mL-MHRW?”). (a) and
(b) are separated to minimize overlapping curves but are identical
conditions otherwise. The curves labeled “Citrate-agg” are slightly
agglomerated since they were prepared at 100 pg/mL and agglomer-
ated slightly before they could be coated with BSA. Points represent
the mean of three different samples. Error bars represent standard
deviations, which are calculated from three separately prepared
samples before taking the natural logarithm. Error bars not shown
are smaller than the symbols. First-order kinetics predict a linear curve
when plotting In(proportion Ag in AgNP form) vs. time. Lines are
shown to guide the eye
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unagglomerated citrate-coated AgNPs with dissolution
between 20% and 70%, we get a bias + 2xSD of —0.5%
+5.4%. Therefore, we would expect most absorbance
measurements of dissolution will be less than 5.9%
different from the ICP-MS measurement in solutions
without chloride.

AgNP dissolution rates in biological and environmental
media

To demonstrate the utility of this absorbance-based method
in biological and environmental samples, we have com-
pared dissolution rates of AgNPs (1) with different polymer
coatings, (2) at different total silver concentrations, (3) in
different solutions (i.e, DMEM-BSA or MHRW-humic
acid), and (4) in different agglomeration states. We recently
developed a method to produce relatively stable agglomer-
ates of various types of NPs, including AgNPs, in the cell
culture media DMEM by stabilizing them with 2% BSA
[23]. We can also produce relatively stable AgNPs in a
synthetic environmental solution (MHRW) by stabilizing
with humic acids. When the agglomeration state does not
change significantly over time, the absorbance spectrum
decreases uniformly over all wavelengths, and the integrat-
ed absorbance is expected to be a good measure of
dissolution. Extinction due to Rayleigh and Mie light
scattering from AgCl particles only starts to become
significant when most of the AgNPs have dissolved, and
Rayleigh scattering can be subtracted as described in
“Materials and methods” section.

Based on the ICP-MS results in Fig. 1, the area under the
absorbance curve gives the best estimate of dissolution.
However, the area under the absorbance curve may slightly
underestimate dissolution since this area often increases as
agglomeration increases, and we found the spectra to often
broaden slightly over time indicating small amounts of
agglomeration (see Electronic Supplementary Material
Fig. S9). Therefore, the peak absorbance can probably be
used as an upper bound on the dissolution rate, and the area
under the absorbance curve gives a better estimate and can
often be used as a lower bound.

We tested the effect of a variety of common polymer
coatings on dissolution of the AgNPs because we hypoth-
esized that they may affect dissolution rate either by
slowing the diffusion coefficient through the polymer or
by preventing BSA from coating the AgNPs. Although
DLS could not measure decreases in NP size over time due
to the large scattering signal from BSA, DLS is much more
sensitive to increases in NP size resulting from agglomer-
ation. DLS did not show an increase in size over time for
any of the samples, so agglomeration was not expected to
significantly interfere with the absorbance-based method
(i.e., ;=0 in Eq. 1).

Figure 3 shows the fractional dissolution over time for
each experiment, and Table 2 contains the first order
dissolution rate constants (k) during the initial 22 h for
each dispersion of AgNPs. The rates were calculated from
both the area under the absorbance curve and the peak
absorbance. In DMEM, the dissolution rates based on area
were between 3.8%/h and 5.5%/h for all the polymer

Table 2 Dissolution rates over 22 h of 5 and 100 pg/mL AgNPs with different polymer coatings in cell culture media (DMEM) and moderately hard

reconstituted water (MHRW)

Polymer coating Solution [AgNP] (ng/mL) Dissolution rate (k) from area” (%/h) Dissolution rate (k) from peak? (%/h)
Citrate-agg® DMEM 5 4.0+0.1 5.6+0.3
5 kDa PEG DMEM 5 6.0+0.8 10.3+0.8
20 kDa PEG DMEM 5 43+0.4 8.1+0.5
Citrate” DMEM 5 5.0%0.4 7.740.2
Dextran DMEM 5 4.2+0.2 7.1£0.2
PVP DMEM 5 4.9+0.2 8.1+0.1
Citrate® MHRW 5 0.2+0.2 0.9+0.3
Citrate-agg® DMEM 100 0.3+0.1 0.4+0.1
5 kDa PEG DMEM 100 0.4+0.1 0.7+0.1
20 kDa PEG DMEM 100 0.2+0.2 0.7+0.2

? Citrate-agg AgNPs were dispersed at 100 pg/mL to create controlled/stable agglomerates prior to BSA coating, then were diluted to working

concentrations

® Citrate AgNPs that were singly dispersed likely adsorbed a significant BSA coating from the DMEM media

¢ Citrate AgNPs that were singly dispersed likely adsorbed a significant humic acid coating from the MHRW media

9 Dissolution rates (k) were calculated in order to compare dissolution at different concentrations. The rates were calculated for each of the three
replicated samples from either the area under the absorbance curve (expected to be the best estimate and the lower bound) or the peak absorbance
(expected to be the upper bound) over the first 22 h and reported as mean+one standard deviation (n=3)

@ Springer



Measuring silver nanoparticle dissolution

2001

coatings at 5 pg/mL. The rates were significantly higher for
the 5-kDa PEG-thiol-coated AgNPs than for any of the
others (p<0.05, except citrate-coated for which p<0.06).
The rates may be higher for these NPs because the 5-kDa
PEG prevents BSA from coating the particles and is a
relatively low molecular weight coating.

The dissolution rates are much higher for 5 pg/mL
AgNPs than for 100 pg/mL (all are significantly different
with p<0.01). This difference may result from the higher
ratio of dissolved silver ions to silver complexing agents
(which may act as a dissolution product scavenger) or from
silver ions associating back with the AgNPs at high
concentrations. Dissolution is insignificant from 5 to 46 h
for 100 pg/mL 20-kDa PEG- and citrate-AgNPs (see
Fig. 3b). Light scattering by AgCl NPs is insignificant for
moderate dissolution, but it starts to contribute significantly
to the absorbance for the 5-pg/mL AgNP samples at the 22-
and 46-h time points when most of the AgNPs have
dissolved. This scattering is subtracted from the spectra by
modeling the scattering as dependent on \™* (as described
in “Materials and methods” section). Although the 46-
h time points are included in Fig. 3 for completeness, the
systematic biases and random errors associated with them
are quite large because the extinction due to scattering is
larger than LSPR absorbance. Therefore, the 46-h time
points are not included in the dissolution rate calculations.

The dissolution rates were much higher (p<0.01) in
DMEM-BSA than in MHRW-humic acid, possibly due to
the much higher chloride concentration in DMEM. Higher
chloride concentration may cause faster dissolution because
chloride forms complexes with silver ions.

The small amount of agglomeration in the citrate-
coated AgNPs dispersed at 100 pg/mL and then diluted
to 5 pg/mL (“Citrate-agg” in Table 2) results in less
dissolution than the same NPs well-dispersed at 5 pg/mL
(»<0.05). Agglomeration may decrease the dissolution
rate because agglomerates have a lower specific surface
area from which silver ions can dissolve.

Conclusions

In contrast to other methods used to measure AgNP
dissolution, this absorbance-based method is expected to
be able to measure the dissolution rate in biologically and
environmentally relevant chloride-containing solutions be-
cause only AgNPs (not AgCl particles) have an absorbance
associated with LSPR. When the majority of AgNPs have
dissolved, interference from extinction due to light scatter-
ing from AgCl particles is subtracted from the total
absorbance by modeling it as a wavelength-dependent
absorbance. However, this method is still subject to
interference from changing agglomeration states, so other

methods should be used to confirm agglomeration is not
occurring. Fortunately, AgNPs are stable against agglomer-
ation in many realistic biological and environment media,
including the cases used in this work, in which the AgNPs
were stabilized either by polymer coatings or by common
proteins or natural organic matter. Decreases in area under
the UV—visible absorbance curve are approximately equiv-
alent to dissolution of AgNPs for moderate to high
concentrations of well-dispersed AgNPs measured by
ICP-MS in solutions without chloride (e.g., in nitric acid
and in KNO; with BSA). The dissolution rates of AgNPs
with different polymer coatings were compared in complex
biological and environmental media. Five-kDa PEG coat-
ings significantly increase the dissolution rate, and greater
molecular weight coatings significantly decrease the disso-
lution rate. The lower detection limit is expected to be
limited by the absorptivity of AgNPs, likely limited to
changes of about 50 ng/mL, which corresponds to an
absorbance change of ~0.01 for a 1-cm path length. This
detection limit is sufficient for many AgNP cytotoxicity
studies [23]. While this detection limit is higher than the
lowest concentrations found in the environment, where the
quantitative dissolution rates may be different, the qualita-
tive comparison of dissolution rates between different types
of AgNPs at moderate concentrations can probably be
extrapolated to lower concentrations. Other dissolution
measurement methods begin to be inaccurate when AgCl
particles start to form (e.g., at silver concentrations above
0.48 pg/mL in MHRW and above 0.18 pg/mL in DMEM).
Above these concentrations, we expect that our absorbance-
based measurement method will especially be useful for
nanotoxicity studies in environmental and biological sol-
utions containing chloride because it is frequently desired
to distinguish toxic effects of AgNPs (which are generally
not well-understood) from the effects of silver ions (which
may form various silver complexes such as AgCl, but have
been studied much more). Specifically, it will help
determine whether AgNPs should be treated differently
from other forms of silver from a regulatory perspective.
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