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Abstract: The aggregation of silver nanoparticles (AgNPs) as they encounter biological and
environmental systems can dictate their fate and transport. Here, we present a rapid, affordable,
and robust analytical method for quantifying AgNP aggregation that combines a single particle
electrochemistry technique called particle impact voltammetry (PIV) with the strengths of UV-
vis spectroscopy. This orthogonal technique, designated PIV/UV-vis, enables the quantitative
evaluation of aggregation kinetics by simultaneously measuring changes in the redox behavior of
individual AgNPs and spectroscopic changes in the bulk AgNP colloidal solution. We
demonstrate that the frequency of AgNP collisions measured by PIV is correlated to the
concentration of monodisperse AgNPs in solution. In this way, aggregation can be quantified by
the disappearance of AgNP collisions, much like in UV-vis where aggregation is quantified by
the rate of disappearance of the localized surface plasmon resonance band of monodisperse
AgNPs. The PIV/UV-vis technique was validated by determining the critical coagulation
concentration (CCC) of 40 nm AgNPs in the presence of monovalent and divalent cations. The
CCC values determined by PIV and UV-vis were in excellent agreement with one another and
were determined as 43 + 4 and 43 + 3 mM Na" and 3.0 £ 0.3 and 3.0 + 0.1 mM Mg?",
respectively. Using dynamic light scattering, aggregation was confirmed by monitoring changes
in AgNP hydrodynamic diameter and results show a clear distinction in aggregation behavior
above the CCC. Further, zeta potential measurements were used to monitor changes in AgNP
surface charge as another measure of colloidal stability. Overall, PIV/UV-vis is a powerful
technique to measure AgNP aggregation due to its speed, affordability, reproducibility, and
potential broad applicability.

Environmental Significance Statement: Engineered nanomaterials (ENMs) can undergo
several physical transformations (e.g., dissolution, aggregation, formation of bio- and eco-
coronas) as they encounter biological and environmental matrices. The ability to quantify these
transformations is important to understanding the fate and transport of ENMs. The evolution of
fast, cost-effective, sensitive, and reliable analytical methods affords more rapid advancement
toward this end. This work describes the development and application of a novel analytical
technique that integrates single nanoparticle electrochemistry with UV-vis spectroscopy to
quantify silver nanoparticle (AgNP) aggregation in real-time. This orthogonal method has
several advantages including short analysis times, low operating cost, ease of analysis, robust
and reproducible quantification of AgNP aggregation behaviors, and potential future application
to other metal and metal oxide ENMs.
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INTRODUCTION

As of 2014, the development of “nano-enabled” products, those which contain
engineered nanomaterials (ENMs), represented greater than a USD 1 trillion industry and was
projected to reach USD 4.4 trillion by 2018.! Silver nanoparticles (AgNPs), which constitute
approximately 25% of this market, are produced at a rate of about 500 tons per year and lead the
global increase in production of nano-enabled consumer products.?> A recent report estimates
that the use of AgNPs alone will reach USD 2.45 billion by 2022.* AgNPs are a material of great
interest due to their strong antibacterial and antimicrobial properties.®> They are incorporated in
products such as wound dressings and cosmetics in order to prevent infection,® but also in some
textiles and fabrics, specifically athletic clothing, in order to prevent the growth of bacteria with
unpleasant odors.!%12 However, these desired properties can be altered as the AgNPs undergo
physical transformations like dissolution, aggregation, and the formation of bio- and eco-
coronas, encouraging discussion about the toxicity of AgNPs.”13-15 For example, the aggregation
of AgNPs can influence their fate and transport in environmental systems.'®-!3 Thus,
understanding the physical transformations of AgNPs is pivotal to continued evaluation of their
long-term effects on the environment. As a result, affordable, reliable analytical methods are
needed to quantify AgNP transformations in relevant media.

AgNP aggregation is well-studied in the literature and is known to depend on a variety of
factors, including AgNP coating and surface charge, as well as solution conditions such as pH,
ionic composition, and ionic strength.!®-23 At large enough sizes, aggregates can sediment out of
solution, which can have a significant impact on their transport. Thus, AgNPs are often
electrostatically stabilized with charged molecules like citrate that form a repulsive barrier

between neighboring particles and enable the formation of a stable, monodisperse colloidal
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suspension. However, by increasing the ionic strength of the solution the electric double layer is
compressed, the repulsive barrier is reduced, and the nanoparticles begin to aggregate.
Derajaguin-Landau-Verwey-Overbeak (DLVO) theory is often used to model aggregation and
can be used to determine the critical coagulation concentration (CCC), which is a useful
quantitative parameter to assess the stability of ENMs in the presence of different electrolytes.
The CCC is the electrolyte concentration at which the aggregation behavior transitions from the
reaction-limited colloidal aggregation (RLCA) regime to the diffusion-limited colloidal

aggregation (DLCA) regime.?*

Many studies use dynamic light scattering (DLS) to measure AgNP aggregation by
monitoring the increase in the hydrodynamic diameter of the particle with increasing electrolyte
concentration.?%25-3% Some studies have also employed UV-vis spectroscopy to quantify
aggregation rates by monitoring changes in the localized surface plasmon resonance (LSPR)
band of AgNPs.?7-31-34 Still, more robust, rapid, and affordable analytical techniques are needed.
An emerging technique for the characterization of nanoscale materials is particle impact
voltammetry (PIV).3>39 PIV involves the detection of single nanoparticle redox events, which
can be correlated to the concentration and diameter of ENMs in solution. PIV can be carried out
in several modes, which has enabled its application to a wide range of ENMs, including Ag, Au,
Pt, IrO,, and ZnO*4 and even for the detection of single biomolecules.*>-4” Although PIV has
significant potential for the characterization of nanoscale materials, it has yet to see widespread
use for the assessment of ENM transformations, fate, and transport.

There have been two previous reports demonstrating the quantitative application of PIV
to study AgNP aggregation.*®*° In one study, AgNPs of varying diameter (14, 29, and 45 nm)

were evaluated in solutions containing 90 mM KCIl. Careful deconvolution of PIV particle size
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distributions allowed the formation of particle clusters containing 1, 4, or 8 particles to be
quantified as a function of time.*® This work was later validated and the mathematical models
expanded in a similar study of 10 nm AgNPs.** One drawback of the previously reported PIV
analysis methods is that AgNP aggregation can only be monitored up to a certain aggregate size
(estimated to be ~150 nm).*830 Further, these prior studies were conducted with a single
electrolyte (KCl) and electrolyte concentration (90 mM). Thus, the relationship between the PIV
signal and the aggregation behavior of AgNPs in different regimes (RLCA vs. DLCA) and in the
presence of different cations (e.g., Na*, Mg?") have not yet been defined.

Herein, we demonstrate the optimization of PIV and its coupling to UV-vis spectroscopy
in a technique that we call PIV/UV-vis. The integration of these orthogonal techniques enables
the behavior of individual AgNPs to be monitored (PIV) at the same time as the behavior of the
bulk colloidal solution (UV-vis). The motivation for developing PIV/UV-vis was two-fold. First,
we aimed to create a simple quantitative model for determining CCC values using PIV, which
relies on peak counting instead of more complicated deconvolution of particle size distributions.
The more established UV-vis aggregation experiments served as an integrated control for
developing these mathematical models. Second, we believed PIV/UV-vis could provide reliable,
quantitative aggregation data in a short analysis time (300 s) and for a modest cost (less than
USD 20,000), thereby providing the nanotechnology community with a new analysis technique.
Herein, we enumerate the theory of PIV in greater detail to provide background to the broader
nanotechnology community, as well as demonstrate the development, optimization, and
successful application of PIV/UV-vis to determine CCC values for AgNPs in the presence of
monovalent and divalent cations. AgNP solutions were also characterized using auxiliary

analyses including scanning electron microscopy (SEM), DLS, and zeta potential measurements.
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EXPERIMENTAL
Chemicals and reagents

Sodium hydroxide pellets were purchased from Fisher Scientific (Waltham, MA).
Sodium citrate monobasic (=99.5%), sodium chloride (>99.5%), magnesium chloride (>99%),
and nitric acid solution (70%) were purchased from Sigma Aldrich (St. Louis, MO). Citrate-
stabilized NanoXact AgNPs (20 mg L-! in 2 mM citrate) with a nominal diameter of 10, 20, 40,
and 80 nm and citrate-stabilized BioPure AgNPs (1000 mg L-!' in 2 mM citrate) with a nominal
diameter of 40 nm were purchased from nanoComposix (San Diego, CA) and used as-received.

A buffer solution containing 10 mM sodium citrate was prepared in Millipore water (18.2
MQ.cm at 25°C) and the pH was adjusted to 5.0 through drop-wise addition of 1M and 0.1M
NaOH. A 2.5 M stock solution of NaCl and 250 mM stock solution of MgCl, were prepared in
Millipore water.
Nanoparticle Characterization

SEM measurements were conducted using a JEOL 7500F field-emission SEM (JEOL
USA Inc.). NanoXact AgNP samples were directly pipetted onto silicon wafers and dried
overnight. BioPure AgNP samples were diluted in Millipore water to a concentration of 20 mg L-
I'and the dilute AgNP suspension was directly pipetted onto a silicon wafer and dried overnight.
An accelerating voltage of 20.0 kV and a probe current of 5 pA were used for analysis. Image
processing was performed using ImageJ (National Institutes of Health). All AgNPs were
spherical. The size distributions of NanoXact AgNPs are reported in ESI Table S1 and represent
the average and standard deviation of at least 100 particles. The size distribution of BioPure
AgNPs was determined to be 41 = 6 nm (n = 400).

A Malvern Zetasizer Nano ZS DLS instrument (Malvern Panalytical, Ltd.) was used to
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measure the hydrodynamic diameter (d,), polydispersity index (PDI), and zeta potential () of
AgNPs in each NaCl and MgCl, solution. The instrument was equipped with a 4 mW He-Ne
laser (663 nm) and was utilized in backscatter mode at an angle of 173°. All measurements were
recorded at 25°C following a 2 min temperature equilibration period. All salt solutions were
twice filtered with a 0.20 pm nylon syringe filter. Disposable polystyrene cuvettes were used for
analysis and rinsed with the filtered salt solution prior to preparation of the AgNP sample.
Working in the dark, BioPure AgNP suspensions were prepared in the filtered salt solution to a
total silver concentration of 5 mg L-! (21.65 x 1010 particles mL-!), unless otherwise noted. The
sample was vortexed for 10 s to homogenize and incubated in the dark at room temperature for
10 min prior to analysis. Zeta potential measurements were conducted using a Pd dip cell and by
applying the Smoluchowski equation. Five measurements were recorded for each sample, with
11 or 50 sub-runs per measurement for DLS and zeta potential measurements, respectively.
Particle Impact Voltammetry

A CHIG630E electrochemical workstation equipped with a potentiostat, PicoAmp Booster,
and Faraday cage was used for PIV analysis (CH Instruments, Inc.). The provided CH software
(v. 18.05) was used for data collection and instrument control. PIV was carried out using a three-
electrode electrochemical cell with an 11 um carbon fiber UME working electrode, a platinum
wire auxiliary electrode, and a Ag/AgCl reference electrode. The UME was polished daily with
0.05 um alumina powder and weekly with 1.0 um, 0.3 um, and 0.05 um alumina powders (in
succession). Between polishing steps, the UME was thoroughly rinsed and subsequently
sonicated in Millipore water for 30 s. After polishing the UME, the PIV/UV-vis cuvette was
filled with the appropriate volume of buffer (10 mM citrate — 10 mM NacCl, pH 5.0), assembled

with the electrodes, and sparged with N,(g) and stirred for 10 min (final dissolved oxygen
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concentration ~5.0 mg L-"). Then, the UME was conditioned by cycling 100 times between -0.6
V to +0.6 V at a rate of 0.3 V/s. Next, with sparging turned off, the AgNPs were added to a final
concentration of 5.0 mg L! and stirred to homogenize. Stirring was turned off and aftera 5 s
quiet time, an amperometric i-¢ curve was recorded for 300 s at a potential of +0.3 V and with a
0.1 s sample interval.
Particle Impact Voltammetry Coupled with UV-vis Spectroscopy

PIV was carried out just as described above, but with online UV-vis spectroscopy for
simultaneous detection. An Ocean Optics Flame UV-vis spectrophotometer (Ocean Insights,
Inc.) was used to record absorbance spectra and kinetic scans. The provided OceanView
software (v. 1.5.7) was used for data collection and instrument control. Once the PIV/UV-vis
cuvette was assembled, the UME conditioned, and the UV-vis lamp warmed for an adequate
amount of time, AgNP aggregation experiments were initiated. First, AgNPs were added to the
cuvette to a final concentration of 5.0 mg L' and stirred to homogenize. The Ocean Optics
spectrometer utilizes a CCD detector, so the A,.x of the AgNP LSPR band could be rapidly
identified. A kinetic absorbance scan was initiated that monitored the absorbance of the A, With
respect to time. Once the kinetic scan showed a stable absorbance signal for the AgNP sample,
the appropriate volume of NaCl or MgCl, stock solution was added to the cell to reach the
desired final concentration (between 10 — 100 mM for NaCl and 1 — 5 mM for MgCl,). The
solution was briefly stirred to homogenize (=5 s), an absorbance spectrum was recorded and an
amperometric i-¢ experiment was initiated. PIV and UV-vis kinetics experiments were recorded
for 300 s from the initiation of data collection, while absorbance spectra were recorded every 60
s within this time frame.

Absorbance spectra were analyzed to identify any changes in the A,.x of the AgNP LSPR
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band. Specifically, a decrease in the absorbance at the A, for the monodisperse AgNP
suspension and the appearance of a new absorbance band at longer wavelength were taken as
qualitative evidence of AgNP aggregation. To quantify the rate of AgNP aggregation, UV-vis

kinetic scans were analyzed over the first 15 s according to?7-32-3431.52;

1dA
kaggregation = oNdt (1)

where kyggregation 15 the aggregation rate constant, (d4/dr) is the slope of the UV-vis kinetic scan
measured at the Ay, N is the initial particle concentration, and o is the optical factor.>? In
accordance with DLVO theory, aggregation rate constants were measured over several different
electrolyte concentrations that spanned the RLCA and DLCA regimes. Then, the attachment

efficiencies, «, were calculated according to:

kslow

)

a= kfast

where kg 0w and kg are the aggregation rate constants in the RLCA and DLCA regimes,
respectively.

PIV data were analyzed using OriginPro 2019 (v. 9.6.0.172) to quantify temporal changes
in the AgNP diameter and in the frequency of AgNP collisions. Briefly, PIV amperometric
curves were integrated to relate each current transient to the diameter of the colliding particle. An
automatic baseline was applied, and manual adjustments were made as required to appropriately
define the baseline. To distinguish current transients from noise, a 20% peak height threshold
was applied. The resulting particle diameters were plotted with respect to time to observe
changes in particle diameter upon addition of electrolyte to the PIV/UV-vis cuvette. Separately,
the collision frequency (the number of AgNP collisions in the 300 s data collection window) was
used to determine the CCC, as will be discussed later. Additional experimental details, including

detailed cleaning procedures for PIV/UV-vis, operation of OceanView software, and PIV data
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processing are provided in the Electronic Supplementary Information.
RESULTS AND DISCUSSION
General Theory of PIV

PIV has been summarized elsewhere in the literature and is described in more detail in
the ESI.38°3 Here, we provided a brief overview of PIV as it relates specifically to the present
study. PIV is an electrochemical technique that monitors single ENM redox events, which are
referred to as “particle collisions” or “nano-impacts”.3® In the present work, PIV was carried out
in direct oxidation mode to take advantage of the redox activity of Ag. Briefly, by holding the
UME at an oxidizing potential, individual AgNPs that diffuse to the electrode surface are
completely oxidized. The simultaneous oxidation of all Ag atoms in the AgNP causes a large
flux of electrons to be transferred at the UME surface, resulting in a change in current, called a
“current transient". The magnitude of the current transient can be correlated to the AgNP
diameter (ESI Eqns. S3-S5) and the frequency of collisions can be related to the AgNP
concentration.
Optimization of PIV

Before establishing the coupled PIV/UV-vis technique, PIV conditions were optimized
independently. Since the electrochemical signal can be strongly influenced by the composition
and concentration of the supporting electrolyte,’* as well as the solution pH,>® a range of salts
(NaCl, KCl, NaNO3;, or KNOs3) and solution pH (3-7) were evaluated. The optimal conditions for
improving the detection sensitivity (reducing background current and increasing the number of
observed current transients) was a buffered solution at pH 5.0 with NaCl as the supporting
electrolyte (ESI Figure S1).

To better understand the response of the technique to AgNPs of different size, particle

Page 10 of 34
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sizes of 10, 20, 40, and 80 nm were analyzed.
The signal-to-noise ratio for 10 nm AgNPs was
poor (data not shown) and is consistent with
other reports that the lower limit for reliable
nanoparticle sizing using PIV is around 6-10
nm.>% As expected, with increasing particle
size, the magnitude of the current transients
increased (Figure 1). The collision of a larger
AgNP at the electrode surface results in the
simultaneous oxidation of a greater number of
Ag atoms and a proportional increase in the
number of electrons transferred. As a result, a
larger current transient is observed with

increasing particle size. The AgNPs evaluated
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Figure 1. Representative amperometric i-¢
curves demonstrating the effect of AgNP
diameter on the magnitude and frequency of
current transients observed by PIV. For
clarity, current transients are marked with an
asterisk (*). NanoXact AgNPs were prepared
to a final concentration of 5.0 mg L' in 10
mM citrate — 10 mM NacCl buffer (pH 5.0).

0 5

in Figure 1 were prepared to the same mass concentration, which necessarily corresponds to a

different particle concentration. While the application of PIV for the direct determination of

AgNP particle number concentration is beyond the scope of this work, the relationship between

the frequency of collisions and the particle concentration is evidenced by a decrease in the

number of observed transients for 80 nm AgNPs (=3 pM) relative to 40 nm AgNPs (=20 pM)

relative to 20 nm AgNPs (=200 pM). Differences in the rate of diffusion of AgNPs with varying

diameter can also influence the collision frequency; however, for this particular experiment, the

particle concentration had a more significant impact.

To confirm that the observed current transients are attributed to faradaic processes, PIV
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Figure 2. Plots of the AgNP collision frequency (number of collisions per 60 s) as a function of
the applied potential for AgNP diameters of (A) 20 nm, (B) 40 nm, and (C) 80 nm. The dashed
line indicates the onset potential of current transients for 20 nm AgNPs. A marked anodic shift of
the onset potential is observed with increasing AgNP diameter. Error bars represent the standard

deviation of 5 independent measurements. NanoXact AgNPs were prepared to a final
concentration of 2.0 mg L' in 10 mM citrate — 10 mM NaCl buffer (pH 5.0).

experiments were carried out over a range of potentials above and below the expected redox
potential of Ag(I) (0.2 V vs. Ag/AgCl).>5-38 A clear “turn-on” potential was observed at ~0.12
V for 20 nm AgNPs, =~0.15 V for 40 nm AgNPs, and =0.20 V for 80 nm AgNPs (Figure 2; see

Table S1 in the ESI for SEM and DLS characterization of AgNPs). The size-dependent redox

Page 12 of 34
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potential of ENMs has been observed by others in the literature and is attributed to a decrease in
thermodynamic stability as the particle size decreases.’* %! For example, in a previous study, zinc
oxide nanoparticles were analyzed in acetonitrile at a Hg-modified UME. A positive shift in the
half-wave potential (a parameter closely related to the standard potential) of ZnO NPs was
observed with decreasing particle diameter as the smaller particles were more easily reduced.5?
In the present study, a decrease in the thermodynamic stability of the 20 nm AgNPs allows it to
be more easily oxidized (i.e., at lower, less anodic potentials).
Coupling PIV with UV-vis Spectroscopy

PIV is an emerging technique for the analysis of AgNP aggregation??4349 while UV-vis
spectroscopy has been previously used to study colloidal aggregation of AgNPs.?7-32°1 By

coupling UV-vis with an orthogonal technique, like PIV, aggregation characteristics can be
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oxidation transients collision frequency
60
ume 1
1 — — 0, e,
== t £ 3 | WWRTENN
§+8:g/ £ E Potentiostat ‘/e\ 3 6‘20 : * : -..'..
» AgNP
Ag) (‘ collision 0
Time Time
I {Li ................. (D) AgNP LSPR (E) Absorbance spectra and kinetics
A
el 3 £ | |
(detector) ( 0 —_ % increasing 2 slope  Kaggregaten
<N £ time Y
" 2 ©
.......... electron 2 8
......... cloud <
............ Wavelength Time

Scheme 1. Diagram of PIV/UV-vis. (A) The working electrode is held at a fixed potential for a
specified period of time, during which AgNPs diffuse to the electrode, collide, and are oxidized.
(B) Each AgNP collision results in a measurable current response (a “current transient”), which
is observed in the resulting amperometric i-¢ curve. (C) The charge transferred during the
collision (area of the current transient peak) is correlated to the number of Ag atoms in the
particle and subsequently the diameter of the AgNP. (D) Simultaneously, the integrated UV-vis
spectrometer is used to probe the AgNP LSPR band and (E) measure the decrease in the
absorbance signal over time.
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quickly and reliably quantified. A schematic of the coupled PIV/UV-vis technique is presented in
Scheme 1. Briefly, the workflow for PIV/UV-vis measurements involves the injection of AgNPs
into solution, where they diffuse to the UME surface and are oxidized (Scheme 1A). The flux of
electrons transferred from each AgNP collision is measured as a current transient in the
amperometric i-f curve (Scheme 1B). Each transient is integrated offline and correlated to the
size of the AgNP that collided with the electrode using Eqns. S1-S3 (see ESI). The diameter of
colliding AgNPs (dagnp) can be plotted over the duration of the experiment to obtain time
resolved AgNP sizing and collision frequency data (Scheme 1C). Simultaneously, the LSPR
band of AgNPs is monitored using UV-vis spectroscopy (Scheme 1D) by recording an
absorbance spectrum every 60 s and measuring the absorbance at 410 nm over time, the slope of
which is proportional to the aggregation rate, Kaggregation (Scheme 1E).

In order to integrate these two technologies, spectroelectrochemical cuvettes must be
employed. However, while spectroelectrochemical cuvettes are commercially available, they are
typically designed to support mesh working electrodes, which are not compatible with PIV
experiments. Thus, in the present study, a cuvette cap was designed and 3D-printed to support
PIV experiments conducted in 1 cm x 1 cm spectroscopy cuvettes (Figures S2-S3; see also the
ESI for more information on the design of the PIV/UV-vis cuvette cap and for the 3D printing
file). The assembled PIV/UV-vis cuvette accommodated the three-electrode setup for PIV
(carbon fiber UME, Ag/AgCl reference electrode, and Pt wire counter electrode), as well as the
Teflon sparge line for removing dissolved O, from solution, and each of these components was
suspended high enough in solution so as not to impede the UV-vis light path (Figure 3; see also
Figure S4 in the ESI).

A series of control experiments were performed to assess the functionality of the
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Figure 3. (A) Schematic of the front and back of the PIV/UV-vis cuvette. (B) Photographs of the
constructed PIV/UV-vis cuvette.

constructed PIV/UV-vis cuvette and the effectiveness of the integrated technologies. First, to
determine whether the cell construction had any impact on PIV measurements, five replicate
experiments were performed each in either a traditional electrochemical cell or the constructed
PIV/UV-vis cuvette. In particular, it was important that the cuvette was air-tight so as to prevent
high concentrations of dissolved O, from increasing the background current. No significant
differences were noted in the amperometric i-¢ curves obtained in a traditional electrochemical
cell versus the constructed PIV/UV-vis cuvette (ESI Figure S5).

Next, control experiments were performed to assess whether the integration of these two
technologies had any impact on the ability of each individual technique to quantify AgNP
aggregation. A sample of 40 nm AgNPs was prepared in a solution containing 40 mM Na™ so as
to induce aggregation. Five replicate experiments were performed each for PIV alone, UV-vis
alone, and the combined PIV/UV-vis technique. Qualitatively, the amperometric i-f curves
obtained by PIV showed no significant differences in the AgNP transient profile or observed

signal-to-noise when the experiment was performed alone or with simultaneous UV-vis analysis
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Figure 4. Control experiments demonstrating independent and integrated PIV and UV-vis
analyses. (A) Representative amperometric i-¢ curves for PIV alone or combined with UV-vis
and (B) representative kinetic absorbance scans for UV-vis alone or combined with PIV. BioPure
40 nm AgNPs were prepared to a final concentration of 5.0 mg L-! in 10 mM citrate — 40 mM
NaCl buffer (pH 5.0).

(Figure 4A). Likewise, UV-vis kinetic experiments showed a remarkably similar decrease in the
absorbance at 410 nm as a function of time (Figure 4B). These qualitative observations were
supported by a quantitative comparison of AgNP collision frequencies measured by PIV and
aggregation rate constants, kyggregation, measured by UV-vis. Both aggregation parameters were
the same within error whether the methods were performed independently or simultaneously
(ESI Table S2). Overall, these control studies provided strong evidence that PIV and UV-vis are
truly orthogonal and could be successfully coupled to quantify AgNP aggregation kinetics in
real-time.
Using PIV/UV-vis to quantify AgNP aggregation Kinetics in the presence of monovalent
and divalent cations

As proof-of-principle, the PIV/UV-vis technique was used to measure the CCC of AgNPs
in the presence of Na*™ and Mg?" by evaluating a range of concentrations in the RLCA and DLCA
regimes. For illustrative purposes, one PIV/UV-vis data set obtained in each regime is presented

in Figure 5. At low Na* concentration (20 mM; RLCA regime), a significant number of PIV



Page 17 of 34 Environmental Science: Nano

1
2
2 current transients was observed over the entire 300 s experiment with fairly uniform size (plotted
5 . . . . . .
6 as dagnp vs. time in Figure 5A). Simultaneously, a marginal decrease in the absorbance measured
7
8 at 410 nm was observed (Figure 5A). In contrast, at higher Na* concentration (80 mM; DLCA
9
1? regime) a significant decrease in the number of PIV current transients was observed, with no
12 .. . . . .
13 additional transients detected halfway through the 300 s experiment. The increase in Na*
14
15 concentration had no apparent effect on the electrochemical measurement, as evidenced by the
16
17 stable background current over all concentrations evaluated (ESI Figure S6). Again, the AgNP
18
;g size determined by PIV was fairly uniform. At the same time, a sharp decrease in the absorbance
21
22 measured at 410 nm was observed (Figure 5B). These results demonstrate that the disappearance
23
24 of current transients with increasing Na* concentration measured by PIV is analogous to the
25
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decrease in absorbance of the LSPR band at 410 nm with increasing Na* concentration measured

by UV-vis (vide infra).

As AgNPs aggregate, the A, of the monodisperse particles dramatically decreases over
time and concurrently, the A, of the aggregated AgNPs shifts to longer wavelength.?7-32,34.63
However, this red shift may not always be observed if the aggregates become so large that they
sediment or if the AgNP size distribution becomes too large to produce a defined absorbance
peak.2!31,32,36.63 With increasing Na* concentration (from 20 mM to 80 mM), the electric double
layer surrounding the AgNPs is compressed to a greater extent leading to faster aggregation rates
and a more rapid decrease in the absorbance, which is evidenced in both the absorbance spectra
and kinetics scans (Figure 5, UV-vis panel). The rapid decline in absorbance at 410 nm is
attributed to a rapid decrease in concentration of monodisperse AgNPs as they begin to aggregate
and form larger clusters. At the same time, the small, broad absorbance band observed at
approximately 600 nm in the presence of 20 mM Na* can be attributed to the LSPR band of the
larger AgNP aggregates. While the absorbance intensity of the LSPR band at 600 nm is low,
the band is distinctly observed only after addition of 20 mM Na™ when compared to the initial
absorbance band of AgNPs (at =0 s). Further, the LSPR band at =600 nm is not observed in the
absorbance spectra of AgNPs under less favorable aggregation conditions (see for comparison
the absorbance spectra of AgNPs in 10 mM NaCl in ESI Figure S7). In the presence of 80 mM
Na*, the absorbance band at ~600 nm further broadened and intensified, which is consistent with
the rapid formation of dendritic aggregates in the DLCA regime.?* AgNP aggregation was
confirmed using DLS and shows a significant increase in the hydrodynamic diameter of AgNPs
from 50 £ 3 nm in 20 mM Na* solutions to 340 £ 20 nm in 80 mM Na™ solutions (Table 1).

Overall, monitoring the rapid decline in absorbance of AgNPs at 410 nm provides a much more
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sensitive means for quantifying aggregation, than would monitoring the increase in absorbance at
600 nm.

Table 1. Characterization of AgNPs in NaCl solutions”

vy dem) dor (am) PDI 5 (mV)
10 41+ 8 46 £2 0.23+0.01 41+ 1
20 377 50+3 0.43+£0.01 -43 £ 1
40 40+10 190 + 60 0.60 £0.01 48+ 2
60 39+7 320+ 20 0.24 £0.01 -53+3
80 38+8 340 £ 20 0.24 £0.03 -50+2
100 38+ 7 400 + 40 0.24 £0.02 -54+£2

“BioPure 40 nm AgNPs were diluted to a concentration of 5.0 mg L-! in 10 mM sodium citrate (pH 5.0) with the
indicated concentration of NaCl. For PIV analysis, samples were analyzed immediately after introduction of NaCl.
For DLS and zeta potential experiments, samples were incubated for 10 min prior to analysis. All values are
reported as the average and standard deviation of 5 replicates.

bDiameters of BioPure 40 nm AgNPs were determined by integration of PIV amperometric i-¢ curves and using
Eqns. S1-S3 (see ESI)

The measurement of AgNP aggregation kinetics using PIV can also be described as a
measurement of the decrease in the concentration of monodisperse AgNPs over time. Recent
work has shown that PIV can reliably measure particles between ~6-100 nm.>° The large
aggregates observed in this work (> 300 nm in the DLCA regime) are simply too large to diffuse
to the electrode surface during the time scale of the experiment. This is not to say that large
aggregates cannot be measured using PIV, but rather that the slower rates of diffusion of large
particles prevent a sufficient number of transients from being measured to provide reliable
statistics. Thus, the current transients observed in the experiments presented here were attributed

solely to monodisperse AgNPs and a decrease in the frequency of AgNP current transients was
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correlated to a decrease in the concentration of monodisperse particles, just as in UV-vis. Further
evaluation of the AgNP diameters calculated from PIV amperometric i-f curves strengthens the
argument that predominately monodisperse AgNPs are generating the observed transients. As
measured by PIV, the average AgNP diameter was 37 £ 7 nm in 20 mM Na* solutions and 38 + &
nm in 80 mM Na* solutions (Table 1).

The PIV/UV-vis experiment was performed at a range of Na* concentrations (10-100
mM) with five replicates performed at each concentration. To quantify AgNP collision
frequencies, PIV amperometric i-¢ curves were integrated and the number of current transients
observed during the duration of the experiment (300 s) was tabulated. Collision frequencies
(number of AgNP collisions/s) were averaged at each concentration of NaCl and were

normalized to the collision frequency in the DLCA regime (collisions/sg,g) according to:

collisions/s

normalized collision frequency = collisions/syes 3)
as.

The normalized collision frequencies determined by PIV and the attachment efficiencies
determined by UV-vis were plotted as function of the NaCl concentration (Figure 6, see also ESI
Table S3). Both plots show a clear transition from the RLCA to the DLCA regime (intersection
of the two linear portions of each plot).

For the normalized collision frequency data obtained with PIV, the number of observed
transients decreases with increasing Na* concentration until approximately 40 mM (Figure 6A).
This decrease in observed transients is consistent with an increase in the number of aggregated
AgNPs in solution that are too large to diffuse to the electrode. This observation is also
consistent with the expected behavior of AgNPs in the RLCA regime, whereby colloidal
aggregation is dependent on the electrolyte concentration, with increasing concentration leading

to more rapid aggregation. Beyond 40 mM Na*, the number of observed transients was relatively
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error, again indicating that the observed current transients are due to monodisperse AgNPs in
solution. UV-vis attachment efficiencies, a (Eqns. 1-2), were also plotted as a function of Na*
concentration and similar trends were observed, whereby at Na* concentrations below 40 mM,
AgNP aggregation is concentration-dependent, but at higher concentrations AgNP aggregation is
independent of electrolyte concentration (Figure 6B).

These data were also supported by DLS and zeta potential measurements of the AgNPs in
each of the solutions. In the RLCA regime, the hydrodynamic diameter of AgNPs increased with
increasing Na* concentration and PDI values indicated significant sample heterogeneity, whereas
in the DLCA regime both measurements indicated a more homogenous solution of highly
aggregated AgNPs (Table 1). With increasing Na* concentration, the zeta potential of AgNPs
increased (became more negative) from around -41 mV at the lowest concentration analyzed to
around -53 mV at the CCC. At Na* concentrations beyond the CCC, the zeta potential stabilized.
In previous studies, the zeta potential of citrate-stabilized AgNPs has been shown to shift to a
more positive or a more negative value with increasing electrolyte concentration with the former
attributed to increased charge screening by cations?*?” and the latter to the formation of AgCl
NPs or AgCl coatings on the AgNPs.?32¢ Given the shift toward more negative zeta potential
observed in this study, it is possible that AgCl NPs or AgCl surface coatings formed at higher ClI-
concentrations, specifically those above the CCC. Further support for this explanation includes
the slight blue shift in the absorbance band at 410 nm and a subtle increase in absorbance at 350
nm (Figure 5B), which could be attributed to Rayleigh scattering from AgCl NPs.64% These
changes in the absorbance spectra are more pronounced above the CCC, consistent with zeta
potential results. For example, in the presence of 10 or 20 mM NacCl (below the CCC) no shift in

the absorbance band at 410 nm is observed over time (ESI Figure S7 and Figure 5A,
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respectively), but in the presence of 80 mM NaCl (above the CCC), a clear blue shift is observed
(Figure 5B).

In accordance with DLVO theory, the CCC was determined as the point of intersection of
the RLCA and DLCA regimes. The CCC values extrapolated from the PIV and UV-vis data
were remarkably similar, with a Na* concentration of 43 + 4 mM determined using PIV and 43 +
3 mM using UV-vis (Table 2). Given the exceptional accuracy and precision of these
measurements, the PIV/UV-vis technique was also validated with a divalent cation, Mg?*.
Divalent cations lead to greater suppression of the electric double layer around the AgNP, so
smaller concentrations would lead to more rapid aggregation. Accordingly, the range of Mg?*
concentrations analyzed was much smaller (1-5 mM), otherwise the experiment was carried out
in the same manner as before. Again, PIV current transients largely represented the concentration
of monodisperse AgNPs, as supported by the diameters determined from amperometric i-¢ curves

Table 2. Critical coagulation concentrations (CCC) of AgNPs in the presence
of monovalent and divalent cations determined by PIV and UV-vis®

CCC (mM)?
Cation
PIV UV-vis
Na* 43 +4 43+3
Mg?* 3.0+0.3 3.0+0.1

“BioPure 40 nm AgNPs were diluted to a concentration of 5.0 mg L in 10
mM sodium citrate buffer at pH 5.0. The cation concentration was varied as
reported in Figure 6.

bCCCs were determined as the cation concentration at the intersection of the
DLCA and RLCA regimes in Figure 6

(ESI Table S4). With increasing concentrations of Mg?* up to ~3 mM the AgNP collision

frequency was concentration-dependent, beyond which the collision frequency was relatively
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constant and infrequent (Figure 6C). UV-vis kinetic analysis exhibited similar trends with an
increase in the attachment efficiency with increasing Mg?* concentration up to ~3 mM, beyond
which the aggregation rate was constant (Figure 6D). Qualitative analysis of absorbance spectra
provided additional evidence of AgNP aggregation behaviors. For example, in the presence of
1.0 mM Mg?*, the absorbance at 410 nm decreased only slightly, suggesting very little AgNP
aggregation (ESI Figure S8A). However, in the presence of 3.0 mM Mg?*, the absorbance at 410
nm decreased rapidly and a small, broad peak was observed at 550 nm, consistent with the
formation of AgNP aggregates (ESI Figure S8B). In all cases, the position of the band at 410 nm
was stable and did not undergo a shift in wavelength.

The CCC values obtained for Mg?* by PIV and UV-vis were also in excellent agreement
with one another (Table 2) and were strongly supported by DLS and zeta potential analyses (ESI
Table S5). Briefly, with increasing Mg?* concentration up to the CCC the hydrodynamic
diameter of AgNPs increased and the PDI values were large indicating a heterogenous size
distribution. Beyond the CCC, a more homogenous solution of aggregated AgNPs was observed.
The zeta potential of AgNPs became more positive with increasing Mg?" concentration,
indicative of increased charge screening by Mg?*. Since much lower CI- concentrations were
employed in this experiment (maximum Cl- concentration of 10 mM compared to 100 mM for
NaCl), there was no evidence either in the zeta potential data or UV-vis spectra to support the
formation of AgCl NPs or AgCl surface coatings.

Not only were the CCC values determined by PIV and UV-vis in strong agreement with
one another, but they are also well supported by CCC values reported in the literature for citrate
stabilized AgNPs (ESI Table S6).20->-30 While these studies do not provide an ideal point of

comparison due to differences in particle diameters, solution conditions, and the use of different
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analysis methods, the CCC values are within a fairly narrow range (around 40-80 mM for Na*
and 2-3 mM for Mg?"). For instance, the CCC was 70 mM for 58 nm AgNPs?® and 59 mM for 46
nm AgNPs*° under similar conditions to those studied here. These values are both slightly higher
than the ones obtained in this work. However, in both of these studies, DLS was used to measure
the aggregation kinetics, which has been previously shown to yield higher CCC values than UV-
vis (ESI Table S6).?” This is attributed to a difference in the analysis methods, where DLS
aggregation experiments measure an increase in the hydrodynamic diameter of AgNPs as a
function of time, and as discussed previously, UV-vis measures a decrease in the concentration
of monodisperse AgNPs as function of time.?%2>-30 This may also explain the strong agreement
between CCC values obtained by PIV and UV-vis, where although they measure different
properties of the AgNPs, they both monitor the concentration of monodisperse AgNPs over time
and correlate this decrease in concentration to AgNP aggregation.
Outlook

Overall, PIV/UV-vis is an attractive orthogonal technique for the characterization of
ENMs due its affordability, rapid data acquisition, and ability to simultaneously provide
qualitative analysis of colloidal suspensions (absorbance spectra), quantitative analysis of AgNP
aggregation (absorbance kinetics and PIV), and AgNP sizing (PIV). As briefly mentioned in the
introduction and described in the ESI, PIV has already begun to be expanded for the analysis of
other ENM types and even for the detection of single viruses via ENM-virus tagging.#0-4

A potential disadvantage of PIV is the requirement of a supporting electrolyte at a
sufficiently high concentration, although most relevant biological and environmental media will
include salts. Further, recent work has demonstrated that the analysis of Ag using stripping

voltammetry can be carried out in the absence of supporting electrolyte, but additional
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experimentation is needed to determine if PIV can be carried out in a similar manner.>* The
composition of different supporting electrolytes can also influence the background signal in PIV.
Indeed, during optimization of PIV in the present work, we achieved the most favorable PIV
signal in solutions containing NaCl compared to KCI, NaNOs, and KNO;. PIV measurements
were still possible with these other supporting electrolytes, however, data processing suffered
slightly due to increased background current. Data regarding the sensitivity of PIV for
determining particle number concentration are limited, but preliminary work in our lab under
similar experimental conditions to those reported here suggests the limit of detection for AgNPs
is approximately 0.5 mg L-! using PIV. With further improvements in electrochemical hardware
and UME fabrication, greater sensitivity can be achieved. These improvements would also
enable the reliable sizing of ENMs below 10 nm, which would expand the lower range of
particle sizes that can be evaluated with this technique.

Finally, future work is needed that explores the utility of PIV and/or PIV/UV-vis in
realistic environmental and biological solution conditions. One study has shown that PIV can be
used to measured AgNPs in optically opaque solutions that would be otherwise difficult to
measure using spectroscopic and light scattering techniques.’® Very preliminary work in our own
lab shows that PIV can be used to measure AgNPs in solutions containing humic acid. While the
collision frequency is slightly reduced in the humic acid solution relative to a buffer control
(from 210 + 40 collisions/300 s to 180 + 40 collisions/300 s), sufficient signal is still obtained for
reliable AgNP sizing (ESI Figure S9). Beyond evaluating the application of PIV for the analysis
of ENMs in relevant environmental conditions, future work should also explore the influence of
biomolecules, like proteins, on PIV signals. While biomolecules can interfere with

electrochemical measurements, at suitable protein concentrations, AgNPs have been evaluated
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without interference from electrode biofouling.>” Again, the combined PIV/UV-vis technique
could be useful to establish a relationship between the PIV signal and ENM protein adsorption
(at least for plasmonic ENMs) since the LSPR band is sensitive to changes in the ENM surface.’’
New mathematical models could be used to study protein binding using PIV, as the electron
transfer of AgNPs is likely to be altered by the formation of the biocorona. Simultaneous UV-vis

measurements could serve as an integrated control toward this end.

CONCLUSION

Here we demonstrated the development and validation of PIV/UV-vis as a novel
orthogonal technique for measuring AgNP aggregation in real-time and have provided a simple
means to determine CCC values from PIV data. The strength in this technique lies in its ability to
simultaneously monitor changes in the redox properties of individual AgNPs and in the
spectroscopic properties of the bulk colloidal solution. Using PIV, AgNP collision frequencies (a
measure of the concentration of monodisperse AgNPs) and AgNP diameters were quantified, and
using UV-vis, aggregation rate constants were quantified. Each of these data sets was used to
determine CCC values for AgNPs in the presence of monovalent and divalent cations and results
were in strong agreement with one another (%43 mM Na* and ~3 mM Mg?" as determined by
both PIV and UV-Vis). The development of fast, affordable, and reproducible analytical methods
is important for the continued evaluation of ENM fate and transport in environmental systems.
For these reasons, we believe PIV/UV-vis could be of broad use to the nanotechnology
community. Specifically, experimental analysis times are on the order of minutes, the entire
PIV/UV-vis experimental set-up can be constructed with commercially available instruments for

less than USD 20,000 (or approximately USD 12,000 for PIV alone) and we have shown the
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technique to be highly reproducible. The full potential of PIV/UV-vis can be realized by its
future application to evaluate ENM aggregation in more complex solution chemistries, to study
other physical transformations of ENMs, and for the analysis of other redox active metal and
metal oxide nanomaterials (e.g., Au, Cu, ZnO) of commercial importance.
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This work describes the development of a novel, robust, and rapid analytical technique that
couples single nanoparticle electrochemistry and UV-vis spectroscopy to determine aggregation
kinetics and critical coagulation concentrations (CCCs) of silver nanoparticles.
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