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ABSTRACT: Gold nanoparticles are frequently employed as nanozyme materials
due to their capacity to catalyze various enzymatic reactions. Given their plasmonic
nature, gold nanoparticles have also found extensive utility in chemical and
photochemical catalysis owing to their ability to generate excitons upon exposure to
light. However, their potential for plasmon-assisted catalytic enhancement as
nanozymes has remained largely unexplored due to the inherent challenge of rapid
charge recombination. In this study, we have developed a strategy involving the
encapsulation of gold nanorods (AuNRs) within a titanium dioxide (TiO2) shell to
facilitate the efficient separation of hot electron/hole pairs, thereby enhancing
nanozyme reactivity. Our investigations have revealed a remarkable 10-fold
enhancement in reactivity when subjected to 530 nm light excitation following the
introduction of a TiO2 shell. Leveraging single-molecule kinetic analyses, we
discovered that the presence of the TiO2 shell not only amplifies catalytic reactivity
by prolonging charge relaxation times but also engenders additional reactive sites within the nanozyme’s intricate structure. We
anticipate that further enhancements in nanozyme performance can be achieved by optimizing interfacial interactions between
plasmonic metals and semiconductors.
KEYWORDS: single-molecule, nanozyme, plasmon-assisted catalysis, AuNR@TiO2, reactivity enhancement

1. INTRODUCTION
Recent investigations have led to the emergence of artificial
enzymes, including nanozymes1−5 and DNAzymes,6,7 which
have been strategically designed to address the inherent
limitations of natural enzymes, particularly those pertaining to
cost and stability. Notably, metal-based nanozymes,8−16

including gold (Au), platinum (Pt), and copper (Cu), have
gathered substantial attention across a variety of everyday
applications such as biosensing,10−12,17 cancer therapy,9,13,14

and environmental pollutant remediation.15 Gold (Au) has
emerged as a particularly promising candidate among these
metallic elements due to its remarkable biocompatibility and
surprisingly broad natural enzyme-mimicking capabilities.
These Au-based nanozymes consist of Au nanoparticles
enveloped in polymers or biomolecules, thereby enhancing
their biocompatibility, reactivity, and selectivity. Consequently,
they have emerged as highly promising alternatives to their
natural enzyme counterparts.
Being a plasmonic metal, Au has found extensive application

in enhancing chemical and photochemical reactivities through
its surface plasmon resonance (SPR). Regrettably, discussions
concerning the integration of SPR into nanozyme designs
remain relatively scarce. Pristine, uncoated gold nanoparticles
manifest SPR when subjected to incident light, thereby
generating hot charge carriers conducive to catalysis. The

SPR phenomenon exhibits notable tunability due to its robust
morphology-dependent characteristics. Consequently, nano-
catalysts frequently harness the unique attributes of Au to
enhance their performance, exemplified in applications like CO
oxidation and water-splitting reactions.18−22 Nonetheless,
using SPR to enhance the efficacy of Au-based nanozymes
remains relatively underexplored.23−25 A primary hindrance in
this regard is the rapid recombination of hot electrons and
holes within the Au structure. This phenomenon significantly
diminishes the practical utility of SPR-generated hot
charges.19,26,27 Therefore, it is crucial to functionalize the
surface of Au-based nanozymes and meticulously optimize the
coating geometry to mitigate the charge recombination rate.
Since their wide bandgap characteristics optimize charge
separation efficiency, semiconductor materials are highly
suitable candidates for Au modifications. Through the grafting
of semiconductors onto Au, SPR-generated hot electrons
undergo injection into the conduction band of the semi-
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conductors via Schottky junctions, thereby facilitating
reduction reactions at the semiconductor interface. Con-
currently, the remaining holes on the Au surface serve as
reactive sites for oxidation reactions.26,28−30

Au−semiconductor hybrid nanozymes can be synthesized by
growing Au nanoparticles (AuNP) on specific semiconductor
supports through various wet-chemistry methods.9,31−34

However, this approach usually lacks precise morphological
control of the resulting AuNP, thereby limiting the
effectiveness of stimulating SPR. Alternatively, one could
control the growth of semiconducting particles onto
AuNP.20,35,36 This method preserves the size and shape of
the original AuNP, offering better control of the SPR. Notably,
semiconducting coatings on AuNPs do not always lead to
improved catalytic activity. In fact, they may block light
absorption by AuNP or hinder mass transport during catalysis,
resulting in an overall decrease in reactivity. Therefore,
researchers might benefit from engineering porous structures
or adjusting surface hydrophobicity to overcome the
limitations of Au−semiconductor hybrid nanozymes.36−40

In this study, we synthesized a core−shell Au nanorod−
TiO2 nanozyme (AuNR@TiO2) using a precipitation method
and focused on investigating its peroxidase mimic properties in
catalyzing the N-deacetylation oxidation of Amplex Red (AR).
A remarkable 10-fold enhancement in reactivity was observed
for the AuNR@TiO2 nanozyme under 530 nm light excitation
compared to the unmodified parent AuNRs. To address the
inherent reactivity heterogeneity of individual nanozymes, we
employed single-molecule microscopy to assess the catalytic
reactivity of each nanozyme separately. Importantly, the
resulting AuNR@TiO2 remained plasmon-active, and the
thin TiO2 shell surrounding the AuNR core did not impede
AR from accessing the AuNR surfaces. With an increase in
excitation light power, both the SPR and laser-induced heating
contributed to the enhanced reactivity of the AuNR@TiO2
nanozymes. Upon analysis of the reactivity fluctuations during
catalysis, we discovered that synergistic interactions between
the plasmonic metal core (AuNR) and the semiconductor shell
(TiO2) generated additional reactive sites for catalysis.

2. EXPERIMENTAL SECTION

2.1. Synthesis of AuNR@TiO2 Nanoparticles
The synthesis procedure is detailed in the Supporting Information.
Briefly, titanium trichloride (TiCl3) was used as the precursor. TiO2
was formed through pH-mediated hydrolysis followed by H2O2-
facilitated oxidation:36

+ + ++ +Ti 2H O TiO 4H e3
2 2

++2H 2e H2

The resulting particles were thoroughly rinsed and redispersed into
DI-water.
2.2. Ensemble Catalysis
To assess the performance, we conducted ensemble activity
measurements for AuNR and AuNR@TiO2, separately, utilizing the
oxidative N-deacetylation of AR as the catalytic reaction for both
investigations. These reactions were conducted in a 50 mM pH 7.4
phosphate buffer by introducing the AuNR or AuNR@TiO2 into a
premixed reactant solution containing AR and 60 mM H2O2. The
reaction product displays fluorescence activity, and its emission was
recorded using an Agilent Cary60 fluorometer. To investigate the
impact of SPR, we introduced an LED light source to illuminate the
solution mixture during the reaction. As control experiments, we also

conducted commercial TiO2-catalyzed AR oxidation assays with and
without the presence of LED illumination.

2.3. Single-Molecule Catalysis
Single-particle catalysis experiments utilized a total internal reflection
(TIR) fluorescence microscope (based on an Olympus IX83). To
create a microfluidic reaction chamber, approximately 20 μL of ∼5
pM colloidal AuNR or AuNR@TiO2 solution was drop-cast onto a
VWR #1 glass coverslip measuring 25 × 25 mm2. After a 3 min rinsing
with DI-water to eliminate unbound nanozymes, this coverslip was
integrated into a 25 mm (length) × 10 mm (width) × 100 μm
(height) microfluidic cell assembly, utilizing double-sided tape, a
microscope slide (Thermo Scientific), and epoxy glue. Two holes
were drilled into the microscope slide to accommodate polyethylene
tubing connections, facilitating the continuous supply of the premixed
reactant solution (0.05−1.8 μM AR, 60 mM H2O2, and 50 mM pH
7.4 phosphate buffer) via a syringe pump (Genie Touch, Kent
Scientific) at a rate of 20 μL/min during the measurement.
For the excitation of fluorescence emission, a 532 nm continuous-

wave laser beam (DragonLaser) was focused onto an area of 35 × 35
μm2 within the microfluidic cell. The laser power was adjusted within
the 3 mW/cm2 range to 35 mW/cm2 by using a graduated neutral
density filter. Emission signals were collected using a 100× NA 1.49
oil immersion objective (UAPON 100xOTIRF, Olympus), filtered
through a long-pass filter (Chroma, ET542lp) and a bandpass filter
(Chroma ET575/50m). The resulting signals were captured using an
sCMOS camera (Photometrics Prime 95B) through the Olympus
CellSens Dimension software at a frame rate of 50 ms. Subsequently,
the fluorescence signals were analyzed using ThunderSTORM,41,42 in
conjunction with our custom-written Matlab programs. Detailed
procedures for data processing are shown in the Supporting
Information.43

3. RESULTS AND DISCUSSION
AuNR@TiO2 nanoparticles were synthesized by using TiCl3 as
the precursor. We achieved the desired core−shell morphology
(AuNR@TiO2) by meticulously controlling the hydrolysis of
TiCl3 (Supporting Information, Section 1). Transmission
electron microscopy (TEM) images revealed a thin uniformly
distributed TiO2 layer surrounding the AuNR (Figure 1a and
b). The presence of TiO2 was further confirmed via energy-
dispersive X-ray spectroscopy (EDX), as depicted in Figure S2.
UV−vis spectra were recorded to examine the optical
properties of AuNRs@TiO2 (Figure 1c). The original 18 ×
54 nm2 AuNRs exhibited longitudinal and transverse surface
plasmon resonances at 685 and 517 nm, respectively. Notably,
both SPR peaks displayed clear redshifts following TiO2
deposition. Specifically, the longitudinal plasmon band shifted
to 715 nm, accompanied by a significant decrease in
absorbance. This phenomenon aligns with previous find-
ings44−46 and is attributed to the alteration in the local
refractive index surrounding the AuNR after the TiO2 coating
process. In addition, the curvature in the tip of AuNR
increased the alteration in the local refractive index, causing
further inhibition to longitudinal SPR.36

Au-based materials have proven to be highly valuable as
peroxidase mimics, finding extensive applications in various
oxidative reactions.10,31,47−50 In this study, we employed a
well-established fluorogenic probe,51,52 AR, to evaluate the
catalytic properties of both AuNR and AuNR@TiO2. As
depicted in Figure 1d, the initially nonfluorescent AR
underwent conversion into the highly fluorescent molecule
resorufin (RF) in the presence of nanozymes and H2O2. We
quantified the reaction rates by collecting fluorescence spectra
at approximately 15 min intervals. Interestingly, we observed
that the presence of the TiO2 layer outside the AuNR did not
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significantly influence catalytic performance, as the AuNR@
TiO2 exhibited nearly identical reactivity to the bare AuNR
(Figure S4a). Even under 700 nm LED illumination, there was
only a slight increase in catalytic reactivity (Figure 2a), a

phenomenon that we attribute to the pronounced suppression
of the longitudinal plasmon band after TiO2 deposition.
However, when subjected to 530 nm LED illumination at an
intensity of approximately 12 mW/cm2, a remarkable 10-fold
enhancement in reactivity was observed (Figure 2b). The 530
nm LED light generates transverse SPR, directing hot electrons
into the TiO2 while retaining hot holes within the AuNR. This
substantial reactivity enhancement is likely attributable to the
formation of hot holes, as the reaction under investigation
necessitates the involvement of two holes for completion. In
comparison, the bare AuNR exhibited only a 2-fold reactivity
enhancement (Figure 2b), which is likely due to rapid charge
recombination, with mostly hot holes dissipating before
converting AR into RF. These experiments clearly demonstrate
AuNR@TiO2 to be a plasmon-assisted nanozyme. The TiO2

layer did not impede transverse plasmon formation but
prolonged the relaxation time, resulting in distinct light-
dependent reactivity.
To gain deeper insights into the reaction kinetics and

overcome the limitation of ensemble averaging, we conducted
single-molecule catalysis experiments for individual AuNRs
and AuNR@TiO2 nanozymes. These nanozymes catalyzed the
same AR → RF reaction under steady-state conditions. It was
found that each nanozyme catalyzed substrate conversion
successively without mechanistic overlap. Upon generation, the
product RFs swiftly detached from the nanozyme surface and
were carried away by the flow created by the attached syringe
pump. Consequently, the catalytic turnovers manifested as
intermittent blinking fluorescence spots across the 35 × 35
μm2 field of view. Each blinking event signified the formation
of a single RF molecule (Figure 3a and b), and the time

interval between two consecutive blinking events denoted the
waiting time τ for RF formation. The inverse of the average τ,
denoted as ⟨τ⟩−1, provided the turnover rates at the single-
molecule level.53,54

It was revealed that both AuNR and AuNR@TiO2
nanozymes displayed an increase in reactivity as the AR
concentration increased until reaching their maximum
reactivity and remaining constant (Figure 3c). This behavior
can be effectively explained by a modified Michaelis−Menten
mechanism53,55

= [ ] + [ ]k n S K S/( )1
cat M (1)

in which kcat is the rate constant for a single reactive site, n is
the number of reactive sites within one nanozyme, KM is the
Michaelis−Menten constant, and [S] is the AR concentration.
Fitting the titration curve with eq 1 provides the values of kcatn
and KM for AuNR and AuNR@TiO2 nanozymes, as
summarized in Table 1.

Figure 1. (a, b) TEM images of the AuNR@TiO2 nanozymes. (c)
UV−vis spectra of AuNRs and AuNRs@TiO2. Inset: scheme of the
plasmon-assisted chemical reaction on AuNR-based nanozymes. (d)
AR oxidation measured by a fluorometer. The increasing intensity at
∼583 nm reflects the formation of fluorescent product RF. Inset:
illustration of AR oxidation catalyzed by AuNR in the presence of
H2O2.

Figure 2. (a) Time-evolving fluorescence trajectories for AuNR@
TiO2 under 530 and 700 nm LED illumination. (b) AR oxidation
rates on AuNR and AuNR@TiO2, with and without a 530 nm LED
illumination, calculated from the fitting of the time-evolving
fluorescence intensity trajectories.

Figure 3. (a) A typical fluorescence image of a single RF molecule.
Background emissions were removed. (b) Localizing an RF molecule
in (a) by fitting its emission signal to a two-dimensional Gaussian
function. The localization error is 5.2 nm. (c) Dependence of the
single-particle turnover rate on AR concentration. The laser power
was kept at 13 mW/cm2. (d) Dependence of the turnover rate on the
power of the 532 nm laser’s power. The concentration of AR was kept
at 800 nM. All experiments were performed at 60 mM H2O2. The
error bars in (c) and (d) depict the standard error of the mean, and
each data point represents an average of more than 60 nanozymes.
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Consistent with the results from ensemble measurements, it
is noteworthy that the maximum reactivity of AuNR@TiO2
surpassed its parent counterpart, AuNR. The catalytic rate
constant (kcatn) for AuNR@TiO2 was 0.072 ± 0.002 s−1,
representing a 40% increase compared to that of AuNR, which
exhibited a kcatn of 0.050 ± 0.004 s−1. This difference indicates
that either the per site reactivity has increased for AuNR@
TiO2 or the deposition of TiO2 has introduced additional
reactive sites in the nanozyme. However, the Michaelis−
Menten constant (KM) was found to be 0.22 ± 0.07 μM for
AuNR@TiO2, approximately the same as the AuNR which had
a KM of 0.20 ± 0.02 μM. This slight difference in KM values
suggests that the binding affinity of AR with AuNR@TiO2 is
comparable to that of pristine AuNR. Previous studies36,38,56,57

have suggested that core−shell structures tend to cover the
reactive sites on Au nanozymes, potentially inhibiting substrate
adsorption onto the Au surface. However, this phenomenon
did not manifest in our work, likely due to the mild hydrolysis
of TiCl3 and the subsequent formation of a porous TiO2 shell.
Additionally, the estimated average thickness of the TiO2 shell
was ∼3 nm (Figure S3d), a dimension insufficient to impede
mass transport significantly. Therefore, it is probable that the
AR substrates can effectively interact with the AuNR surface
after the TiO2 deposition. A previous study indicates that the
thickness of the TiO2 shell could influence the overall reactivity
of the catalyst by potentially altering the interaction between
the substrate and the catalyst surface.58 The catalytic efficiency
(kcatn/KM) of AuNR@TiO2 was calculated to be 0.33 ± 0.02
s−1 μM−1, surpassing that of AuNR at 0.23 ± 0.04 s−1 μM−1 by
43%. Furthermore, the reaction rates of individual AuNR and
AuNR@TiO2 displayed a broad distribution range, indicating
substantial heterogeneity in reactivity among individual
nanozymes (Figure 4a and b). The variance for single

nanozyme turnover rate increased from 8.3 × 10−5 for
AuNR at 1200 nM AR to 7.4 × 10−4 for AuNR@TiO2
under the same condition. According to the previous study,59

the escalation of variance is most likely due to the increase of
reactive sites. This direct observation of reactivity hetero-
geneity is a unique feature offered by single-molecule

measurements, which proves to be challenging to obtain
through ensemble-averaged analyses.
It is noteworthy that the 532 nm laser used for fluorescence

excitation also induces the transverse SPR of the AuNR,
leading to the generation of electron−hole pairs (Figure 1c,
inset). Since this laser is required for single-molecule detection,
SPR enhancement contributed to the reactivity of both AuNR
and AuNR@TiO2 during the measurements. To systematically
investigate the contributions from SPR, we incrementally
increased the laser power at 532 nm from 3 to 35 mW/cm2,
while maintaining the AR concentration at 800 nM. We
observed that the intensity dependence exhibited a modest
superlinear trend (Figure 3d). Prior studies involving the
complex of TiO2 and AuNP have demonstrated that plasmon-
induced catalysis depends linearly on the laser power. The
superlinear behavior arises from the photothermal effect
resulting from laser excitation.60,61 Therefore, we conclude
that both the SPR-induced hot electrons and holes and the
photothermal effect collectively enhance the overall reactivity
of the AuNR@TiO2 nanozyme. Furthermore, in contrast to
ensemble measurements with a low-power LED light, a laser-
induced photothermal effect may boost the reactivity of both
AuNR and AuNR@TiO2 under such reaction conditions.
Based on previous studies,23,60,61 it is projected that the
temperature in the vicinity of the AuNR may rise by
approximately 1 K under the reaction conditions employed
in our study (3−35 mW/cm2). Therefore, we anticipate that
the photothermal effect induced by the laser is a minor
contributor to the observed enhancement in reactivity. The
difference in reactivity between these two nanozymes also
becomes less pronounced under such reaction conditions
(Figure 3c and Table 1). However, increased excitation power
appears to exacerbate the reactivity heterogeneity among
nanozymes (Figure 4c), likely due to the creation of additional
reactive sites.
As previously reported, the reactivity of a single nanozyme

exhibits fluctuations over time (Figure 5a). In the case of metal
nanoparticles such as Au and Pt, this fluctuation arises from
surface restructuring during catalytic transformations, resulting
in a “memory effect” within the waiting time τ sequence.54,62
To unveil this memory effect, we calculated the autocorrelation
function Cτ(m):

=C m m( ) (0) ( ) / 2

Here, m represents the index of a catalytic turnover for a single
nanozyme and the lag is Δτ(m) = τ(m) − ⟨τ⟩. We observed
that the autocorrelation follows an exponential decay as the lag
increases (Figure 5b), where the inverse of the correlation
times provides the reactivity fluctuation rates (Figure 5c and
d). Notably, the relationship between the fluctuation rate and
the reaction rate is linear for bare AuNR (Figure 5c, black
curve). This result can be attributed to the interplay of
substrate−nanozyme interactions: higher substrate concen-
trations lead to accelerated reaction turnovers and faster
surface restructuring.53,54 Strikingly, the relationship becomes
superlinear for AuNR@TiO2, where a steeper slope is observed
at high turnover rates. This suggests that the AuNR@TiO2
nanozyme exhibits more pronounced fluctuations when the
reaction turnover is rapid. Furthermore, it is worth noting that
the reactivity fluctuation in AuNR@TiO2 nanozymes does not
necessarily stem from surface restructuring, as observed in bare
AuNR. The introduction of additional reactive sites after the
TiO2 deposition would escalate the fluctuation rate, as well.

Table 1. Catalytic Parameters

kcatn (s−1) KM (μM) kcatn/KM (s−1 μM−1)

AuNR 0.050 ± 0.004 0.22 ± 0.07 0.23 ± 0.04
AuNR@TiO2 0.072 ± 0.002 0.20 ± 0.02 0.33 ± 0.02

Figure 4. Distributions of the turnover rate for AuNR and AuNR@
TiO2. (a, b) AR concentration titration. (c) Laser-power-dependent
reactivity for AuNR@TiO2.
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Moreover, the photothermal effect also contributed to the
reactivity fluctuation. Thus, an empirical superlinear function y
= y0 + kxγ was used to fit the reactivity fluctuation trend. The
photothermal factor γ was determined to be 1.54 ± 0.11. We
further investigated the laser-power-dependent fluctuation
rates for AuNR@TiO2 nanozymes (Figure 5d). The depend-
ence of fluctuation rates does not follow a linear trend, further
supporting the formation of additional reactive sites due to hot
electron injection into the conduction band of TiO2 via the
Schottky junction. The photothermal factor γ was increased to
1.64 ± 0.12, as a result of varying the laser power.

4. CONCLUSION
In conclusion, we successfully synthesized a core−shell
AuNR@TiO2 nanozyme capable of harnessing SPR to
significantly enhance the catalytic reactivity. Our systematic
investigation included both ensemble and single-molecule
analyses. Remarkably, a thin and porous TiO2 shell on a AuNR
led to an impressive ∼43% increase in catalytic efficiency rather
than passivating the nanoparticle surface as expected. The
induction of SPR through light excitation resulted in a striking
10-fold enhancement in the reactivity of the AuNR@TiO2
nanozyme, due to the generation of additional reactive sites
following the injection of hot electrons and holes into the
conduction band of TiO2. The heightened reactivity, increased
variance in the single turnover time, and intensified reactivity
fluctuations collectively indicate the emergence of additional
reactive sites following TiO2 deposition. The well-orchestrated
Au−TiO2 interactions synergistically extend the charge
recombination time, resulting in SPR-assisted catalysis. We
anticipate that further improvements in the performance of this
complex nanozyme can be achieved through optimization of
each component’s structure.
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