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ENVIRONMENTAL SIGNIFICANCE

Redox processes mediated by metallic nanoparticles (NPs) in water solutions are
highly relevant to the NPs’ toxicity to biological systems via generating reactive oxygen
species and causing oxidative stress. Probing NP surface reactivity of mediating
interfacial electron transfer is thus important to nanomaterial risk assessment. Current
chemical assays, despite their ability to report relative reactivity magnitudes of different
NP species, hardly manifest assay reaction mechanisms, which, however, is critical to
interpreting reactivity measurement results accurately and avoiding misleading
comparisons of reactivity magnitudes over different reaction mechanisms. We
demonstrate theoretical modeling of reaction kinetics enables a chemical assay to not
only measure NP reactivity magnitude, but also uncover interfacial electron transfer

schemes underlying the assay reaction mechanism.
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ABSTRACT

Metallic nanoparticles (NPs) can mediate electron transfer in water solutions. We
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report a chemical assay named “ferric reducing ability of nanoparticles” (FRAN), which
10 is capable of probing electron fluxes at NP-water interfaces. The assay provides time-
resolved colorimetric analysis for evaluating the surface reactivity of metallic NPs in

15 redox processes and in elucidating the electron transfer schemes. FRAN includes the

17 reduction of ferric (Fe') to ferrous (Fel') ions by electrons transferred from NPs at the

19 NP-water interface. In tests of 20-nm gold (Au) and silver (Ag) NPs, the plateaued Fe!!
2 concentration after reaction time was linearly correlated to the NP concentration.

24 However, distinct kinetic trends, which are mathematically described by an exponential
26 and logarithmic function, were observed between Ag and Au NPs. We developed two
theoretical models, which infer two interfacial electron transfer schemes, to explain the

31 difference between materials. For Ag NPs, the occurring redox is a one-electron transfer
33 from Ag® to Fe'l', leading to formation of Ag* and Fe'l. Being a heterogeneous reaction
including the NP solid and aqueous solution, it involves electron transfer at the interfacial
38 region in which the collision between Fe!l' and Ag® acts homogeneously, and thus its

40 kinetics behaves as a pseudo first-order reaction. For Au NPs, an electron flux forms
when electrons stored in the NP phase are “discharged” like an electrode to reduce Fe3* at
45 the interface, and the NPs act as electrodes. The experiments and models for FRAN can
47 aid in design of NP antioxidant functionality and assessment of environmental impacts of

49 NPs in water or other fluids.
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INTRODUCTION

Metallic nanoparticles (NPs) in aqueous solutions can mediate electron transfer at
interfaces due to their surface reactivity. Surface reactivity of metallic NPs has led not
only to their applications in heterogeneous catalysis,! nano-medicine,? antibacterial
agent,>* and nano-coatings,> ¢ but also to recognition of potential hazards to
environmental and human health via interrupting regular redox processes,’” damaging cell
membranes,® ° or generating unpleasant redox active matters such as the reactive oxygen
species (ROS).10- 11 While analytical methods are emerging to quantify elemental mass
and composition of NPs in aqueous matrices,'?'4 methods of assessing NP surface
reactivity in regard to mediating electron transfer could be more informative to NP risk
assessment or transformation in surface reactive after entering complex environmental
matrices (i.e., NP aging).

Surface reactivity of NPs in aqueous matrices is commonly assessed by initiating
reactions at NP-solution interfaces. Various probe molecules (e.g., p-nitrophenol,!3
ferrocyanate,'¢ and methylene blue (MB)!7) have been used to directly implement these
reactions by acting as electron donor or acceptor at the interface, while others rely on
different spectrometry!® to detect occurring interfacial reactions that are relevant to NPs’
risks associated with a ROS formation. These assays are based on well-controlled
reaction conditions and measure a parameter (e.g., a reaction rate constant or
reactant/product concentration in a steady state) to indicate the surface reactivity
magnitude or ROS formation potentials. In many cases, the operating method of a
reactivity assay was developed for dissolved chemicals and then extended to NPs.
However, such assays designed for homogeneous reactions may have different operating

mechanisms when applied to heterogeneous matrices such as NPs in water. Specifically,
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the role of interfacial reaction mechanisms on the assays remains poorly documented.
This issue is critical because without a fundamental understanding of how different NP
surfaces may mediate electron transfers differently, the outcome variance among
different assays!® 2% cannot be well understood, leading to confusing or biased analysis.
Meanwhile, correlations between different reactivity and toxicity assays have been
reported,!!- 1921 but there is a lack of knowledge demonstrating which reactivity assay(s)
would accurately predict a NP species’ hazard.

We herein seek an assay that can, in addition to evaluate surface reactivity magnitude,
provide quantitative insights into the electron transfer scheme at the NP and water
solution interfaces. Benzie and Strain introduced the “ferric reducing ability of plasma
(FRAP) assay,?? which uses the degree to which the ferric (Fe'') ions get reduced by any
reducing agents in a plasma medium to suggest a total “antioxidant power” of the plasma.
FRAP is easy to operate and has been widely used to assess the antioxidant power of

dilatory product,?® biological fluids,?* vegetables, and plants.?>?’ The reduction of Fe!l!

'+e” — Fe"), and no side

underlying FRAP is a one-electron transfer reaction (i.e., Fe
reactions have been recognized in a water solution. The principle of FRAP was applied
to analyze NPs’ oxidative stress to serum media in the “ferric reducing ability of serum
(FRAS)!®- 28 assay, yet no existing studies have applied this model reaction to directly
probe the reactivity of NP surface to our best knowledge.

In this paper we report the use of ferric reducing assay to probe the surface reactivity
of two representative metallic NPs, gold (Au) and silver (Au), and combine the assay

results with theoretical kinetic modeling to uncover electron transfer schemes at the NP-

solution interface. As a derivative assay from FRAP, our assay is named “ferric reducing



oNOYTULT D WN =

Environmental Science: Nano Page 6 of 28

ability of NPs (FRAN)”. The FRAN assay allows recording Fe!! concentration at 0.2 s
intervals, collecting adequate kinetic data as opposed to collecting only one reading by
most traditional assays. We observed different kinetic patterns between Au and Ag NPs
and developed two theoretical kinetic modeling frameworks to validate them. The two
modeling frameworks correspond to two different interfacial electron transfer schemes
uncovered by FRAN.

EXPERIMENTAL METHODS

Chemicals. Au (NanoXact, 0.05 mg/mL) and Ag (NanoXact, 0.02 mg/mL)
nanospheres with nominal sizes of 20 nm were purchased from nanoComposix. TEM
images (Figure S1) of these NPs show they are spherical with diameters narrowly
distributed around 20 nm. Ferric Chloride (FeCls) solution was prepared from iron(III)
chloride hexahydrate (FeCl;*6H,0, >98%, Sigma-Aldrich, F2877). 2,4,6-Tris(2-
pyridyl)-s-triazine (TPTZ) was purchased from Sigma Aldrich (93285). Acetate buffer
(pH 3.6) was prepared from acetic acid (Fisher Brand, BP2401C-212) and sodium acetate
trihydrate (ACS reagent, >99%, Sigma Aldrich, 236500). Safety data sheets for all used
chemical materials are accessible from the manufactures with provided product numbers.
Ultrapure water (18.2 MQ - cm, Barnstead GenPure xCAD Plus) was used to make
solutions.

FRAN assay. Solutions for FRAN were prepared according to the FRAP assay.”? A
final FRAN assay solution was obtained by mixing 2.5 mL TPTZ solution (10 mM in a
40 mM HCI solution), 2.5 mL FeCl; solution (20 mM in water), and 25 mL acetate buffer
(0.3 M in water, pH=3.6) in a polystyrene centrifuge tube. For operation, 2.5 mL of the
as-prepared FRAN solution was added into a 1-cm path length cuvette (Perfector

Scientific, #9012), which was then placed in a portable UV-VIS absorbance spectrometer
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(Ocean Optics, USB-ISS-UV/VIS and USB4000 light source). The interfacial reaction
was initiated by adding an aliquot of NP stock solution into the cuvette to reach a desired
concentration. The spectrometer was operated in an absorbance time-resolved reading
mode at 593 nm (the primary absorbance peak of Fe'l-TPTZ). The absorbance at 593 nm
(A>3 acquired was recorded every 0.2 s until a plateau was reached. A3 was converted

to the concentration of Fel' (C,.. ) using the known extinction coefficient of Fe!-TPTZ

complex species (€=22600 Limol™ icm™) in the solution.

RESULTS

Figure 1 shows the Fe'! formation kinetics with Au and Ag NPs tested with FRAN.

Fel!l evolution for both NPs confirms that they are reactive and mediate electron transfer

to Fe'". For both NPs, the kinetic change in C_, plateaued after ~100 s. The plateau
values (C;’eII ) were determined by taking the mean of CFell from 150-200 s, in which
period the increase of CFCH is smaller than 0.05 uM. lee,, and was linearly dependent on

the NP concentration for both Au and Ag NPs (Figure 2). Thus C]fen was an indicator for

net NP surface reactivity. This aligns well with the original FRAP assay using steady-

state C_ to indicate the antioxidant power. Ag NPs had significantly higher reactivity
Fe

than Au, regardless of whether the reactivity was normalized to mass (Figure 2a) or

surface area (Figure 2b). The two NPs exhibited different shapes in the kinetic profile of

C , (Figure 1). Whereas Ag NPs exhibited a linear change in C_,, until ~60 s before
Fe Fe

plateauing (Figure 1a), Au NPs exhibited a very fast increase in CFeII within ~20 s

followed by a non-linear gradual increase to a plateau after ~100 s. Additional
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experiments were conducted across several NP concentrations and gave the same
observations. The distinct kinetic profiles indicate that the surface reaction scheme may

fundamentally differ between Ag and Au NPs.

DISCUSSION

Observations summarized in Figure 1 and 2 bring about two questions: (1) does C ﬁe“

adequately indicate NP surface reactivity in the applied FRAN assay?, and (2) what
electron transfer schemes can give rise to the different kinetic profile trends between Ag
and Au NPs? We hypothesized that the different kinetic profile trends between Ag and
Au contain critical information regarding NP surface reactivity, which is not reflected by

measurements under pseudo-equilibrium conditions (i.e., upon reaching a reaction
plateau, C}‘;H ).

If the reaction is governed by the first-order kinetics, an exponential function (exp)
should fit the Figure 1 data. Figure 3 shows that an exponential function provides an
excellent data fit for Ag but not for Au NPs. For Au, the exp underestimates the data at
the initial and the final period of time, and the data is fit better by a natural logarithm
function (log). Figures 3¢ and 3d provide residuals of fitting with /og or exp functions for
the two NPs. Clearly, exp yields residuals much closer to zero than /og for Ag, whereas
the opposite is true for Au. The same conclusion was achieved for data at all NP
concentrations.

To reveal the different surface reaction schemes between the Ag and Au NPs, we
developed theoretical models to explain the observed exp and /og kinetic trends. The exp

trend given by the Ag NPs suggests the surface reaction is following first-order kinetics.
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As Fe!l is dosed in excess compared to Ag NPs, the first-order kinetics suggests that Ag®
atoms, which constitute Ag NPs, and Fe!'l ions randomly collide, react, and transform to
Ag" and Fe''. As such, the assay reaction is a one-electron transfer redox process as

Ag’+Fe" —» Ag" + Fe'". (1)
This assumption is supported by the fact that oxidation favors Ag NPs’ dissolution to
form Ag™?. Skepticism upon the thermodynamic favorableness of reaction (1) may be
raised by noting the recorded standard reducing potential (E”) of Ag*/Ag (0.799 V) is
slightly higher than that of Fe3*/Fe?* (0.771V).3° But reaction (1) is able to proceed for
two reasons: (1) it occurs in non-equilibrium and the high activity of Fe!ll creates a

driving force compensating the assumed negative AE’ (= E§e3+ P Eig+/Ag0

) according to
the Nernst equation®!, and (2) E° of Ag*/Ag® for Ag® NPs is lower than that for bulk Ag3>
33, Moreover, for nano-Ag in comparison to bulk-Ag, decreased E°, increased Fermi
level and the surface plasmon resonance absorption are coherent and fundamentally
attributed to the variance of electronic structure when Ag is transited from the bulk to the
nano realm nanoparticle,3>34 and are manifested by the measurement of our FRAN
assay. We later will cast more discussions on experimental evidence for reaction (1).

Reaction (1) is a heterogeneous reaction because Ag’ and Fe!'! are in two different
phases: the NP is solid, and the Fe!'' is in aqueous solution. The Ag° available for
collision and reaction with Fe'l can only be those on the NP surface, and they are not
homogeneously distributed throughout the liquid phase like the Fe'l ions. Consequently,
a space in which the surface Ag® and Fe!l' are both homogenously distributed should be

constructed in the model to validate he first-order kinetics. We thus conceptualize a

virtual layer with a thickness of 6 at the NP-water interface. The magnitude of o is taken
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as small as what it requires to meet the approximation that surface Ag® atoms and Fe'!
ions are both homogeneously distributed within the layer and random collision between
the two reactants occurs. As such, in the virtual space, reaction (1) approximates a

homogeneous and pseudo first-order reaction, and Ag® reaction rate can be written as

d(va,7d?5) X
T:—k<UAg7Z'd 5), (2)
where v,,7d?8 gives the total molarity of Ag® within the assumed virtual layer, assuming
the molar concentration of Ag® is constant in this layer and equivalent to the molar

density (U,g, in [mol-m~]) of the Ag NP. Meanings of all symbols hereafter are

defined in a nomenclature table at the end. Each reacted Ag® accounts for the formation
of a Fell. A derivation (details are given in the ESI) from eq (2) leads to the Fell

formation kinetics as
Cran (1) = Cpo [ 1~ exp(~kanst) | 3)

As such, the exp kinetic trend in the Ag NP scenario is validated. From eq (2) to eq (3),

dy became an implicit part of Cp0- Consequently, varying NP diameter can influence

) ) 1 )
C A 0 through a defined relationship (C A0 = gfrd()}uAgCX“g“;Ip ). As such, if the number of

Ag nanoparticles is fixed in a working solution, the sensitivity towards intilal NP
diameter in the model simulations is analogous to varying Cooo
Au does not undergo redox-mediated dissolution as easily as Ag due to much higher

standard reducing potential (at 298.15 K) of Au*/Au(1.69 V) comparing to that of

Fe3*/Fe?" (0.771V).3% Thus, a direct reaction between Au® and Fe!" like in Reaction (1)
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does not apply. However, the reaction occurring in the Au scenario suggests Au NPs
indeed mediate electron transfer to reduce Fe'l'. We related the reaction to the property of
Au being a good conductor and assumed an “electron discharge” mechanism guides the
surface reaction. When a NP contacts water, surface charge develops due to the chemical
potential difference between the solid and water phases. This “charging process” can be
imposed by the polar water molecules in an extremely short time-scale®’ and leads to a
surface potential, which can be related to the measurable “zeta-potential” between
particle surface and the bulk water. We analogize the NP to be a very small electrode,
which carries an initial surface charge density (¢g,) and potential ( #}). Fel is reduced at
the NP or the “electrode” surface by taking the stored “free” electrons (e°) from the solid
phase. The Au NP itself is not consumed, i.e., no Au* dissolves from Au’. The Fe!ll

reduction is described by a half reaction:
Fe" +e” — Fe'. (4)
The Butler-Volmer equation guides the kinetics of reaction (4) on an electrode as:

i = FAk,C, expk—ﬂ} (5)

The overpotential of the electrode, n, is controlled by the charge carried on the Au
surface, which constructs a capacitor with the bulk solution at the interface. Eq (5) can
be further treated by a capacitor model3® 37 by substituting Q/C for 5 and by writing i as

the time derivative of Q:

do Q\
FAkC 11 6
dt e eXpL RTC ©)

10
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Eq (7) is a differential equation with respect to Q(?). Solving eq (7) and associated
derivations (details in the ESI) and additional derivations give rise to the F!' formation

kinetic equation:

Cran (1) = LCIS% Ay une Cs log (14 KC,ut); (7a)
RT
L= ; 7b
o (7b)
K= Ky exp[—L]. (7¢)
LC; LFCy

As such, the log kinetic trend in the Au NP scenario is justified.

The two theoretical models assumed no change in surface area change due to particle
agglomeration or aggregation, which were avoided by the electrostatic stability of the
nanoparticles and by the effective mechanical mixing in the experiment. Dashed lines in

Figure 1 show data fits by eq (3) for Ag and eq (7) for Au at multiple NP concentrations.

C A0 0 and kg, in eq (3), and Cg and K in eq (8) were treated as unknown parameters and

were determined by data regression. Fitted parameter values were plotted over the
concentration of NPs in Figure 4. Figure 4a shows the independence of &, on Ag
concentration, which was expected because it is only a derived parameter from £ in eq (2).

The fitted C Ago Was converted to Ag® mass concentration (C "), which is plotted as
, Ag.0

the right axis in Figure 4a. This parameter resulted in a 1:1 line with the experimentally

dosed mass concentration of Ag NPs, proving the model’s validity. The final molar

concentration of Fe'l ( i.e., C]]:eH ) was also equivalent to the total molar concentration of

Ag (Figure S2). This implies that all Ag atoms constituting the NPs, including those in

the particle core, have been exposed to and reacted with Fe!'! via dissolution. We also

11
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observed that the surface plasmon absorbance of Ag NPs dissipated along with the
formation of Fe!l and reached zero at the end reaction (Figure S3). These findings
support the one-electron transfer of reaction (1) and the assumption that all the Ag NPs
were oxidized to Ag* at the end of the reaction. The fitted Cs is independent of Au NP
concentrations (Figure 4b), suggesting Cs is an intensive property of the NP. This is
consistent with the classical Poisson-Boltzmann theory derived models that predict the
surface specific capacity of colloids in a solution depends only on the colloids material
and solution constitution®®. The fitted K value increased with Au NP dosage (Figure 4b).

However, eq (7c) suggests that K is a function of %y, gy, and Cs ( @ is assumed to be

0.5%7). We did not expect these three parameters would vary with Au NP concentration.
The observed variance of K may be caused by mass transfer limitations, which would

lead to the observed k, increases with the NP concentration.

CONCLUSIONS

We substantiated two points in this work. First, we successfully applied the ferric
reducing assay to assess the surface reactivity of metallic NPs with respect to donating
electrons. The demonstrated FRAN is based on a simple one-electron redox reaction,
ruling out interfering side reactions carried by many other similar-type assays. Second,
through theoretically modeling the assay reaction kinetics, we revealed two different
electron transfer schemes. Represented by the Ag NP, Fe!ll is reduced directly by NP
surface atoms, with the material transforming to other species (e.g., Ag° transforms to
Ag"). The electron transfer occurs in a “space” that is in close proximity to the NP

surface and bounds the homogeneous and random collision of reactants. Alternatively,

12
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represented by the Au NP, the reduction of Fe'' can occur similar to the principles of an
electrode reaction as the NP acts as a microelectrode and the NP-water interface acts as a
capacitor that is discharged as Fe!'l accepts electrons from the NP. The distinct electron
transfer schemes corroborate that the apparent redox reactions mediated by different
metallic NPs or colloids can be governed by different reaction mechanisms, which have
been often overlooked when only reactant or product in one reaction state being detected.
This can be true not only to many reactions enabling NP reactivity assays, but also to
those in which the NP is technologized (e.g., as a catalyst). There are numerous direct
routes of nano-Ag release to the environment®, but fewer exist for nano-Au. Therefore,
in this paper Ag and Au represent surrogates of NPs with different properties (redox-
drive dissolution Ag-NP vs. low solubility Au-NP). Knowing the electron transfer
scheme mediated by NPs can lead to improved understanding of the surface reactivity
nature in reactivity assays, and more efficient technology development for environmental
applications of NPs. Our theoretical models and insights can inform other heterogeneous
electron transfer processes in environmental systems, such as the transformation of iron
oxides in the aqueous environment*®- 4! and mineral-catalyzed contaminant degradation.*?
Overall, this work provides an approach that is easy to perform experimentally and is

linked to sophisticated modeling pointing to the electron transfer schemes.

NOMENCLATURE
Symbol Meaning and unit in SI Related equation
A Total surface area of NPs in a solution, [m*].  (5), (6), (s8), and (s9)
Ay aunp Specific surface area of Au NPs, [m?-kg™'].  (8)
C Total capacitance of NPs in a solution, [F]. (6), (s8), and (s9)

13
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Ag’,0
Cene
Caxe
C 111

Fe

CII

Fe

ko

kobs

Qo

9o
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Surface specific capacitance of NPs in a
solution, [F-m™].

Initial molar concentration of Ag’in the
solution, [mol-m™].

Number concentration of Ag NPs in a
solution, [m™].

Mass concentration of Au NPs in a solution,
[kg-m™].

Molar concentration of Fel'! in a solution,
[mol-m™].

Molar concentration of Fe!l in a solution,
[mol-m™].

Molarity of Fell

Diameter of a NP, [m].

Initial diameter of a NP, [m].
Faraday constant, 96485 [C-mol].
Current, [A].

Pseudo first-order rate constant, [s™'].

Standard rate constant for an electrode
reaction, [m-s™'].

Observed rate constant, [s™'].
Total charge on NPs’ surface, [C].

Initial total charge on NPs’ surface, [C].

Initial surface charge density of NPs in a
solution, [C-m™].

Ideal gas constant, 8.314 [J-mol'].

(7

(3) and (s7)

(s5) and (s6)

(7

(5)-(7), (s8), and (s9)

(3), (7), (s5)-(s7), and
(s9)

(s4)

(s1)-(s5)

(s3)-(s5)

(5)-(7), (s8), and (s9)

6))
(2), (s1)-(s3), and (s6)

(5)-(7), (s8), and (s9)

(3) and (s7)
(6), (7), (s8), and (s9)

(s8) and (s9)

(7

(5)-(7), (s8) and (s9)

14
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t Time, [s]. (2), (3), (6), (7), (s1)-
(s3), and (s5)-(s9)

T Temperature, [K]. (5)-(7), and (s8)-(s9)

a Transfer coefficient, dimensionless. (5)-(7), and (s8)-(s9)

n Over potential, [V]. (%)

Ung Molar density of a Ag NP, [mol-m™]. (2), (s1) and (s4)-(s6)

o Thickness of the virtual interfacial layer, [m]. (2) and (s1)
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Figure 1. Kinetics profiles for Ag (a) and Au (b) NPs tested by FRAN at different
concentrations. Markers are experimental data, and dashed lines are model simulation

results.
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Figure 2. The plateaued Fe!' concentration (CEell ) as a function of NP mass
mass surface

concentration ( Ci*) (a) and of NP surface concentration ( Cyp ™) (b) for Au and Ag

NPs. Cinte was convereted from CRp® based on spherical geometry of Ag and Au NPs,
i.e., Cufice — 6 Crass / ( pd ) , where p and d are the density and diameter of NPs,

respectively.
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