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Heterojunction MnO2-nanosheet-decorated Ag
nanowires with enhanced oxidase-like activity for
the sensitive dual-mode detection of glutathione†
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The biocatalytic design of nanomaterials with enzyme-like activity is considered a reliable and promising

toolkit for the generation of diagnostic agents in complex biological microenvironments. However, the

preparation of nanomaterials while maintaining a high catalytic activity in tumor cells (pH 6.0–6.5) poses

a prominent challenge. Herein, we constructed a biomimetic enzyme-trigged dual-mode system with

colorimetry at 652 nm and photothermal biosensors to detect glutathione based on hollow MnO2-

nanosheet-decorated Ag nanowires (Ag@MnO2) as an oxidase-like nanozyme. As expected, Ag@MnO2

catalyzed the oxidation of 3,3’,5,5’-tetramethylbenzidine (TMB) in the absence of H2O2, leading to a blue-

colored oxidized TMB (oxTMB) that displayed oxidase-like activity in pH 6.0. Interestingly, the portable

dual-mode colorimetry and photothermal method for GSH was developed based on the redox reaction

between GSH and oxTMB. This detection method exhibited a wide linear range of 0.1–55 μM for GSH

with a low detection limit of 0.08 μM. This work highlights a new insight into nanotechnology by taking

advantage of biomimetic design in biological analysis.

1. Introduction

Glutathione (GSH) is one of the main reactive sulfur species in
biological systems and is known to regulate oxidative stress
processes by adjusting the expression levels of oxidized gluta-
thione (GSSG).1–3 Upon oxidation, GSH can be converted into
the GSSG form.4,5 As an antioxidant, GSH participates in a
variety of cellular processes including intracellular signal
transduction, maintenance of protein structure, gene tran-
scription regulation, and immune response.6,7 However, an
abnormal level of GSH or the GSH/GSSG ratio is closely related
with some diseases, such as tumors, and neurological, metab-
olism, and blood diseases.8 The level of GSH has been shown
to be an important indicator to reflect the physiological or
pathological states. Therefore, the quantitative and accurate
determination of GSH is vital in the diagnosis of the aforemen-
tioned diseases. Currently, electrochemical, fluorescence, col-

orimetry, chromatography, and chemiluminescence methods
are the mainstream techniques for performing GSH assays in
the clinical laboratory.9–12 Among these methods, colorimetry
has attracted great attention as a portable method for GSH
detection due to its low cost and simple procedure without the
requirement of professional operation.

As described in the literature, the mechanism of colorime-
try for GSH detection is initiated by reactive oxygen species
(ROS), which then oxidizes 3,3′,5,5′-tetramethylbenzidine
(TMB) to form blue-colored oxidized TMB (oxTMB), while the
addition of GSH causes the color to fade.13,14 However, most of
these approaches face problems, such as the requirement of
high H2O2 concentrations as a substrate to generate ROS.
Since H2O2 is susceptible to thermal decomposition, it is
important to design oxidase-like enzymes whose catalytic
activity does not rely on H2O2. Recently, synthetic biology strat-
egies have led to the construction and engineering of nano-
materials with oxidase-like catalytic activities (so-called
nanoenzymes) that offer powerful toolkits for biomarker
determination.15,16 Compared with natural enzymes, nano-
zymes have advantageous properties, such as low cost, easy
mass production, robustness, and tunable catalytic activity.
Hence, they are suitable alternatives for detecting GSH concen-
trations utilizing a colorimetry method. In general, oxidase-
like nanozymes should work efficiently under physiological
conditions, but this is not always the case. Most oxidase-like

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr04294k

aSchool of Materials and Chemical Engineering, Xuzhou University of Technology,

Xuzhou 221018, PR China. E-mail: xzittl@xzit.edu.cn, xzitlz@xzit.edu.cn
bSchool of Food (Biology) Engineering, Xuzhou University of Technology, Xuzhou

221018, PR China. E-mail: litx@xzit.edu.cn
cSchool of Chemistry and Environmental Science, Yili Normal University, Yili 835000,

China

15340 | Nanoscale, 2022, 14, 15340–15347 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 2
6 

se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 0
1.

11
.2

02
5 

21
:2

0:
25

. 

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0002-4345-5414
http://orcid.org/0000-0001-6043-7077
https://doi.org/10.1039/d2nr04294k
https://doi.org/10.1039/d2nr04294k
https://doi.org/10.1039/d2nr04294k
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr04294k&domain=pdf&date_stamp=2022-10-24
https://doi.org/10.1039/d2nr04294k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014041


nanozymes use chromogenic TMB as substrates, but they
cannot be oxidized efficiently at neutral pH, thus restricting
the biomarker detection of nanozymes. Nanoenzymes with
oxidase-like activity could only react in a strongly acidic
environment, which a neutral condition may not promote.
More critically, most currently designed nanoenzymes for ROS
generation cannot work efficiently in the tumor microenvi-
ronment (pH 6.0–6.5). To obtain better oxidase-like nano-
zymes, efforts have been made to improve the oxidase-like
nanozyme activity at neutral pH, but with limited success to
date as oxidation by oxidase-like MnO2 nanozymes at neutral
pH was either non-existent or very slow due to its poor catalytic
performance. In particular, interface engineering is considered
to be one of the most potential methods to accelerate catalytic
kinetics. Thus, the introduction of appropriate metals into
MnO2 can improve the intrinsic catalytic activity by hetero-
structure engineering. On the one hand, an appropriate inter-
face engineering can promote the electron transfer and redistri-
bution. On the other hand, the distinctive atomic coordination
at the interface will greatly enhance the catalytic activity.17–24 In
addition, the partial delocalization of the spin status at the
interface is a synergistic effect of the heterogeneous
interface.25–27 This provides the possibility to break the scaling
relationship, which is an important factor for promoting the
catalytic performance. It is well known that the splitting of 3d
orbitals and the corresponding electronic coupling will lead to
an electron imbalance and consequently partial electron trans-
fer. Ag with a similar electron arrangement state to and higher
electronegativity than Mn has the ability to transfer electrons to
Mn, which will stimulate the redox ability of Mn elements to
enhance the catalytic activity. Moreover, Ag doping significantly
enhances the intrinsic activity of the active site by enabling a
redistribution of the charge density and interaction with the Mn
metal elements. Besides, the rapid electron transfer of Mn-
based nanocomposites exists due to their metal properties and
well adjustable microstructure. In this regard, the rational
design of oxidase-like nanoenzymes for efficient ROS generation
independent of the need for strongly acidic conditions could
bring new perspectives for GSH detection.

The “bottom-up” assembly of functionally living building
materials into highly ordered nanostructures to form advanced
nanomaterials offers a powerful toolkit to help them exert their
catalytic activity in a wide pH range.28–31 In this work, we
present the design and construction of a heterojunction
Ag@MnO2 nanoenzyme for ROS generation with high efficiency.
The nanoenzyme was prepared with Ag nanowires as the start-
ing template, which allowed atomically loading MnO2

nanosheets via a typical hydrothermal method. The Ag@MnO2

nanoenzyme exhibited excellent activity in comparison with the
control sample for O2

•− and hole generation. This was further
investigated for O2

•− and hole generation in a wide pH range. It
is worth noting that the effective oxidation of TMB could be trig-
gered by Ag@MnO2 with high oxidase-like activity, leading to a
transition from colorless (TMB) to blue (oxTMB). In addition,
oxTMB is an outstanding photothermal agent. Based on this, a
portable and sensitive dual-mode colorimetric and photother-

mal method utilizing MnO2@Ag as a probe for GSH detection is
proposed. An excellent selectivity toward interference substrates
was obtained because of the specific biochemical reaction
between GSH and oxTMB. Moreover, according to the relatively
independent signal transduction pathways, the two different
detection methods could be verified by each other; thereby
improving the accuracy of the detection results. Finally, practical
application in tumor cells was investigated.

2. Experimental
2.1 Reagents and chemicals

Silver nitrate (AgNO3) and potassium permanganate (KMnO4)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Sodium citrate tribasic dihydrate (C6H5Na3O7·2H2O, 99%),
3,3′,5,5′-tetramethylbenzidine (TMB, 98%), sodium azide
(NaN3), 2-propanol (IPA), benzoquinone (BQ), ethylenediami-
netetraacetic acid disodium salt (EDTA-2Na), glutathione
(GSH), Na2HPO4·2H2O, and KH2PO4 were purchased from
Aladdin (Shanghai, China).

2.2 Apparatus and measurements

The morphology and structure of the obtained Ag@MnO2 were
characterized by field-emission scanning electron microscopy
(FESEM; JEOL-6700F) and transmission electron microscopy
(TEM; JEOL, JEM-2010). Elemental mapping images were per-
formed using a TEM (JEOL, JEM-2100F) equipped with energy
dispersive X-ray (EDX) spectroscopy. The composition was col-
lected by an EDX spectroscopy unit attached to the FESEM
instrument. The crystal phases of the Ag/MnO2 were measured
by X-ray diffraction (XRD) on a Bruker D2 Phaser X-ray diffract-
ometer with Ni-filtered Cu Kα radiation (λ = 1.5406 Å). The
chemical states of the elements on the surface of the Ag/MnO2

were investigated by X-ray photoelectron spectrometry (XPS;
ESCALAB 250).

2.3 Synthesis of hollow Ag@MnO2 nanowires

2.3.1 Synthesis of Ag nanowires. In a typical preparation,
375 mg of PVP was mixed into 25 mL of 1,2-propylene glycol
and heated to 160 °C in an oil bath with continuous stirring
for 1 h. Then, 250 mL of 10 mM NaCl 1,2-propylene glycol
solution was added into the above solution. Subsequently,
10 mL of 0.15 M AgNO3 1,2-propylene glycol solution was
added into the mixed solution with continuous stirring for
40 min. After cooling down to room temperature naturally, the
Ag nanowires were collected via centrifugation and washed
with ethanol several times and redispersed in DI water with a
concentration of 1 mg mL−1 for further use.

2.3.2 Synthesis of Ag@MnO2 nanowires. Typically, 10 mL
of Ag nanowires and 5 mL of 10 mM KMnO4 were added into a
round-bottom flask and reacted at room temperature for 1 h.
Then, the above solution was heated to 80 °C for 0.5 h. In
order to remove the unreacted KMnO4 and free MnO2

nanosheets, the resultant Ag/MnO2 products were centrifuged
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twice (10 000 rpm, 5 min). Finally, the purified Ag@MnO2

nanowires were stored at 4 °C.

2.4 Investigation of the oxidase-like activity of Ag@MnO2

The oxidase-like activity of the Ag@MnO2 nanoenzyme was
studied by a color reaction using TMB as the substrate.
Typically, 10 μL of Ag/MnO2 nanoenzyme (1 mg mL−1) was
added in to 1000 μL PBS solution (pH 6.0, 0.1 M) containing
0.3 mM TMB and reacted at 25 °C for 3 min. The absorption
spectra in the wavelength range of 300–800 nm were recorded
by a TU-1900 UV-Vis spectrophotometer at 652 nm. In
addition, the relative activity of the Ag@MnO2 nanoenzyme
was studied under different pH values from 4.5 to 8.0.

2.5 Kinetics and photothermal analysis

The kinetic parameters of the Ag@MnO2 nanoenzyme were
determined based on the Michaelis kinetics model in this
work.32–34 The reaction systems were conducted in 0.1 M PBS
solution (pH 6.0) containing a series of TMB concentration
(0.125–1.25 mM) in a 96-well microplate. Upon the addition of
10 μL of Ag@MnO2 nanoenzyme (1 mg mL−1), the absorbance
value of the oxTMB at 652 nm was monitored by a microplate
reader every 30 s. Then, the initial velocity u at different TMB
concentrations was calculated based on the changes in absor-
bance over time. Finally, the Michaelis constant Km and
maximal reaction velocity Vmax of the Ag@MnO2 nanoenzyme-
oxidized TMB were fitted with the Michaelis–Menten equation
by Origin 9.0, respectively.

1
u
¼ Km

Vmax
� 1
½S� þ

1
Vmax

where u and Vmax are the initial and the maximum initial reac-
tion rates, respectively, and [S] and Km are the substrate con-
centration and Michaelis constant, respectively.

2.6 Mechanism of the oxidase-like activity

To assess the effect of dissolved oxygen in the reaction system,
the mixed solution of Ag@MnO2 nanoenzyme and TMB was
bubbled with N2 for 30 min to remove oxygen and then reacted
at 25 °C. After incubation for 3 min, the absorption signal
intensity was monitored with a TU-1900 UV-Vis
spectrophotometer.

For natural free radicals detection, different free radical sca-
vengers were used as probes to indicate the production of ROS
during the experiments. Three reactive oxygen free radicals
(•OH, 1O

2, O2
•−) were monitored by free radical scavengers,

including NaN3, IPA, BQ, and EDTA-2Na.35 Briefly, the 0.1 M
PBS solutions were exposed to the reaction solution of
Ag@MnO2 nanoenzyme/TMB and different capture agents
with different concentrations (0.5, 3, and 5 mM). Then, the
absorption signal intensity was recorded by a microplate
reader.

2.7 Dual-mode colorimetry and photothermal detection of
GSH based on Ag@MnO2

For the colorimetry detection of GSH at 652 nm, in the reac-
tion solution, 50 μL Ag@MnO2 nanoenzyme (1 mg mL−1) and
1000 μL TMB (0.8 mM) were added in to 1950 μL PBS solution
(pH 6.0, 0.1 M) and reacted at 25 °C for 2 min. Then, different
GSH concentrations were added for further reacting for 3 min.
The color of the reaction solution was measured by the
TU-1900 UV-Vis spectrophotometer to obtain the absorption
spectrum in the wavelength range of 300–800 nm.

For the photothermal detection of GSH, the temperature of
the [Ag@MnO2 + TMB] reaction solution in a 96-well micro-
plate was measured after 5 min of irradiation by a 808 nm
laser. Then, different GSH concentrations were added into the
above reaction solution. After incubation for 3 min, the temp-
erature of every reaction solution was measured by a pen-type
digital thermometer under 808 nm laser irradiation.

2.8 Real application in tumor cells

To prove the practical application of Ag@MnO2 in GSH detec-
tion, tumor cells were chosen for testing the system. The
tumor cells solution was diluted with 0.1 M PBS solution.
Then, the tumor cells solution was added to the reaction
system [MnO2@Ag + TMB], and the GSH concentration was
measured by the above-developed dual-mode detection
method.

3. Results and discussion
3.1 Characterization of Ag@MnO2

The preparation process of hollow Ag@MnO2 nanowires is
illustrated in Scheme 1. First, Ag nanowires synthesized
through a facile solvothermal method were used as the starting
template. The TEM image displayed that the as-synthesized Ag
nanowires were uniform with an average diameter of about
3 μm (Fig. S2†). Then, the as-synthesized Ag nanowires were
converted to hollow Ag@MnO2 heterojunction nanowires
through a typical hydrothermal method. The FESEM image

Scheme 1 Schematic illustration of the synthesis of Ag@MnO2 nano-
wires and the process of dual-mode colorimetric and photothermal
detection for GSH.
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showed that Ag@MnO2 still maintained the wire-like mor-
phology, but the surface became rough (Fig. 1a–c). The TEM
image further verified the well-defined hollow structure with a
shell thickness of about 20 nm (Fig. 1d–f ). The XRD pattern
displayed the characteristic peak of Ag (Fig. 1g). The EDX ana-
lysis verified the presence of Ag, Mn, and O elements with a Ag
to Mn atomic ratio of about 1 : 1.48 (Fig. 1h). All the diffraction
peaks of Ag@MnO2 could be indexed to the monoclinic phase
of Ag (JCPDS no. 04-0783) and MnO2 (JCPDS no. 39-0375).35–39

Compared with Ag nanowires, the characteristic diffraction
peaks of Ag on the Ag@MnO2 were shifted, illustrating that
the Ag nanowires were converted into Ag@MnO2. The survey
spectrum of XPS further revealed that Ag@MnO2 contained
Ag, Mn, and O elements (Fig. 1i), which was consistent with
the EDX results.

To further identify the heterostructure formation of
Ag@MnO2, HRTEM characterization and high-resolution XPS
spectroscopy were performed. In the HRTEM images, it could
be observed that the delicately designed Ag@MnO2 had a
hollow nanowire-like structure with a thick shell (Fig. 2a and
d). Meanwhile, two distinct lattice fringes with interplanar spa-
cings of 0.24 nm and 0.25 nm could be obviously seen, which
were ascribed to cubic Ag(111) and a birnessite structure (101),
respectively (Fig. 2b and c). Elemental mapping images of
Ag@MnO2 in different regions further suggested that the Ag,
Mn, and O elements were uniformly distributed (Fig. 2e–h).
XPS is another powerful toolkit for exploring the surface
chemical states of Ag@MnO2. As shown in Fig. 2i, the high-
resolution XPS spectrum of Ag 3d displayed two peaks at 367.9
and 373.5 eV, representing the characteristic Ag 2d5/2 and Ag
3d3/2 peaks, respectively.40,41 The Mn 2p spectrum could be
well deconvoluted into two pairs of peaks ascribed to Mn4+

and Mn3+, implying the existence of both Mn4+ and Mn3+ in
Ag@MnO2 (Fig. 2j). The O 1s spectrum could be well deconvo-

luted into three peaks attributed to Mn–O, Mn–O–C, and
CvO, respectively (Fig. 2k).42

3.2 Oxidase-like activity of Ag@MnO2

We next sought to investigate whether Ag@MnO2 was used as
an oxidase-like nanoenzyme generator for catalyzing the
common chromogenic substrate TMB in the absence of H2O2

and for subsequently producing the blue oxidation product
oxTMB (Fig. 3a). Meanwhile, reactive oxygen species (ROS,
such as •OH, O2

•−, H2O2, and
1O2) catalyzed by the dissolved

oxygen were the main source of neutralizing intracellular
strong reducing agent GSH. Surprisingly, [Ag@MnO2 + TMB],
unlike pure TMB and Ag@MnO2 utilized as the control, exhibi-
ted a high oxidase-like activity, generating an obvious colori-
metric signal compared to the control group (Fig. 3b and c).
This result indicated the oxidase-like activity of Ag@MnO2.

3.3 Steady-state kinetics and photothermal analysis

To further verify the oxidase-like activity, the steady-state kine-
tics of Ag@MnO2 was investigated. To this end, the change in
the absorbance peak of TMB at 652 nm was recorded in time-
scan mode by UV-Vis absorption spectroscopy in a reaction
system containing Ag@MnO2 and TMB with a series of con-
centrations (0.125–1.25 mM). The characteristic absorbance
signal increased with increasing the concentration of TMB,
suggesting an increased content of ROS. In addition,
Ag@MnO2 displayed typical Michaelis–Menten kinetics (a
model of enzymatic dynamics) toward TMB in the absence of
H2O2, which was then used to fit Lineweaver–Burk plots to
measure the Michaelis–Menten constant Km and the Vmax. The

Fig. 2 Fine-structure characterizations of Ag@MnO2: (a–c) HRTEM
images; HAADF images: (d) the overlay image and elemental mapping
images of (e) Ag, (f ) Mn, and (g) O; high-resolution (h) Ag 2d XPS spec-
trum, (i) Mn 2p XPS spectrum, and ( j) O 2p XPS spectrum, (k) O 1s XPS
spectrum.

Fig. 1 Characterizations of Ag@MnO2 (a–c) FESEM images; (d–f ) low-
magnification TEM images; (g) XRD patterns; (h) EDX spectrum; (i) XPS
survey spectrum.
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manifested Km value and Vmax of Ag@MnO2 for TMB were
4.79 mM and 1.93 × 10−7 M s−1, respectively, confirming again
the outstanding oxidase-like activity and that the high affinity
of Ag@MnO2 toward TMB was obviously increased after the
introduction of Ag in MnO2 and compared with the reported
MnO2 nanoenzyme.

Benefiting from the excellent oxidase-catalytic performance
of Ag@MnO2, the pro-photothermal agent TMB could be effec-
tively activated through the formation of oxTMB. To explore
the oxidase-like activity for enabling the “switch-on” photo-
thermal performance of Ag@MnO2, Ag@MnO2 without H2O2

stimulation was exposed to irradiation by an 808 nm laser (1.0
W cm−2, 480 s) at pH 6.0 (Fig. 3g). In the absence of TMB or
Ag@MnO2, there was no obvious increase in the temperature
of the PBS solution after 480 s of laser irradiation under a
weak acidic condition (Fig. 3h). In contrast, after being acti-
vated by Ag@MnO2, the temperature of TMB solution was sig-
nificantly elevated, suggesting that the absorbance signal of
TMB was distinctly enhanced under a weakly acidic environ-
ment. Furthermore, according to the heat-transfer time con-
stant and the maximum steady-state temperature, the photo-
thermal-conversion efficiency of Ag@MnO2 was calculated to
be 25.38% (Fig. 3i). These results consistently suggested that
TMB, as a distinct pro-photothermal agent, is capable of exert-
ing satisfactory photothermal performance under the stimu-
lation of Ag@MnO2, which lays a solid foundation to monitor
the GSH concentration through the activation of the photo-

thermal property of TMB by the oxidase-like activity of
Ag@MnO2.

The oxidase-like activity of Ag@MnO2 closely depended on
the pH values of reaction solution and its concentration. Thus,
these influencing factors were evaluated. As seen in Fig. 4a,
the oxidase-like activity was also pH dependent based on the
optimal reactive speed under the acid conditions. More impor-
tantly, the synthesized Ag@MnO2 nanoenzyme showed strong
catalytic activity under a weakly acid condition compared to
the values of the reported nanoenzyme. In addition, we tested
the concentration-dependent catalytic activity of Ag@MnO2 at
pH 6.0 from 0 to 70 μg mL−1 (Fig. 4b). The optimal concen-
trations for Ag@MnO2 and TMB were 33.33 and 1.67 μg mL−1,
respectively.

3.4 Mechanism for the oxidase-like activity of Ag@MnO2

According to reports, dissolved oxygen conversion into ROS
was related to the catalytic performance of the oxidase-like
activity. To investigate the effect of dissolved oxygen on the
oxidase-like activity of Ag@MnO2, TMB oxidation tests were
implemented under different atmospheric conditions (air and
N2). As shown in Fig. 4c, the absorbance signal of [Ag@MnO2

+ TMB] at 652 nm in the N2-purged solution treatment was
0.43 times that of the value collected in air, implying that dis-
solved oxygen participated in the oxidation of TMB. Then,
diverse concentrations of ROS scavengers, including NaN3,
IPA, BQ, and EDTA-2Na, were utilized to evaluate the ROS for-
mation in the process of TMB oxidation. As displayed in
Fig. 4d, there was a weak effect of the oxidase-like activity of
Ag@MnO2 after the addition of NaN3 and IPA, suggesting that
no 1O2 and

•OH were produced in the TMB oxidation process.
In contrast, the oxidase-like activities were obviously inhibited
in the presence of BQ or EDTA-2Na, showing O2

•− and holes
played a pivotal role in the TMB oxidation process. Therefore,

Fig. 3 Assessments of the oxidase-like activity and photothermal per-
formance for Ag@MnO2: (a) schematic illustration of the oxidase-like
catalytic process of Ag@MnO2 nanozymes; (b) UV-Vis absorption
spectra of Ag@MnO2, TMB, and [Ag@MnO2 + TMB] in the 0.1 M PBS
solutions (pH 6.0); (c) digital photographs of Ag@MnO2, TMB, and
[Ag@MnO2 + TMB] reaction solution; (d) time-dependent absorbance
changes at 652 nm in [Ag@MnO2 + TMB] with different TMB concen-
trations; (e) corresponding Michaelis–Menten curves and (f )
Lineweaver–Burk plot of the Ag@MnO2 nanoenzyme; (g) schematic
illustration of the photothermal detection procedure of the [Ag@MnO2

+ TMB] reaction system; (h) temperature increasing profiles of water,
Ag@MnO2, TMB, and [Ag@MnO2 + TMB]; (i) linear time constant calcu-
lated from the cooling period in [Ag@MnO2 + TMB].

Fig. 4 Experimental condition optimization and mechanism study. The
oxidase-like activity of Ag@MnO2 depended on: (a) pH and (b) concen-
tration; (c) effect of dissolved oxygen; (d) the relative activity of the
Ag@MnO2 catalytic system with ROS scavengers.
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Ag@MnO2 likely catalyzes the transformation of dissolved
oxygen to O2

•− and holes, which further oxidize colorless TMB
into blue oxTMB.

3.5 Dual-mode detection for GSH

TMB is one of the most attractive oxidase-like substrates due
to its good biocompatibility. TMB itself is colorless, and it can
be converted into blue oxTMB by oxidants under acid con-
ditions. Inspired by this, the oxidase-like activity of the pre-
pared Ag@MnO2 motivated us to further explore its appli-
cation in constructing a Ag@MnO2-based biosensing platform.
Interestingly, GSH has a strong ability to reduce oxTMB to
TMB, thus resulting in an obvious color and temperature
change. GSH is naturally distributed in the human body, and
its metabolism is closely related to various diseases, such as
tumors and cardiovascular diseases. Therefore, there is an
urgent need to design a portable and reliable method to detect
GSH in tumor cells.

Through determining the changes of absorbance intensity
and temperature, GSH testing can be achieved with excellent
performance (Fig. S1†). As seen in Fig. 5a, a gradual decrease
in absorbance intensity at 652 nm was observed with increas-
ing GSH Ag@MnO2 to 55 μM at pH 6.0. It was found that there
was an excellent linear relationship between the absorbance
intensity change (ΔA) and GSH concentration, expressed as ΔA
= 0.0122C + 0.0610 (R2 = 0.9976). The limit of detection (LOD)
was calculated to be 0.08 μM (3Sn/K, where Sn stands for the
standard deviation (n = 4) in the blank sample, and K is the
slope of the linear regression equation). In order to make the
detection more accurate, a photothermal test was constructed
due to the high photothermal conversion of oxTMB. As shown
in Fig. 5c, as the GSH concentration increased, the tempera-
ture of the reaction system decreased dramatically under
808 nm laser irradiation for 540 s. Then the corresponding
temperature of the Ag@MnO2–TMB–GSH reaction solutions
under 808 nm laser irradiation was obtained and its relation-

ship with the GSH concentration was determined, as exhibited
in Fig. 5d. The linear relationship was ΔT = −0.22C + 19.43 (R2

= 0.9968). Compared with other reported nanoenzymes with
oxidase-like performance for GSH detection (Table S1†),
Ag@MnO2 displayed a wider linear range and lower LOD.

3.6 Selectivity and stability of Ag@MnO2

Given the complexity of the biological microenvironment in
actual sample analysis applications, several amino acids and
various inorganic ions as potential interfering substances were
used to study the specificity of the constructed GSH biosensing
platform. As seen in Fig. 5e, the absorbance changes of the
interfering substances (1 mM) were almost the same as those
of the control group, while GSH significantly inhibited the
color reaction of TMB, suggesting that Ag@MnO2 as an
oxidase-like nanoenzyme, possessed a highly specific reco-
gnition performance for GSH detection. Furthermore, the
stability of the established biosensing platform was investi-
gated through three heating/cooling cycles of 808 nm laser
irradiation with thee photothermal biosensor toward GSH
detection. As displayed in Fig. 5f, the reaction solution showed
stable photothermal ability with consistent temperature rising
for three cycles, demonstrating that the designed biosensor
had satisfactory stability.

3.7 Real-sample analysis

Real-sample analysis was conducted by monitoring GSH in
tumor cells lysates and food-grade GSH. For calibration curve
matching, the obtained real samples were diluted several
times with PBS solution (pH 6.0) and used as a stock
solution.43,44 For three spiked GSH concentrations, the recov-
ery of the constructed dual-mode colorimetry and photother-
mal biosensor ranged from 94.38% to 105.49% with an RSD
below 5% (Table S2†). All these results implied that this
[Ag@MnO2 + TMB]-based dual-readout mode has the potential
for application for GSH detection in actual samples.

4. Conclusions

In summary, an innovative oxidase-like Ag@MnO2 nanozyme
was rationally designed for accurate GSH detection under
weakly acid conditions. As predicted, the synthesized
Ag@MnO2 displayed considerable oxidase-like activity under
near-neutral conditions in the absence of H2O2. The mecha-
nism of the [Ag@MnO2 + TMB] reaction system came from the
transformation of dissolved oxygen to O2

•− and holes. Based
on the excellent oxidase-like activity of Ag@MnO2, a portable
and sensitivity dual-mode biosensing platform for GSH detec-
tion was established, which exhibited a wide linear relation-
ship ranging from 0.1 to 55 μM with the detection limit of
0.8 μM. Benefiting from the relatively independent signal
transduction pathway, the constructed dual-mode biosensing
platform avoided the false signals associated with mutual
authentication. As the proof of principle, the constructed bio-
sensor was successfully utilized for the detection of GSH with

Fig. 5 Dual-mode biosensing platform for GSH detection: (a) absorp-
tion curves and (b) the relationship between the absorbance intensity
change at 652 nm of [Ag@MnO2 + TMB] and the concentrations of GSH;
(c) temperature increasing profiles and (d) the relationship between the
temperature change and the concentrations of GSH; (e) selectivity of
the constructed colorimetry biosensor for GSH detection; (f ) cyclic
photothermal tests of [Ag@MnO2 + TMB] for three cycles under 808 nm
laser irradiation.
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high sensitivity, selectivity, and stability, providing a new
insight for catalysis and biological analysis.
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