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D
evelopment of new nanomaterials
and more efficient synthetic proce-
dures for controlling composition,

shape, and size of materials on the atomic
scale is increasing rapidly. The ability to
efficiently characterize the formation and
transformation processes of these materials
is of fundamental importance, resulting
in more efficient syntheses and will allow
more rapid risk assessment through increas-
ingly accurate models. The development of
new methodologies is necessary to meet
the needs of the broad nanoscience com-
munity for detecting and determining the
distribution of size, shape, and composition
over the entire nanolength scale.
Silver nanoparticles (AgNPs) are the most

widely incorporated metal nanomaterial in
consumer products,1 which is expected to

result in the accumulation of silver in envi-
ronmental systems. Because of their exten-
sive use, a large body of work examining the
stability, transformation, and toxicity is pre-
sent in the literature and has recently been
reviewed.2�5 Transformation of silver nano-
particles into Agþ and subsequent reduction
to form progeny nanoparticles has been
demonstrated on surfaces,6 in biological
systems,7 and in environmental systems,8

indicating complex pathways for proces-
sing and formation that are sensitive to
environmental conditions (e.g., hν, com-
plexing agents, oxidants, pH, etc.). The tox-
icological response induced from the
introduction of AgNPs to microbial or hu-
man cell models has generally been framed
into either a nanoparticle or ion response
and has been previously summarized,9�11

* Address correspondence to
john.pettibone@nist.gov,
julien.gigault@nist.gov.

Received for review December 18, 2012
and accepted February 20, 2013.

Published online
10.1021/nn3058517

ABSTRACT A limiting factor in assessing the risk of current and

emerging nanomaterials in biological and environmental systems is the

ability to accurately detect and characterize their size, shape, and

composition in broad product distributions and complex media. Asym-

metric flow field-flow fractionation (A4F) is capable of separation

without stationary phase interactions or large applied forces. Here,

we demonstrate unprecedented A4F fractionation of metallic nanoclus-

ters with core diameters near 1 nm and with high resolution. The

isolated nanocluster populations were characterized online with UV�vis

absorption and inductively coupled plasma mass spectrometry (ICP-MS).

We apply our methodology to a model system, poly(N-vinyl-2-

pyrrolidone)-protected silver nanoparticles with an excess of tripeptide;glutathione (GSH). The temporal evolution of the initial silver nanoparticle

distribution in the presence of excess GSH results in the appearance and persistence of a continuum of matter states (e.g., Agþ nanoclusters and

nanoparticles) that could be fractionated with A4F, characterized by their optical signatures and diffusion coefficients, and quantified with ICP-MS. The

results suggest that our methodology is generally applicable to metallic systems when appropriate online detection is coupled to the A4F. Because we

extend the capability of the coupled A4F system to reliably detect, characterize, and quantify metallic populations in the sub-5 nm regime, the opportunity

exists to survey the formation and transformation products of nanomaterials in more relevant biological and environmental systems. Thus, individually

assessing the risks associated with specific ion, nanocluster, and nanoparticle populations is achievable, where such populations may have previously been

misrepresented.
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where nanoparticle-induced responses are reportedly
a function of capping agent, size, and shape. However,
because multiple pathways for transformation and
dissolution are known to exist, studies examining the
potential presence of a continuum of matter states are
necessary.
Commonly, nanoparticle transformation products,

including those derived from dissolution, are charac-
terized by the separation of “nanoparticle” and “solu-
ble” fractions via different filtering techniques or
centrifugation and quantified by elemental methods
(e.g., inductively coupled plasma mass spectrometry
(ICP-MS) and atomic absorption spectroscopy). The
efficiency of these methods and the distribution
of metal states (ions, nanoclusters, nanoparticles,
agglomerates/aggregates) in the filtrate are not exten-
sively characterized, resulting in possible ambiguity in
the relationships between cause and effect reported in
environmental and biological systems. Small nanopar-
ticles (<3 nm) andmetallic nanoclusters stabilized with
ubiquitous environmental and biological capping
agents have been synthesized in the laboratory but,
to the best of our knowledge, have not been extensively
surveyed as nanoparticle transformation products.
Metallic nanoclusters (e.g., Au, Ag, Cu, CdSe, etc.) are

the matter bridging bulk metals and organometallic
complexes. They inherently possess distinct electronic,
catalytic, optical, and magnetic properties.12�16 Nano-
clusters are formally defined as molecular species with
both distinct electronic states and known stoichiometry.
Furthermore, because the properties of metallic nanoclus-
ters are known to be size-dependent, it is reasonable to
surmise their interaction with environmental and biologi-
cal systems will also be size- (nuclearity) and capping-
agent-dependent.17,18 However, the impacts of metallic
nanoclusters in environmental and biological systems are
not well-established, and their presence may be comple-
tely overlooked in studies employing characterization
methods with insufficient isolation and identification
tools or detection limits. To better discriminate the effects
from distinct metallic species, including ions, nanoclus-
ters, nanoparticles, agglomerates, and aggregates, instru-
ments and validated methods capable of detecting and
characterizing the entire product distribution in complex
media are needed.19

Tools used for monitoring and quantifying nanoma-
terial formation and transformation are broad. Electron
microscopy is commonly used to examine the size and
shape of species present in solution but is not statisti-
cally reliable for probing the full product distribution.
Liquid chromatography (LC) techniques, including size
exclusion chromatography (SEC), recycling SEC, high-
performance LC (HPLC), and reverse-phase HPLC, have
been successfully applied for separating nanoparticle
and nanocluster species.20�25 However, known limita-
tions with these chromatographic techniques are in-
herently present, resulting from column packing,

enthalpic interactions with the stationary phase, sam-
ple deterioration, or use of high ionic strength media
(commonly used in SEC) that can affect the analyte
distribution.
Analytical ultracentrifugation (AUC) has been used

to separate a broad range of materials based on their
sedimentation anddiffusion coefficients and is capable
of separating size, shape, and density without the
stationary phase interactions.26,27 A limitation for
AUC is that detection is limited to optical absorbance,
requiring further offline measurements for determining
composition, quantification of species with unknown
molar absorption coefficients, ε, and for following nano-
particle transformation in complex media. Also, mor-
phological changes to samples such as agglomerates
can occur in the large applied field.
Asymmetric flow field-flow fractionation (A4F) coupled

to appropriate online detectors has the ability to frac-
tionate samples based on size, shape, and composition
online in complex media with minimal sample pertur-
bation.28,29 The absence of enthalpic interactions with a
stationary phase common in other chromatographic
techniques, and the ability to minimize interaction of
the analyte and the “soluble fraction”, which includes free
ions, free ligands, metal�ligand complexes, etc., via a
focusing step prior to elution, minimizes sample prepara-
tion requirements. These advantages are attractive for
monitoring and characterizing both formation and trans-
formation processes in synthesis procedures and in
biological and environmental matrices, but some a priori
knowledge, such as optical signatures or stoichiometry,
may be necessary for confident assignment with the
coupled detectors (e.g., diode array detector (DAD), light
scattering, fluorescence, mass spectrometry, etc.). The
large parameter space for optimizing fractionation (e.g.,
cross-flow, main flow, membrane composition, pH, mo-
bile phase, channel geometry, etc.) and the sensitivity of
the fractionation of each parameter in the A4F has been
a possible limitation in the widespread use of A4F for
monitoring metallic nanoparticle transformations in
environmental and biological systems. For example, cou-
pled A4F systems have previously been used to examine
AgNP transformation, but fractionation by size has been
limited to speciesg10 nm.30�32 Therefore, until now, the
ability to selectively identify and characterize smaller
metallic species with coupled A4F systems has not been
demonstrated.
In the current study, we first demonstrate the gen-

erally applicable and unprecedented A4F fractionation
of sub-10 nm metallic species using previously char-
acterized Ag nanoclusters, where the smallest popula-
tion of nanoclusters has metallic core diameters ≈1 nm.
The nanoclusters are characterized online with UV�vis
absorption, light scattering, and ICP-MS. We apply the
optimized conditions to a model system, polymer-
protected AgNPs, in the presence of excess concentra-
tions of a ubiquitous tripeptide toprobe the continuumof
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products present during the AgNP transformation in
aerobic environments with coupled A4F and ICP-MS.
The resulting product distributions display a conti-
nuum of sizes that persist in solution and can be
fractionated and quantified online. The identification
of a continuum of products from transformation pro-
cesses indicates that categorizing the effects observed
into nanoparticle and ion categories may be misrepre-
sentative and possibly inaccurate.

RESULTS AND DISCUSSION

GSH-Protected Silver Nanoclusters. Characterization of
small silver species has been more difficult than other
metallic systems (e.g., gold) due to the lack of analytical
techniques for probing the entire product distribution
and due to the inherent oxidative instability for Ag0.
Furthermore, many existing analytical tools for deter-
mining the size distribution, especially in the smallest
size regimes of metal�ligand complexes, “molecular”
nanocluster species, and small nanoparticles, generally
require extensive sample processing (e.g., purification)
or have limiting concentration requirements. A4F, in
general, is less limited by sample concentration re-
quirements and does not typically require undesired
processing because the sample is “focused” and sepa-
rated prior to elution (unlike traditional chromato-
graphic techniques). Until now, the fractionation of
very small (<5 nm) metallic nanoparticles and nano-
clusters using A4F has not been demonstrated in the
literature, but we clearly show that the resolution and
selectivity are sufficient to probe a large continuum of
sizes.

We first demonstrate the ability to detect and
identify small GSH-protected nanoclusters with pre-
viously reported core sizes33 using the coupled A4F
comprising UV�vis, DLS, and ICP-MS detection to de-
monstrate the high-resolution capability of the system.
To ensure that only small silver nanoclusters were pre-
pared, a greater than 4:1 molar ratio of [AgNO3]/[GSH]
was used in the synthesis procedure at 0( 1 �C. The bulk
UV�vis spectra for the silver nanocluster standards at t =
20 min and t = 24 h are presented in Figure 1, where t

represents the time after resuspension of the dried
sample in water. At t = 20 min, the UV�vis spectrum
contains a single broad band centered near 472 nm,
indicating that only small nanoclusters are present in the
solution based on previously reported optical signatures
and supported by light scattering measurements (vide
infra). We also examined the nanocluster standards
qualitatively with transmission electron microscopy
(TEM) and observed no large silver species present (not
shown).

Because the larger GSH-protected silver nanoclus-
ters are reportedly less stable in solution relative to
their smaller counterparts,33 we allowed the larger
nanoclusters to dissolve in the presence of ambient
conditions and fluorescent light for 24 h. At t= 24 h, the

resulting bulk UV�vis spectrum exhibits an absorption
maximum at 487 nm with a less intense absorbance
band centered near 400 nm, which is consistent with
the loss of larger nanoclusters containing J30 Ag
atoms.33 The bulk UV�vis spectra support the sole
presence of GSH-protected silver nanoclusters
after the dried sample is initially suspended and
the persistence of only small, more stable nano-
clusters after 24 h.33�35 This nanocluster distri-
bution represents an ideal standard for examining
selectivity of the coupled A4F-ICP-MS in a system
containing small metallic species with diameters
<5 nm.

Results for the GSH-protected Ag nanocluster solu-
tions fractionated with our optimized A4F conditions
(Table 1, condition 1) are presented in Figure 2. At t =
0.33 h (Figure 2A), two distinct peaks are observed in
the 254 nm trace (red trace) with retention times, tR, at
4.15 and 5.61 min and denoted peak 1 and peak 2,
respectively. Equation 1 in the Materials and Methods
section can be used to calculate the diffusion coeffi-
cient of each species, and the hydrodynamic diameter,
DH, is approximated based on the Stokes�Einstein
equation in an applied flow field.36 The two fraction-
ated peaks likely contain a distribution of nanoclusters
with similar diffusion coefficients, indicating an aver-
age calculated DH. Applying eq 1 yields DH of 1.8 and
2.5 nm for peaks 1 and 2, respectively. The calculated
1.8 nm DH of the nanocluster population in peak 1 is
similar to the reported crystal structure diameter of
[TOAþ][Au25(SCH2CH2PH)18

�], which has a metal core

Figure 1. Batch UV�vis spectra of the resuspended GSH-
protected Ag nanoclusters at two time points in DI water:
immediately after suspension, t = 0.33 h (blue, top) and at
t = 24 h (red, bottom). At 24 h, signatures for larger Ag
nanoclusters are absent, indicated by the narrowing of the
initial broad absorbance and the decrease in baseline
intensity. The absorbance at 487 nm becomes the salient
feature accompanied by a weaker absorbance centered
near 400 nm,which is characteristic of the previously reported
optical signatures for smaller GSH-protected nanoclusters
containing j30 Ag atoms.
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diameter of ≈1 nm stabilized by a ligand shell.37,38 In
the 400 nm trace (blue trace), a single broad band is
present. However, because thenanoclusters have distinct
optical signatures with differing ε, the single wavelength
traces may not be sufficient for relative quantification
or detection of the individual species present and
highlight the need for further online detection.

Examination of the m/z 107 ICP-MS signal intensity
(black dots) provides information regarding the Ag
mass distribution and clearly separates the void time,
t0, at ≈0.8 min from the slower eluting Ag species. A
majority of the Ag mass distribution observed in the
fractogram is found in peak 2, but two populations of
silver species are clearly resolved. Further qualitative
size information can be derived from the relative

intensity of online DLS signals. Although similar signal
intensities for peak 1 and peak 2 are observed with ICP-
MS, only a discernible DLS signal is only observed corre-
sponding with peak 2 and qualitatively indicates the
presence of more efficient scatters (larger nanoclusters)
compared to theAgpopulation inpeak 1. However, there
was insufficient scattering intensity for size determina-
tion even at increased nanocluster concentrations (data
not shown), further supporting the presence of small Ag
species. The UV�vis, ICP-MS, and light scattering data
support the presence of only small silver species and are
consistent with the bulk UV�vis spectrum in Figure 1.

At t = 24 h, the maximum peak intensities observed
with the 254 nm trace and ICP-MS signal shift to shorter
tR values (Figure 2B). In the 254 nm trace, peak 1 at
4.18min remains after 24 h, but only a small shoulder is
observed centered near 6.6 min. Similarly, the 400 nm
trace displayed two distinct peaks. The Ag mass dis-
tribution observed from ICP-MS corresponds almost
completely with peak 1. Furthermore, the maximum
m/z 107 intensity of peak 1 was similar at t = 0.33 and
24 h, indicating the preservation of the smaller nano-
cluster population. After 24 h, no observable signal is
observed from DLS, which further supports evidence
for the loss of the larger silver species.

Combining data from the bulk UV�vis absorbance
for the previously reported, well-characterized nano-
clusters and the A4F-UV�vis-DLS-ICP-MS results, the
clear separation of two distinct populations of nano-
clusters is observed, where peak 1 represents clusters
containing j30 Ag atoms and peak 2 represents larger
nonplasmonic Ag species based on previous mobility
measurements.33 The nanocluster samples were also
examined with coupled A4F after processing with a
0.02 μm filter to investigate its ability to distinguish ions
from nanocluster standards. The distribution observed
under condition 1was unchanged after filtration, indicat-
ing that the 0.02 μm filter used does not distinguish
between Agþ species and small nanoclusters. However,
further work will be necessary to develop sufficient
separation methods. The data collectively provide clear
evidence for the separation performance of very small
silver species with A4F and provide a tool for examining
more complex systems.

Application of Methodology to PVP-Coated AgNP Transforma-
tion. Data in the previous section clearly demonstrate
the selectivity of A4F in the heterogeneous silver
nanocluster solutions. Here, we provide further data

TABLE 1. A4F Conditions Used for Separation with the PES Membrane

detector flow, _Vout,

(mL min�1)

cross-flow, _V c,

(mL min�1)

spacer height

(μm)

channel heighta

(ω, μm) mobile phase composition

condition 1 (cluster separation) 0.5 0.8 490 330 0.5 mmol L�1, NH4NO3, pH 6.8
condition 2 (nanoparticle separation) 0.5 2.0 350 280 0.5 mmol L�1, NH4NO3, pH 6.8

a Calculated based on a 3 nm gold standard under the same conditions.

Figure 2. Fractograms of GSH-protected silver nanoclusters
at (A) t=0.33 h and (B) t=24 h after resuspension inDIwater
examinedwith condition1. At t=24h, thediminished intensity
of peak 2 at tR = 5.61 min represents the loss of larger, less
stable nanoclusters and the persistence of small nano-
clusters comprisingj30 Ag atoms in peak 1 at tR = 4.15min.
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that establish the effectiveness of the current methods
for examining the transformation of an environmen-
tally relevant model, PVP-protected silver nanoparti-
cles in the presence of GSH. In this size regime, the
environmental community has lacked reliable tools for
probing and differentiating the full size distribution,
resulting in common practices that separate nanoparti-
cles and the “soluble” fraction through filtering techni-
ques. We clearly show that a continuum of silver states
(e.g., ions, clusters, nanoparticles, and aggregates) is
present during the transformation, which can be dis-
tinctly identified with the currently described method.

The fractograms obtained with the coupled A4F
system for the synthesized PVP-coated AgNPs in the
absence of GSH under condition 2 are presented in
Figure 3A. The solution was filtered, resuspended, bath
sonicated, and filtered again with a 100 kDa filter to
remove free PVP and Agþ species present in the stock
solution. The optical signatures of the nanoparticles are
clearly separated from t0, and the 254 and 400 nm
traces overlap with tR ≈ 9.9 min. The maximum absor-
bance was observed with the 400 nm trace, represen-
tative of the plasmonic character of the silver
nanoparticles. Them/z 107 peak intensity corresponds
with the onset of the observed intensity increase of
both 254 and 400 nm traces, indicating that the silver is
present only in nanoparticle form and is characteristic
of a NP distribution. The mode z-average DH for the
filtered sample measured online and offline with DLS
was 25( 1 nm. The full width at half-maximum standard
deviation across the peak observed online was (4 nm.

At t = 80min after the addition of≈100 timesmolar
excess of GSH to the PVP-AgNP stock solution
(Figure 3B), two peaks appear in the 254 nm trace.
Peak 1 coincides with t0 and is not suitable for size
determination. An observed shift in tR for peak 2, which
corresponds to the AgNPs, is now observed at 7.3 min,
representing a DH of 15 nm that was statistically the
same based on tR and online DLS. The m/z 107 peak
signal intensity parallels the UV�vis traces, and a large
fractionof the silver is contained inpeak1. Thepeak shift
suggests strong interaction between GSH with the PVP-
coated AgNPs. Because PVP is known to stabilize nu-
merous Au nanocluster nuclearities39 and is reported to
be retained during sulfidation of AgNPs,40 further in-
vestigation on the role of PVP during dissolution of
specific silver species (sizes) is necessary to elucidate the
transformation mechanism, which is currently ongoing.

At 24 h, peaks that were unable to be resolved at t =
80 min become increasingly separated from t0. At t =
4days, a distinct peakat tR= 2.88min is observed inboth
the 254 and 400 nm traces. A concomitant increase in
them/z 107 signal intensity is observed with the shift of
tR for the fastest eluting peak, indicating the appearance
of small Ag products. Because the ratio between tR and
t0 is too small to accurately determine the diffusion
coefficient, further optimization is necessary.41

Figure 3. (A) Fractogram for the PVP-protected AgNP stock
solution in the absenceofGSHmonitored at twowavelengths,
254 nm (red trace) and 400 nm (blue trace), and silver was
monitored by them/z 107 intensity (black dots) online with a
coupled ICP-MS. The increased absorbance at 400 nm relative
to 254 nm is characteristic of silver nanoparticles. Fractograms
for the resulting silver populations in the presence of excess
GSH at (B) t = 80 min and (C) t = 4 days. With increasing time,
the original AgNP peak shifts to shorter tR, indicating an
increase in the diffusion coefficient and a decrease in DH.
Concomitantly, a large peak approaching t0 appears after the
addition of GSH; at t = 4 days, a peak at t≈ 2.85min becomes
separable from the overlapping t0 and other small product
peaks, but resolving different population sizes andmeasuring
their diffusion coefficients cannot be determined under the
current conditions. The fractograms represent the separation
under condition 2.
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Until now, further separation of a population of
metallic species eluting near t0, similar to the peak at
tR = 2.88 min in Figure 3C, has not been demonstrated,
and thus calculated values for the size and product
distribution were unreliable and inaccurate. Here, the
demonstrated ability of the coupled A4F to fractionate
silver nanoclusters with <30 atoms allows us to probe
the entire metallic nanoproduct distribution in our
model system.

Applying the A4F cluster conditions (condition 1) to
the solution that has sufficient resolution for probing
the smallest species results in the appearance of three
distinct peaks (Figure 4B), which do not correspond to
the AgNPs in Figure 3C and 4A (peak 2 in condition 2)
and their diffusion coefficients determined using eq 1
in the Materials and Methods section. The 254 and
400 nm traces both clearly distinguish three popula-
tions of separable peaks with tR at 3.5, 5.75, and 8.38
min, which correspond to 1.8, 2.5, and 5.5 nm di-
ameters, respectively. Furthermore, the silver distribu-
tion measured online with ICP-MS also displays three
distinct populations, consistent with theUV�vis traces.
The largest m/z 107 signal intensity (peak 2) results
from the≈2.5 nmpopulation. A DLS signal is observed,
coincident with the UV�vis signals at 5.75 and
8.38 min, that is too weak for reliable size determination
but which nevertheless confirms the presence of small
silver nonplasmonic nanoclusters. The optical signa-
tures of the clusters were also examined with the DAD
detector, providing further evidence of the presence of
silver nanoclusters. Furthermore, persistence of nano-
clusters in solution was observed for more than 2
weeks in all samples, suggesting that the lifetime of
these species is sufficient for many exposure scenarios.

Previous reports of nanocluster formation induced
by ligand etching of gold and silver nanoparticles have
been reported15,42 but resulted from the etching of
much smaller diameter (<5 nm) nanoparticles. Further-
more, engineered silver nanoclusters are known to
persist when stabilized with other controlled peptide
sequences and introduced for fluorescent cell labeling,43

further suggesting that stable, adventitious nanoclusters
are also likely to exist. The formationof silver nanoclusters
resulting from the transformation of relatively large PVP-
protected silver nanoparticles employed here obfuscates
the formation pathway of the nanoclusters. Themechan-
ism for nanocluster appearance is currently being inves-
tigated as well as nanoparticle processing in more
environmentally relevant media.

Overall, we have demonstrated unprecedented
separation capability of A4F in the sub-10 nm regime,
which resulted in the identification of multiple popula-
tions of small nonplasmonic silver species in themodel
system. Because the physicochemical properties of
ligated silver nanoclusters are size-dependent, we
surmise that ecological and toxicological risks associated
with these small species will also be size-dependent,

similar to reported studies on ligated Au nano-
clusters.17,18 The application of A4F to other metallic
systems will require coupling to appropriate detectors
and likely some knowledge of the product signatures,
but the ability to fractionate the entire product dis-
tribution with high resolution is now validated. We
believe the current data and methods will provide
the impetus to reassess previous conclusions regard-
ing the products, rates of processing, and risks of
AgNPs in environmentally and biologically relevant
systems.

CONCLUSIONS

By using well-characterized GSH-protected silver
nanoclusters as size references, we have unequivocally
demonstrated for the first time the ability of A4F to
separate small metallic species (nanoclusters) with core
diameters ≈1 nm and with high resolution, which was
characterized online with UV�vis absorbance, DLS, and
ICP-MS. Passing the silver nanocluster standard solution
through a 0.02 μm filter resulted in almost no change in
the peak shape or m/z 107 Ag intensity, indicating that
this filter is not sufficient for separating dissolved species
(e.g., ions and metal�ligand complexes) from the GSH-
protected Ag nanoclusters. The data from the transfor-
mation of the PVP-protected AgNP distribution in the

Figure 4. (A) PVP-AgNP solution at t ≈ 4 days after excess
GSH addition under condition 2 and (B) increased selectivity
and resolution of the smallest silver species present with
condition 1. Optimized conditions result in three distinct Ag
populations that are sufficiently separated from t0 at 3.5,
5.75, and 8.38 min corresponding to DH of 1.8, 2.5, and
5.5 nm, respectively.
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presence of GSH collected using condition 2 exhibited
the formation of small metallic species, but the fraction-
ation in the channel was insufficient for resolving indivi-
dual populations. However, application of the optimized
conditions for the smallest regime (condition 1) resulted
in the fractionation of three distinct silver populations,
and the data clearly represent the formation of nanoclus-
ters that could be identified by their optical signatures
and their tR. The identification and persistence of the
metallic continuum in the commonly uncharacterized
sub-5 nm regime suggest that a similar product distribu-
tion may be present in environmental or biological

systems that afford similar reactions. Because the
coupled A4F-UV/vis-DLS-ICP-MS is sensitive enough to
identify, characterize, andquantify species of this size, the
opportunity to re-examine the full product distribution of
metallic transformations in more relevant systems may
provide further insight into the size-specific risks asso-
ciated with individual populations of ions, metal�ligand
complexes, nanoclusters, and nanoparticle species.
Further studies are currently ongoing to elucidate the
relationship between transformation and dissolution of
other metallic nanoparticles and the mechanism of both
appearance and persistence of nanoclusters.

MATERIALS AND METHODS
Materials. Silver nitrate (AgNO3, >99%), glutathione (GSH),

sodium borohydride (NaBH4, granular, 99.99%), poly(N-vinyl-2-
pyrrolidone) (PVP, 10 kDa), and sodium citrate (Na3C6H5O7,
99%) were purchased from Sigma Aldrich.44 All chemicals were
used without further purification.

Synthesis of GSH-Protected Ag Nanoclusters and PVP-Protected Ag
Nanoparticles. GSH-protected Ag nanoclusters were prepared
following a previously reported procedure.33 Briefly, 21.9 mg
(0.129 mmol) of AgNO3 was dissolved in a round-bottom flask
containing 25 mL of deionized (DI) water (>18 MΩ 3 cm) and
mixed with a magnetic stir bar. Subsequently, 169 mg (0.55 mmol)
of GSH was added and vigorously mixed. The solution was sub-
merged in an ice bath and allowed to mix for 0.5 h. Next, 47.5 mg
(1.26 mmol) of NaBH4 was dissolved in 6.25 mL of chilled DI water
and added dropwise to the AgNO3�GSH solution under vigorous
stirring; this resulted inacolor change fromwhite topale yellow. The
resulting solution was stirred for 1 h in the ice bath, yielding a final
dark red solution. The clusterswereprecipitatedwithmethanol. The
solution was centrifuged for 10min at 525 rad s�1, the supernatant
decanted, and fresh methanol added; the solutions were briefly
placed inabath sonicator to resuspend theclusters, and theprocess
was repeated. After washing, the samples were placed under
vacuum in a desiccator to dry overnight. The resulting powder
was deep red. The UV�vis spectrum of the clusters immediately
resuspended is representative of small GSH-protected clusters
(Figure 1), and the cluster sizewas determinedpreviously assuming
similarmobility ofGSH-protected silver clusters andknownstoichio-
metric GSH-protected gold nanoclusters.33,34 Further experiments
were conducted on the synthesized Ag nanoclusters after being
passed through a syringe-driven 0.02 μm Anotop filter.

PVP-protected AgNPs were prepared in manner similar to
a previous method.45 In 80 mL of boiling DI water, 5.1 mg
(0.030 mmol) of AgNO3 and 18 mg (0.07 mmol) sodium citrate
were added andmagnetically stirred. Next, 3.5mg (0.090mmol)
ofNaBH4dissolved in 1mLofDIwaterwas addeddropwise to the
boiling solution mixed at 125 rad s�1 and mixed for 15 min. The
solution was cooled, and 100 mg of PVP was added and stirred
overnight. The solution was covered with Al foil and stored in a
refrigerator. Prior to use, the solution was washed and filtered
with a 100 kDa centrifuge filter to remove excess reagents.

Instrumentation. The flow-mode analysis system comprises
an Eclipse 3þ A4F (Wyatt Technology, Santa Barbara, CA), 1200
series UV�vis absorbance diode array detector (DAD) (Agilent
Technologies, Santa Clara, CA), and a dynamic light scattering
(DLS) detector (DynaPro, Wyatt Technology). Data from the
above detectors were collected and analyzed using Astra soft-
ware (version 5.3.1.18, Wyatt Technology). The A4F channel
height, ω, was established using spacers of 350 or 490 μm.
Information describing the calibration for AgNP under condi-
tion 2was previously reported,32 and information regarding the
gold nanoparticle calibration standard used for condition 1 is
found in the Supporting Information. The channel dimensions
were as follows: 26.5 cm long andnarrowing inwidth from2.1 or
1.9 cm, to 0.6 cm, for the 350 or 490 μm spacer, respectively.

Polyethersulfone (PES) 10 kDa membranes were purchased
from Wyatt Technology and used in the A4F cell. Mobile phase
flow is generated using a 1100 series isocratic pump (Agilent
Technologies) equipped with a degasser (Gastorr TG-14, Flom Co.,
Ltd., Tokyo, Japan). Injections are performed using a manual
injection valve (Rheodyne 7725i, IDEX Corporation, Oak Harbor,
WA) equipped with stainless steel sample loops of different vol-
umes. The A4F and associated detection chain is coupled to a
model 7700x ICP-MS (Agilent Technologies) with a Micro Mist
nebulizer for quantitativemass determination.Offline (batchmode)
UV�vis absorbancemeasurementswereperformedusing aPerkin-
Elmer (Waltham, MA) Lambda 750 spectrometer. The uncertainty
reported for the diameter measured offline by DLS (Malvern
ZetasizerNanoZS) is the standard deviation of five repeatmeasure-
ments. Theuncertainty of onlineDLSmeasurements is the standard
deviation of the diameter values measured across each peak.

A4F Methodology. The condition for normal mode elution in
A4F is generally defined as tR > 5t0, where tR is the retention time
and t0 is the void time. Operating in this condition results in a
relationship between the retention time and the diffusion
coefficient such that

tR ¼ ω2

6D
ln 1þ

_Vc

_V out

 !
ð1Þ

where ω is the effective channel height, D is the diffusion
coefficient, and _Vc/ _Vout is the ratio of the volumetric cross-flow
and detector flow rates. By applying the Stokes�Einstein
equation in an applied flow field,36 the hydrodynamic diameter,
DH, is calculated. Peaks that do not have sufficient separation
from t0 cannot be calculatedwithin the theoretical constructs of
normal mode elution. In this study, we optimized the method
for high selectively for separation of two size regimes summa-
rized in Table 1, corresponding to species with hard sphere
diametersj6 nmandg10 nm. These are identified as condition
1 and condition 2, respectively. Further details on A4F metho-
dology and theory can be found in the literature.32,41

Transformation of PVP-Protected AgNPs. The stock PVP-protected
AgNP solution was filtered using a 100 kDa centrifuge filter,
resuspended, bath sonicated for 1 min, and the process was
repeated to removeany free ligandsandsmall Agspecies. To800μL
(≈0.0003 mmol) aliquots of filtered stock solutions was added
150 μL of a 10 mg mL�1 GSH stock solution (0.0325 mmol); the
solution pH was adjusted to≈7.0 with NaOH, and the final volume
was adjusted to 1500μL. The solutionswere vortexed at a setting of
75 rad s�1 and covered with Al foil. Replicate dissolution studies of
PVP-protected AgNPs and GSHwere run, and all samples exhibited
similar product distributions. We do not report uncertainty on the
product distributions because we demonstrated the formation
process and did not extensively study the rates of processing.
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Supporting Information Available: Online DAD spectra for
the resuspended nanocluster solutions and characterization of
the gold nanoparticle standard for determiningω are provided.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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