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ABSTRACT: Many synthetic nanomaterials known as nanozymes can catalyze
biologically relevant molecular transformations just as natural enzyme does.
“Photonanozyme” utilizes light as a spatial and temporal control for the regulation
of nanozyme activities. Here we report a glutathione-modified gold nanocluster as
a photonanozyme that catalyzes the reduction of nitrobenzene under light.
Aniline was found as the sole photoreductive product. The photocatalytic
reactions at variable light fluences were found to follow the classical Michaelis−
Menten enzyme kinetics from which kinetic rate constants were quantified.
Intracellular reduction of a nitro-group-containing fluorescent probe demon-
strates the viability of gold nanoclusters as biocompatible photonanozymes
performing catalysis in a mammalian cell environment. This study reinvents gold
nanoclusters as photonanozymes that mimic naturally occurring nitroreductase for potential prodrug activation.
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Intracellular creation of biologically active molecules from
prodrugs with catalytic nanomaterials is of great interest in

biomedical applications such as in vivo imaging1,2 and cancer
therapy.3−6 The ability to create such molecules with visible
light would enable spatial and temporal control with an impact
on these and emerging applications.7−9 Here we report the
initial development of photonanozymes, nanomaterials with
enzyme-like catalytic properties that are activated with visible
photons.
The photonanozyme is gold nanoclusters (Au NCs) of less

than 2 nm diameter. They are shown to drive nitroreductase-
like chemistry and reduce nitrobenzene to aniline. Unlike their
larger plasmonic nanoparticle counterparts,10,11 Au NCs
possess discrete energy levels and long-lived photoluminescent
(PL) excited states.11,12 Hence, visible-light-absorbing Au NCs
hold promise for the photocreation of biologically active
molecules, but their photocatalytic behavior remains poorly
documented. In this study, we have found that glutathione
(GSH)-stabilized Au NCs perform photoinduced catalytic
reduction of nitrobenzene to yield aniline as the only detected
product. Aniline is an important moiety of a large class of
synthetic molecular drugs that has previously been proposed to
treat cancer in clinical trials, and its creation with light would
be of considerable interest.13 Scheme 1 shows that naturally
occurring nitroreductase is a catalyst for nitrobenzene
reduction with electrons from NAD(P)H, while the Au NCs
perform the same reduction reaction with light and GSH as the
electron source. We find that Au NC photonanozymes display
light-fluence-dependent aniline production rates that follow
classical Michaelis−Menten enzyme kinetics. As revealed by
kinetic studies described herein, an advantage of these

photonanozymes over natural enzymes or synthetic catalysts
is that the aniline production rate can be fine-tuned with light.
An extension of the photonanozymes to mammalian cells is
also described.
GSH-ligand-stabilized Au NCs were synthesized using a

previously reported method.14 Briefly, tetrachloroauric acid
was mixed with GSH as the reductant in aqueous solution. Au
NCs were allowed to grow at elevated temperatures, then
purified by acetonitrile, and redispersed in deionized water.
Electrophoresis showed an average GSH-ligand-stabilized Au
NC weight of 14K g/mol (Figure S1). The as-synthesized Au
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Scheme 1. Comparative Illustration of Nitroreductase (Left)
along with Au NC Photonanozyme (Right) Catalysis of the
Prodrug Moiety Nitrobenzene to Biologically Active Aniline
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NCs showed visible-light absorption with an onset near 500
nm. Room temperature PL was observed with a maximum
around 610 nm (Figure S2). Pulsed-light excitation of the Au
NC resulted in time-resolved PL decays on a microsecond time
scale. These optical features are consistent with literature
reports of a 29−43 gold atom distribution of Au NCs.14,15

Photocatalytic nitrobenzene reduction was performed in
anaerobic acidic solutions (pH = 1) with 450 nm light unless
otherwise noted. Titration of nitrobenzene into the Au NC
solutions resulted in PL quenching consistent with interfacial
electron transfer from the photoexcited Au NC to nitro-
benzene (Figure S3).

1H NMR was employed to monitor the photocatalytic
reduction of nitrobenzene. Aliquots taken every 15 min under
steady-state illumination are shown in Figure 1. Aniline was the

only product identified without unwanted nitrosobenzene or
phenylhydroxyamine intermediates. Aniline as the sole photo-
chemical product was also consistent with gas chromatography
measurements, where no other reaction products were
observed (Figure S4). Note that aniline was not observed in
the absence of Au NCs or in the absence of light (Figure S5).
Neutral pH or aerobic conditions decreased the reaction rate
but not the composition of products (Figures S6 and S7). In
addition, spherical plasmonic Au nanoparticles of much larger
5−8 nm diameter16 were incompetent of nitrobenzene
photoreduction (Figure S8), presumably because their short
excited-state lifetimes precluded diffusional electron transfer.17

The creation of a single product is highly desirable and is a
stark departure from previous work with photoexcited CdS
quantum dots, where phenylhydroxylamine products were
observed.18 A clear explanation for why the Au NCs created a
single reaction product while CdS did not is unknown.
Previous enzymatic studies of nitro group reduction have
revealed the presence of multiple catalytic pathways that are
highly dependent on the enzyme structure.19 In this regard,
unique reaction mechanisms for CdS and Au might be
anticipated. For these Au NC photonanozymes, consecutive
two-electron reduction intermediates may have a high affinity
for the Au surface, where they undergo six-electron reduction
and the intermediates preclude detection. In other words, the
partially reduced nitrobenzene intermediates may associate
with the Au NC surface, where they are preferentially reduced
to the final aniline product.
The enzyme mimetic reaction mechanism of photocatalytic

nitrobenzene reduction was quantified by ultraviolet (UV)

spectroscopy with 450 nm visible-light excitation. The
conversion of nitrobenzene to aniline resulted in the bleaching
of nitrobenzene absorption band centered at 260 nm, where
aniline has minimal absorption (Figure S9a). The loss of
nitrobenzene was quantified as a function of the irradiation
time (Figure S9b). The initial reaction rate, r, was determined
from the UV absorption change at the earliest time of the
absorption measurement and plotted as a function of the
nitrobenzene concentration, [S] (Figure S10). The initial
reaction rate reached a maximum value when the nitrobenzene
concentration exceeded a threshold value. This saturation
behavior is reminiscent of natural enzyme catalysis, which
often obeys the classical Michaelis−Menten mechanism.
Indeed, Lineweaver−Burk plots (eq 1) of 1/r versus 1/[S]
were linear (Figure 2) and allowed extraction of the maximum

catalytic rate (vmax), catalytic rate constant (kcat = vmax/[E]0,
where [E]0 is the total concentration of Au NC in units of
millimolar), and catalytic efficiency (kcat/KM, where KM is the
Michaelis−Menten constant; Table 1). We note that nonlinear
fits to the r versus [S] plots provided the same values within
experimental error (Table S1).
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Light-fluence-dependent data measured over a 965−90 mW
range showed a marked rate dependence, as reflected in the
slope and intercept of the Lineweaver−Burk plot (Figure 2 and
Table 1). These kinetic data are critically important because
they provide a means to experimentally predict the rate of
aniline creation under steady-state illumination conditions.
The reduction mechanism of nitrobenzene or related

nitroaromatic derivatives by thermocatalysis,20,21 electrocatal-
ysis,22,23 or enzymatic catalysis19 was widely studied in the
past. The proposed mechanisms generally involve three
sequential two-electron-transfer processes. The light-fluence-

Figure 1. 1H NMR analysis of photocatalytic nitrobenzene reduction
at the indicated reaction time intervals with 0.14 mM Au NC and 0.1
M GSH with 1% (v/v) HCl (pH = 1) for complete dissolution in a 3/
1 H2O/methanol mixed solvent in a nitrogen gas environment under
450 nm illumination. Aniline conversion percentages are indicated in
parentheses.

Figure 2. Lineweaver−Burk plot for nitrobenzene reduction by Au
NC photonanozymes under the indicated 450 nm light fluence (8-
mm-diameter illumination). Each data point is the average of three
independent measurements. Overlaid is a linear fit.

Table 1. Michaelis−Menten Constant (KM), Maximum
Catalytic Rate (vmax), Catalytic Rate Constant (kcat), and
Catalytic Efficiency (kcat/KM) at Variable Laser Fluences

I450 nm
(mW) KM (mM)

vmax
(mM Min−1) kcat (min−1)

kcat/KM (mM−1

min−1)

90 5.9 ± 1.4 0.15 ± 0.02 0.52 ± 0.07 0.088 ± 0.033
300 4.2 ± 0.6 0.31 ± 0.02 1.1 ± 0.1 0.26 ± 0.06
965 3.9 ± 0.8 0.75 ± 0.08 2.6 ± 0.3 0.67 ± 0.21
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dependent behavior of the photocatalytic reduction of
nitrobenzene by Au NC is significant in that light is identified
as an experimental tool that regulates the catalytic turnover
rate. We emphasize that light is critically required for the
photonanozyme with no evidence for dark catalysis. Analogous
to chemical inhibitors like dicoumarol or acetate that inhibit
enzymatic nitroreduction,24 light fluence can be used to
control the rate of aniline production in these photo-
nanozymes. Chemical inhibitors are generally inferior to light
because they must be introduced into the sample and may
initiate other unwanted chemistry.
As stated previously, these Au NC photonanozymes are not

catalytically active and are hence dormant in the dark. Photon
absorption activates the Au NC, as shown in the proposed
catalytic cycle in Scheme 2. In the second step, nitrobenzene

(NB) diffuses to the excited Au NC surface, where it is
reduced with GSH present as an electron donor. A charge-
separated state, designated as “ES”, that undergoes at total of
six electron transfers before the aniline (AN) product is
released is then envisioned.
To understand the energetics of the proposed catalytic cycle,

we note that the reduction potential of the photoexcited Au
NCs was previously reported to be about −0.63 V versus
normal hydrogen electrode (NHE).25 The sequential two-
electron-reduction potentials from nitrobenzene to aniline are
reported to be −0.16, +0.29, and −0.46 V, with nitrosobenzene
and phenylhydroxylamine as the two reduction intermedi-
ates.18 Therefore, the Au NC photonanozymes are thermody-
namically able to reduce nitrobenzene all the way to aniline.
Prior studies on nitroreductase detection by a fluorescent

turn-on assay inspired a preliminary intracellular study of the
Au NC photonanozymes.1,26 To accomplish this, the
fluorescent dye BODIPY was covalently linked to a nitro-
benzene moiety, abbreviated as BODIPY-NB, and was tested
in a fluid solution. The BODIPY fluorescence was quenched by
nitrobenzene, as expected with a “turn on” when nitrobenzene
was reduced. Indeed, light excitation of the Au NC showed the
characteristic BODIPY fluorescence turn-on with a maximum
near 502 nm (Figures S12 and S13).
With this BODIPY-NB probe tool in hand, viability tests of

Au NC photonanozyme catalysis in vitro were initiated. Two
cell lines, A549 and HeLa, showed high intake and low toxicity
for the Au NCs (Figures S14 and S15). Confocal laser
scanning microscopy (CLSM) showed low fluorescence upon
488 nm excitation, consistent with fluorescent quenching of
BODIPY-NB. With 1−5 min of in situ 405 nm light excitation,
the BODIPY fluorescence intensity from the cytoplasm was
turned on and became stronger as illumination was continued.
In comparison, the sample without Au NC incubation showed
dim fluorescence over 5 min of irradiation (Figure 3a,c). The

use of HeLa cells showed a similar fluorescence turn-on feature
(Figure S16). The intracellular fluorescent turn-on result is
consistent with the proposed photocatalysis mechanism from
Scheme 2, where photoexcited intracellular Au NC catalyzes
reduction of the nitrobenzene moiety to aniline (Figure 3b).
The question arose about which catalytic cofactor was

involved in the intracellular redox environment. Costaining of
the lysotracker or mitotracker with Au NC suggested that the
photonanozymes were located within the lysosome where the
photoreduction of the nitro group occurred (Figure S17).
GSH is expected to be the major electron donor because the
intracellular concentration is in the millimolar range and even
up to 10 times more in cancer cells.
As a proof-of-concept application for photocatalytic drug

activation, the photonanozymes were coincubated with
CB1954, a prodrug for gene therapy under phase I clinical
trials, and HeLa cells.27 The phototoxicity of the Au NC was
shown to be negligible (Figures S18 and S19). Illumination
showed significant cytotoxicity with less than a 40% cell
survival rate. In contrast, cells without the photonanozyme
showed a much smaller effect (Figure S20). Note that CB1954
absorbs blue light, and this may complicate these cell viability
tests. Nevertheless, to our knowledge, this is the first
demonstration of a biomedical application of the Au NC
photonanozyme.
In conclusion, gold nanoclusters were able to catalyze the

challenging six-electron reduction of a prodrug moiety
nitrobenzene to biologically active aniline under visible-light
illumination. The light-fluence-dependent kinetics were shown
to follow the classical Michaelis−Menten mechanism. This
photoenzymatic catalysis behavior was regulated by the light
fluence that could reversibly and remotely tune the aniline
creation rate. A photonanozyme catalytic mechanism toward
nitrobenzene reduction was proposed. This photoenzymatic
reaction was able to occur in a complex intracellular

Scheme 2. Proposed Au NC Photonanozyme-Catalyzed
Nitrobenzene Reduction Mechanism Figure 3. (a) CLSM images of A549 cells (λex = 488 nm; λem = 505 ±

5 nm) incubated with Au NC and BODIPY-NB (upper row) and with
BODIPY-NB alone as a control (lower row) under 405 nm laser
irradiation from 0 to 5 min. (b) Molecular structure of BODIPY-NB
and the proposed fluorescence turn-on mechanism upon photo-
catalytic reduction. (c) Whole image fluorescence intensity integra-
tion change of the control BODIPY-NB and BODIPY-NB with the
Au NC photonanozymes from part a as a function of the irradiation
time. Note that the background fluorescence from the probe itself at
time zero was set to zero.
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environment, as evidenced by a nitro-group-containing
fluorescent probe. This photocontrolled activation of a prodrug
shows a clear advantage over traditional photodynamic therapy
because it does not require oxygen. The proof-of-concept
cellular studies open a new avenue for utilizing photo-
nanozyme in biomedical applications such as directed enzyme
prodrug therapy.
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