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ABSTRACT: The catalytic activity of gold nanoparticles (AuNPs) has been widely \\\

acknowledged; however, Au NPs are considered to be highly inert as radiosensitizers ;
in biological systems. This apparent discrepancy across different fields complicates
the understanding of their interfacial reactivity, particularly in terms of electron
transfer reactions. Here, we employ pulse radiolysis to determine the rate constants
for the reactions of electrons with AuNPs in aqueous solution. Our investigation of
AuNPs with different sizes and surface modifications demonstrates the potential
influence of the AuNPs design on electron transfer reactions. These findings address

AuNPs

long-standing mechanistic contradictions and underscore the significance of
interfacial electron dynamics on AuNPs in both catalytic and biological processes.

KEYWORDS: Electron transfer reaction, gold nanoparticles, interfacial dynamics, transient kinetics, pulse radiolysis

G old nanoparticles (AuNPs) have been accentuated in life
sciences over the past decades and continue to exhibit
escalating prominence.' > AuNPs, which feature a large surface
area, are relatively easy to synthesize, shape, and functionalize.
Most notably, they are considered to be chemically stable.
These nanoparticles, typically ranging in size from ten to one
hundred nanometers, also exhibit strong cellular penetration.
Extensive research has explored the multifaceted applications
of AuNPs in cancer therapy, employing ionizing radiation,
phototherapy, and combined therapeutic and diagnostic
approaches.” ® AuNPs have heralded transformative potential
in radiotherapy by augmenting the therapeutic efficacy of
ionizing radiation while concurrently mitigating associated side
effects, as demonstrated in both in vitro and in vivo studies.”®
This pivotal role is frequently attributed to their capacity to
enhance dose absorption due to their high atomic number (Z),
which leverages physical mechanisms and elicits the emission
of secondary electrons and X-rays.””'" Consequently, AuNPs
are traditionally regarded solely as vectors with no intrinsic
chemical activity.

However, recent studies have shown that AuNPs do not
merely act as passive vectors; they can also play a catalytic role
in solutions even at room temperature and alter reaction
mechanisms within a given environment.'””"® Quantitative
results obtained in the catalysis of alcohol radical oxidation and
the hydroxylation of acetanilide demonstrate that AuNPs can
significantly change the reaction pathways of transient species
induced by high-energy radiation."*™"* For example, in the
presence of O,, a 40-fold decrease in the formatlon of the
acetanilide hydroxylation product is observed.'® This finding is
unexpected, as oxygen typically stimulates hydroxylation
reactions in the absence of AuNPs. Additionally, it has been
highlighted that AuNPs can catalyze electron transfer from a

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

donor to an acceptor, potentially altering the balance of
oxidative stress in a given environment.'”~"? Despite these
insights, there are still several gaps in the literature regarding
the reactivity of AuNPs in solution under irradiation. Key
questions remain, such as the reactivity of AuNPs toward the
solvated electrons or even presolvated electrons, the rate
constant of these reactions, and the subsequent fate of the
nanoparticles.

An ultrafast presolvated electron capture in aqueous
solutions of room-temperature ionic liquid (RTIL) surface-
stabilized gold nanoparticles has been reported,”’ with a rate
constant of approximately 5 X 10'* M~ s7'. This electron
capture is announced to compete with electron solvation and
electron-cation recombination reactions. However, these
measurements were performed indirectly using muon spec-
troscopy, and the concentration of the nanoparticles was used
to estimate the rate constant. Later, direct observations via
pulse radiolysis suggested the capture of presolvated electrons
by AuNPs.”' This study did not consider the potential
reactivity of the AuNP stabilizer with the electrons. Recently,
pulse radiolysis measurements of aqueous solution containing
AuNPs showed no increase in secondary electrons under a 7 ps
electron pulse ionization, indicating the absence of higher
primary radical production in the presence of AuNPs.”” These
results decisively established that AuNPs do not instigate a
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Figure 1. TEM images of Au NPs with the size of 44 nm (a) and 10.6 nm (b), inset: corresponding size histograms; (c) UV—vis absorption

spectra of Au NPs.

heightened generation of primary water radicals at concen-
trations similar to those used in biomedical applications and
radiation contexts. Additionally, no measurable increase in
solvated electron formation was observed, and AuNPs did not
scavenge the presolvated electron. The decay of the hydrated
electron produced with a high dose per pulse (ca. 100 Gy/
pulse) remained unaffected in the presence of AuNPs within 1
us.

More recently, we investigated the reactivity of CO,*”
radical with AuNPs.”> CO,"” is a potent electron donor
radical in an aqueous solution. It was found that the CO,*”
radical can bond to the surface of AuNPs for at least 1 ms,
which is 100 times longer than the lifetime of bulk CO,*” in
the absence of AuNPs. Given that solvated and presolvated
electrons are produced under irradiation in aqueous solution
and bioenvironment conditions, here we conducted pulse
radiolysis measurements of AuNPs solutions. These experi-
ments were designed to observe directly the kinetics of the
hydrated electron to comprehensively address the question of
the reactivity of the electrons with AuNPs by the selection of
appropriate experimental conditions.

To elucidate the reactivity of AuNPs, we synthesized two
different sizes of AuNPs by a chemical reduction method
(details in the SI). The size of AuNPs was controlled by
adjusting the radio of A/ BH,~, without the addition of any
surfactants, to prevent potential side reactions between the
surfactant and electrons.”* Transmission electron microscopy
(TEM) images revealed synthesized AuNPs with narrow size
distribution at 4.4 and 10.6 nm, respectively (Figure la-b). In
the UV—vis spectra (Figure 1c), the 10.6 nm AuNPs exhibited
a strong surface plasmon resonance (SPR) band centered at
540 nm. The SPR band of smaller AuNPs (4.4 nm) shifted to
the blue (4 = 520 nm) and evolved into a broad band. These
characterizations demonstrate the efficient synthesis of stable
AuNPs of two different sizes, 4.4 and 10.6 nm.

Pulse radiolysis is employed to directly determine the
quantity of water radical products within 7 ps. According to
our previous report,”> 3 mM AuNPs neither instigate a
heightened generation of presolvated electrons (e, ) nor
react with ey~ and hydrated electrons (eaq_). For the present
work, the initial intensity of the transient absorption at 700 nm
displays no noticeable change in the absence or presence of
AuNPs. This result confirms that AuNPs do not react with
€pe » as previously observed (Figure 2a-b). Regarding the
reactivity of AuNPs toward e,,~, we reduced the dose per pulse
to ca. 10 Gy/pulse to prevent the dominance of competitive
recombination reaction (eaq_ +eq — OH + H, k; = 6.0 X
10° M~! s71)*° caused by an excessive concentration of €y -
The competitive reaction between e,,~ and H (e,,~ + H" —
H* k, = 2.4 x 10" M~ s71)*® was also suppressed by adjusting
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Figure 2. Pulse radiolysis measurement in Ar-saturated alkaline
aqueous solutions (pH 12) containing 0.1 M tert-butanol: Transient
absorption kinetic traces of e,~ at 700 nm with different
concentrations of 10.6 nm (a) and 4.4 nm (b) Au NPs (ca. 10 Gy/
pulse); (c) Apparent e,;~ decay rate as a function of the concentration
of Au NPs from (a) and (b). (d) Transient absorption spectrum at 40
ps corresponding to the bleaching of the plasma band of Au NPs.

the pH to 12 (Figure S1). Under these optimized conditions,
the transient kinetics of e,,” remains stable within 1 us under 6
Gy/pulse, in stark contrast to the decay under 120 Gy/pulse.
With the pH 12 condition, the lifetime of e, is drastically
increased, which provided a prerequisite for observing the
reaction between AuNPs and e, .

To exclude the side reaction between any residence and e,
the supernatant of the AuNPs solution was assigned to the 0
mM sample. As shown in Figure 2a, in the absence of AuNPs,
the decay of e, in contrast to the previous work was
prolonged to approximately 40 us due to the lower dose per
pulse. With increasing AuNPs concentration, € presented
accelerated decay, and the second-order constant was
determined to be 6.7 X 10®° M~ s™! (Figure 2c). Moreover,
smaller AuNPs (4.4 nm) also suggested similar transient
kinetics with a rate constant of 3.0 X 10° M~ s™' (Figure
2b,c). These values are reported by the atomic concentrations
of AuNPs.

In addition to decaying e,,”, the electron transfer also alters
the plasma frequency of AuNPs, causing a blueshift in their
SPR band.””** This blueshift results in the bleaching of the
SPR band in the absorption spectrum (Figure 2d), which
enables us to detect the electron transfer and to quantify
electron concentration in real-time. As shown in Figure S2, the

https://doi.org/10.1021/acs.nanolett.4c03396
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03396/suppl_file/nl4c03396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03396/suppl_file/nl4c03396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03396?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a d Au
—— Au + 25 mM CTAC
~—— Au + 50 mM SDS
)
o
c
©
2
]
0
Q
<
400 500 600 700 800
Wavelength (nm)
4.4 nm 4.7 nm 4.7 nm
c 80 | Au Au-CTAC Au-SDS e ——Au
—o— Au-CTAC
Keo | ! z Au-SDS
S 8
jo2}
g z
540 L g
o S
PN I . ] - /\
0 —_— - . i —
13 57 91357 9 1365 7 9 100 50 0 50 100
Size (nm) Zeta potential (mV)
f g . : . h : .
003} ——0.05 mM Au-CTAC ——0.05 mM Au-SDS 0.3} ——Au-CTAC
—— 0.1 mM Au-CTAC .04l —— 0.1 mM Au-SDS [ ——Au-SDS
0.25 mM Au-CTAC : \ 025mM Au-SDS]
PN 202}
=]
X 8.1x108 M s
Soa
1.9x 108 M's”!
) 00} ]
-10 40 -10 30 40 0.0 0.1 0.2 0.3

0 ,1'0 20 30
Time delay (us)

0_ 10 20
Time delay (us)

Concentration (mM)

Figure 3. TEM images of Au NPs in 25 mM CTAC (a) or SO mM SDS (b) solutions, and their size histograms (c) (50 nanoparticles measured);

UV—vis spectra (d) and zeta potential (e) of Au NPs. Transient absorption kinetic traces of e

¢ at 700 nm with different concentrations of Au NPs

in the 25 mM CTAC (f) or S0 mM SDS (g) solutions; (h) Apparent e, ~ decay rate as a function of the concentration of Au NPs from (f) and (g).

time scale of the observed bleaching agrees with the decay of
the hydrated electron. The bleaching of the SPR band at 40 us
illustrated the electron transfer from e,,~ to the surface of
AuNPs and the electron decay completely. The steady-state
absorption spectra reveal a shift in the SPR band from 520 to
515 nm (Figure S3). The relationship between the wavelength
shift to the transferred electron density is given by’

AN _ a1
IN

Here, N is the electron density of the metal, and 4, is the
bulk SPR wavelength. AN and A4, are the change in the
nanoparticle electron density and the SPR wavelength shift,
respectively. Based on this relationship and the concentration
of AuNPs (0.5 mM), the blue-shift indicates a 2% increase in
electron density, equivalent to 10 yM electrons. This value is
in line with the dose per pulse in our pulse radiolysis
experiments.

According to a previous study,” the electron capture rate of
AuNPs was determined using particle concentration to be 5 X
10" M~ s™' by muon spectroscopy. These findings have led to
divergent mechanistic understandings of the reactivity of
AuNPs with electrons. Steady-state muon spectroscopy cannot
provide the transient kinetics of e,,.~ or e,;” to directly prove
that the reaction occurred. More importantly, it is crucial to
investigate the reaction between AuNPs and electrons through
interfacial dynamics. We cannot directly substitute the

concentration of AuNPs since every AuNPs involves many
active sites for reactions. The rate constants we determined
well corroborate this issue. When the size of AuNPs decreases
from 10.6 to 4.4 nm, the concentration of AuNPs increases by
the cube of the radius, ca. 14.8 times. If we were to simply
substitute the value, the rate constant should increase by the
same factor. However, it is actually much lower, only 4.5 times.
In fact, if AuNPs concentrations were substituted in this work,
the reaction rates would be estimated to be 1.6 and 5.2 X 10'¢
M™" s7!. This value aligns with previous result but contradicts
the identical yield of e, in the absence and presence of
AuNPs.”” Therefore, we propose expressing the rate constant
in terms of the concentration of Au atoms. Alternatively, we
consider the exposed Au atoms on the surface of AuNPs as
active sites. The proportions of these Au atoms are calculated
to be approximately 27.8% for 4.4 nm AuNPs and 11.5% for
10.6 nm AuNPs, respectively. The corresponding rate
constants can be estimated to be 1.1 X 10" M~ s7! for 4.4
nm AuNPs and 5.8 X 10° M™! s™! for 10.6 nm AuNPs, which is
much slower than the solvation of electrons. These rate
constants are almost completely controlled by diffusion. To the
best of our knowledge, this observation represents the first
report of the reaction between AuNPs and e,;~ from a direct
time-resolved prospective.

Given the limitations of bulk AuNPs, such as challenges in
stable dispersion for catalytic applications and in vivo delivery
in the radiobiology domain, AuNPs are often surface-modified
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with surfactants.”” ™' These modifications can optimize key
desired features for various functions but may impact the
interfacial reaction kinetics due to the altered charge
environment.”* To gain deeper insights into the interfacial
electron transfer reaction under different charge conditions, we
modified the synthesized AuNPs by adding typical surfactants,
CTAC and SDS. Although the SPR band became narrower and
shifted slightly to 518 nm, TEM images and the corresponding
size histograms confirmed that the modification induced
negligible influence on the size and stability of the obtained
AuNPs (Figure 3a-d). The AuNPs enlarged slightly from 4.4 to
4.7 nm without significant aggregation. Zeta potential
measurements confirmed the different charge modifications
of Au-CTAC and Au-SDS, with values of ca. —49.3 and 50.3
mV, respectively (Figure 3e).

The transient kinetics at 700 nm exhibit a similar decay of
e,y in the presence of Au-CTAC (Figure 3f). The second-
order rate constant of e,,~ with Au-CTAC was determined to
be 8.1 x 10° M~" s™" (Figure 3h), which is 73% lower than that
for bulk 4.4 nm AuNPs. In stark contrast, Au-SDS shows a
more severely retarded decay of e,~, with the decay not
completing within 40 us (Figure 3g). The rate constant
decreased to 1.9 x 10¥ M~ s7%, an order of magnitude lower
than that of unmodified AuNPs. These reduced rates
demonstrate that the modified AuNPs are still capable of
scavenging e,,”. However, both positive and negative charge
modifications hinder the reaction between e,;~ and AuNPs.
Since of the electrostatic interaction between the negative
charges and e, ", the negative charge modification of AuNPs
more effectively hampers the migration of e,,” around the
AuNPs at the same level of zeta potential, leading to lower
reaction rates. The reduced second-order rate constants for
e,q with both Au-CTAC and Au-SDS demonstrate the critical
role of surface modifications in modulating the reactivity of
AuNPs (Table 1). Our results highlight the importance of

Table 1. Rate Constants for the Reactions of Hydrated
Electron with Different Types of AuNPs

kMt s™) from k(M 's!) from

Size atomic nanoparticle

Zeta potential (mV) (nm) concentration concentration
—24.1 4.4 3.0 x 10° 1.6 X 10'
(without surfactant) 106 67 x 10° 52% 1016
—49.3 4.7 8.1 x 10 52 x 10"

(with 25 mM CTAC)

—-50.3 4.7 1.9 x 10° 12 x 10"

(with 50 mM SDS)

considering surface modifications in designing AuNP-based
systems for specific applications. According to these results, it
is worth noting that the surface charge states of nanoparticles
may also regulate the transient kinetics of e,;~. The rate
constant obtained in our pulse experiments may also be
influenced by the accumulation of e,;” on gold nanoparticles,
which alters the surface charge. Given that the charge
proportion is low (2%, as shown in Figure S3), variation in
these rate constants is negligible.

In summary, the controversial reactivity of AuNPs toward
eye and e, is addressed through direct time-resolved
observations. Transient kinetics under low dose rates and
alkaline conditions provide an accurate understanding of their
interfacial dynamics and rate constants. The determined rate
constants (6.7 X 103 M™! s™* for 10.6 nm AuNPs and 3.0 X 10°

M™! s7! for 4.4 nm AuNPs) rule out the reactivity of AuNPs
toward e, and verify their high reactivity toward e, .
Furthermore, our work highlights the significance of size
control and surface modifications in modulating the reactivity
of the AuNPs. These insights could pave the way for the more
precise engineering of AuNPs with tailored properties for
enhanced performance in both catalytic and biomedical

applications.
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