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ABSTRACT: Ascorbic acid (AA) and alkaline phosphatase (ALP) are
essential biomolecules involved in numerous physiological and pathological
processes. However, conventional nanozyme assays based on AA reduction
or ALP-mediated AA generation often suffer from interference from
coexisting reductants, compromising their selectivity and analytical
reliability. Here, we reported a rationally designed fluorescent nanozyme,
ZIF-8/Ru@TPE, constructed by anchoring ultrasmall Ru nanoparticles onto
ZIF-8 and assembling them with the aggregation-induced emission (AIE)
luminogen tetraphenylethylene (TPE). The resulting hybrid exhibited
strong intrinsic fluorescence at 445 nm and remarkable peroxidase-like
activity. Upon the addition of H2O2 and o-phenylenediamine (OPD), ZIF-
8/Ru@TPE catalyzed OPD oxidation to form the fluorescent product 2,3-
diaminophenazine (DAP), yielding a distinct emission peak at 570 nm while
quenching the TPE fluorescence at 445 nm. Notably, AA triggered a self-
amplified ratiometric response by simultaneously inhibiting OPD oxidation and generating an additional fluorophore through the
reaction of dehydroascorbic acid with OPD, achieving high selectivity over other reductants. Exploiting ALP-catalyzed AA
production, this platform was successfully extended to ALP activity determination in serum. This study presents a versatile
nanozyme-based ratiometric sensing strategy for selective detection of AA and ALP, offering great potential for accurate bioanalysis
in complex samples.

■ INTRODUCTION
Nanozymes, nanomaterials with enzyme-like catalytic activities
that follow enzyme kinetics under physiological conditions,
have emerged as robust and cost-effective alternatives to
natural enzymes.1−4 Nanozymes possess distinct advantages
arising from their nanoscale features, including large surface
areas for bioconjugation, tunable catalytical activities, and
multifunctionalities beyond catalysis.2,5−10 By coupling their
catalytic behavior with unique physiochemical properties,
nanozymes have been extensively applied in both in vitro
sensing and in vivo bioanalysis for diverse targets detection,
ranging from metal ions and small molecules to macro-
molecules, exosomes, and cells.11−26 Despite these advances,
limited selectivity compromises the reliability of nanozyme-
enabled analytical methods.27−29 Nanozyme selectivity can be
improved through active-site engineering, molecular imprint-
ing, or constructing enzyme-like substrate channels to regulate
molecular access and tailor local microenvironments;27−32

alternatively, assay selectivity can be introduced via external
attributes, such as coupling with oxidases or functionalizing
nanozymes with affinity ligands (e.g., antibodies and
aptamers).33−35 Nevertheless, selectively detecting reducing
substances remains challenging because they are typically
quantified by modulating nanozyme activity or reducing

oxidized products, yielding similar responses from competing
reductants.

Among various reducing substances, ascorbic acid (AA)
plays a vital role in maintaining redox homeostasis, neuro-
protection, and cellular defense.36 Because it cannot be
synthesized endogenously, AA must be acquired through diet
or supplementation, making its accurate quantification
particularly important. Previous AA assays typically exploited
its strong reducing ability to quench nanozyme-catalyzed
oxidation products (e.g., oxidized TMB), producing turn-off
colorimetric or fluorescent signals.37−40 However, these
reduction-based strategies often suffered from poor selectivity,
as other reductants such as glutathione (GSH) and cysteine
produced similar responses.37,41,42 As a result, most of these
approaches measured total antioxidant capacity (TAC) rather
than specifically quantifying AA.37,41,43,44 In addition, alkaline
phosphatase (ALP), a widely distributed hydrolase, is an
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important biomarker for liver dysfunction, bone disorders, and
biliary obstruction.45,46 ALP assays relied on hydrolysis of
phosphate esters such as ascorbic acid 2-phosphate to generate
AA, which subsequently reduced oxidized products to produce
measurable signals.38,47,48 During ALP assays in complex
biological matrices, coexisting reductants may lead to signal
interference. These limitations highlight the need for
innovative sensing strategies that enable highly selective
detection of AA or ALP.

On the other hand, despite substantial progress in
nanozyme-based sensing, most existing platforms�including
those for AA or ALP detection�still relied on single-signal
outputs, making them susceptible to environmental fluctua-
tions and instrumental variation. In contrast, ratiometric
fluorescence sensing offered enhanced analytical reliability by
minimizing nonspecific interference through the use of the
ratio between two emission signals.40,49−52 In many nanozyme
systems, the responsive signal originated from nanozyme-
catalyzed oxidation of o-phenylenediamine (OPD) into the
fluorescent product (i.e., 2,3-diaminophenazine, DAP).12,49

However, constructing a reliable nanozyme-based ratiometric
platform required an additional fluorescence channel with well-
matched excitation and emission characteristics.

To address these challenges, we rationally designed a dual-
functional fluorescent nanozyme, ZIF-8/Ru@TPE, by anchor-
ing ultrasmall Ru nanoparticles onto ZIF-8 and subsequently
assembling them with the aggregation-induced emission (AIE)
luminogen tetraphenylethylene (TPE). This hybrid integrated
intrinsic fluorescence and peroxidase-like activity, enabling the
construction of a ratiometric fluorescence sensing platform.
Upon exposure to H2O2 and OPD, ZIF-8/Ru@TPE catalyzed
OPD oxidation to form fluorescent DAP, yielding a reaction-
induced emission at 570 nm while partially quenching the TPE
fluorescence at 445 nm. The emission ratio (F570/F445) was
employed for reliable quantification of H2O2 and glucose,
demonstrating a wider linear range and lower detection limits
than single-signal assays. Notably, AA induced a self-amplified
ratiometric response by simultaneously inhibiting OPD
oxidation and forming an additional fluorophore, 3-(1,2-
dihydroxyethyl)furo[3,4-b]quinoxalin-1(3H)-one (DFQ),
through its oxidation product dehydroascorbic acid (DHAA)
reacting with OPD, affording exceptional selectivity over other
reductants. Furthermore, by exploiting ALP-catalyzed hydrol-
ysis of phosphate esters to generate AA, the sensing platform
was successfully extended to ALP activity determination. The
practical applicability was validated by accurate quantification
of AA in vitamin tablets and beverages, as well as ALP activity
measurement in serum with satisfactory recoveries. Collec-
tively, this study presents a versatile nanozyme-based
ratiometric sensing strategy that integrates catalytic and
fluorescent functionalities within a single nanostructure,
offering a powerful platform for bioanalysis in complex
matrices.

■ EXPERIMENTAL SECTION

Chemicals and Materials
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), ruthenium chloride
(RuCl3), tetrahydrofuran, o-phenylenediamine (OPD), glucose,
glucose oxidase (GOx), ascorbic acid (AA), L-ascorbic acid 2-
phosphate trisodium salt (AAP) were purchased from Aladdin
Chemical Co., Ltd. Polyvinylpyrrolidone (PVP, Mw 55000) and
alkaline phosphatase (ALP) were obtained from Sigma-Aldrich. Fetal
bovine serum was purchased from Zhejiang Tianhang Biotechnology

Co., Ltd. Ethylene glycol, acetone, nitric acid (HNO3), and hydrogen
peroxide (H2O2, 30%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Methanol was purchased from Wuxi Yasheng
Chemical Co., Ltd. Hydrochloric acid (HCl) was purchased from
Nanjing Chemical Reagent Co., Ltd. Tetraphenylethylene (TPE) and
2-methylimidazole were obtained from J&K Scientific Co., Ltd. All
aqueous solutions used in the experiments were prepared with
deionized water (18.2 MΩ·cm, Millipore).
Instrumentation
Transmission electron microscopy (TEM) imaging was performed on
a Tecnai 12 (Philips company, Holland) transmission electron
microscope at an acceleration voltage of 120 kV. High-resolution
transmission electron microscopy (HRTEM), high-angle annular
dark-field scanning TEM (HAADF-STEM), and the corresponding
energy-dispersive spectroscopy (EDS) elemental mappings were
performed on an FEI Tecnai G2 F30 S-Twin TEM equipped with
an acceleration voltage of 300 kV and an EDS detector, respectively.
Scanning electron microscopy (SEM) imaging was performed on an
FEI Inspect F50 or a ZEISS Merlin Compact scanning electron
microscope. Powder X-ray diffraction (XRD) patterns were measured
by a Bruker D8 advance diffractometer at 5°/min using a Cu Kα
radiation. Hydrodynamic size and zeta potentials were measured on a
Nano sizer ZS90 (Malvern Instruments, UK). Absorption spectra
were collected using a UV-2700 spectrophotometer (Shimadzu,
Japan). Fluorescence spectra were recorded using an FS5 fluorescence
spectrometer (Edinburgh Instruments, UK). The fluorescence of the
96-well plate at 445 and 570 nm was recorded by a BioTek Cytation 3
microplate reader (Agilent, USA). X-ray photoelectron spectra (XPS)
were obtained by using a Thermo Scientific Nexsa G2 surface analysis
system. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) measurements were conducted using a Thermo Scientific
iCAP PRO spectrometer.
Synthesis of Ru, ZIF-8/Ru, and ZIF-8/Ru@TPE
Ru nanoparticles were synthesized following a previously reported
procedure.24 Briefly, 20.7 mg of RuCl3, 100 mg of polyvinylpyrroli-
done (PVP, Mw 55000), and 10 mL of ethylene glycol were mixed in a
flask and heated to 120 °C under continuous stirring for 20 min. The
temperature was then increased to 195 °C and maintained for 1 h.
After cooling to room temperature, the resulting product was washed
three times with acetone and subsequently redispersed in 5 mL of
methanol via ultrasonication.

The ZIF-8/Ru was synthesized as follows. Zn(NO3)2·6H2O (0.595
g) was dissolved in 20 mL of methanol, while 2-methylimidazole
(0.657 g) was added to another 20 mL of methanol containing 6.65
mg of Ru. The two solutions were then mixed and stirred at room
temperature for 4 h. After the reaction, the resulting product was
collected by centrifugation (11000 rpm, 5 min), washed three times
with methanol, and subsequently dried under vacuum at 40 °C
overnight.

The ZIF-8/Ru@TPE was synthesized as follows. ZIF-8/Ru (40
mg) was dispersed in 20 mL of deionized water, while TPE (20 mg)
was dissolved in 1 mL of tetrahydrofuran (THF). The two solutions
were then mixed and stirred at room temperature in the dark for 2 h.
After the reaction, the resulting product was collected by
centrifugation (13000 rpm, 5 min), washed three times with
deionized water, and subsequently dried under vacuum at 40 °C
overnight.

The synthesis of ZIF-8 was carried out using the same procedure as
that for ZIF-8/Ru, except that no Ru nanoparticles were introduced
during the synthesis. Likewise, ZIF-8@TPE was prepared following
the same protocol as ZIF-8/Ru@TPE, with ZIF-8 substituted for ZIF-
8/Ru in the self-assembly process.
Peroxidase-like Activity Measurements
The peroxidase-like activities of ZIF-8/Ru and ZIF-8/Ru@TPE were
evaluated using steady-state kinetics assays.53,54 Briefly, the assays
were performed at 26 °C in a 96-well microplate with H2O2 and TMB
as substrates, and the absorbance changes were recorded using a
microplate reader. A 0.2 M acetate buffer (pH 4.5) was employed as
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the reaction medium, and 10 μg/mL of ZIF-8/Ru or ZIF-8/Ru@TPE
nanozymes were used for kinetic measurements. During the assay, the
nanozymes were mixed with varying concentrations of one substrate
(either H2O2 or TMB) while keeping the other constant (0.2 mM for
TMB and 50 mM for H2O2). The absorbance at 652 nm was
immediately monitored, and the obtained “Absorbance versus Time”
curves were used to calculate the initial reaction velocity (ν). The
kinetic parameters, including the Michaelis−Menten constant (Km)
and the maximum reaction velocity (vmax), were derived by fitting the
data to the Michaelis−Menten equation as follows:

= [ ]
+ [ ]

v
v

K
S

S
max

m (1)

where v represents the initial reaction velocity, [S] is the substrate
concentration. Km and vmax were calculated from the double reciprocal
plots derived from the equation.

Ratiometric Detection of H2O2 and Glucose
For ratiometric detection of H2O2, 10 μg/mL ZIF-8/Ru@TPE and 5
mM o-phenylenediamine (OPD) were dispersed in 0.2 M acetate
buffer (pH 4.5) containing various concentrations of H2O2 (0−20
mM). The reaction mixture was incubated at 26 °C for 40 min in the
dark. Subsequently, 200 μL of the solution was transferred to a 96-
well microplate, and the fluorescence emissions at 445 and 570 nm
were recorded using a microplate reader with an excitation wavelength
of 375 nm.

For glucose detection, 0.5 mg/mL glucose oxidase (GOx) and
different concentrations of glucose were mixed in 20 mM Tris-HCl
buffer (pH 7.5) and incubated at 37 °C for 40 min to generate H2O2
in situ. The resulting solution was then added to 0.2 M acetate buffer
(pH 4.5) containing ZIF-8/Ru@TPE (10 μg/mL) and OPD (5 mM)
and further incubated at 26 °C for 40 min in the dark. Finally, 200 μL
of the reaction mixture was transferred to a 96-well microplate, and
fluorescence intensities at 445 and 570 nm were measured upon
excitation at 375 nm using a microplate reader.

AA Detection

ZIF-8/Ru@TPE (10 μg/mL) and OPD (5 mM) were mixed with
varying concentrations of AA (0−2 mM) and 10 mM H2O2 in 0.2 M
acetate buffer (pH 4.5). The reaction mixture was incubated at 26 °C
for 40 min in the dark. Subsequently, 200 μL of the resulting solution
was transferred to a 96-well microplate, and the fluorescence
intensities were recorded using a microplate reader with an excitation
wavelength of 375 nm and emission wavelengths of 445 and 570 nm.
To evaluate the selectivity of the proposed assay toward AA, potential
interfering substances, including 50 μM glutathione (GSH) and
cysteine, were tested under identical conditions.

The AA contents of three vitamin C tablets and six commercial
beverage samples were determined using the developed ratiometric
fluorescence assay. The sample concentrations were first adjusted to
fall within the linear detection range and subsequently analyzed
following the same AA assay protocol.

Figure 1. (a) Schematic illustration of the synthetic route of ZIF-8/Ru@TPE. (b) TEM image of ZIF-8/Ru. (c) HAADF-STEM image and
corresponding EDS elemental mapping of ZIF-8/Ru. (d) Powder X-ray diffraction patterns of simulated ZIF-8, ZIF-8, ZIF-8/Ru, and ZIF-8/Ru@
TPE. (e) XPS spectra of ZIF-8, ZIF-8/Ru, and ZIF-8/Ru@TPE in the Ru 3p region. (f) Hydrodynamic diameters of ZIF-8/Ru and ZIF-8/Ru@
TPE as measured by dynamic light scattering. Error bars represent the standard deviation of three independent measurements. (g) SEM image of
ZIF-8/Ru@TPE.
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ALP Activity Assay
For the ratiometric detection of ALP, 0.4 mM AAP and varying
concentrations of ALP (0−200 U/L) were mixed in 20 mM Tris-HCl
buffer (pH 8.5) and incubated at 37 °C for 40 min. After incubation,
0.2 M acetate buffer (pH 4.5) containing ZIF-8/Ru@TPE (10 μg/
mL), OPD (5 mM), and H2O2 (10 mM) was sequentially added, and
the mixture was further incubated at 26 °C for 40 min in the dark.
Subsequently, 200 μL of the reaction solution was transferred into a
96-well microplate, and the fluorescence intensities were recorded
using a microplate reader with an excitation wavelength of 375 nm
and emission wavelengths at 445 and 570 nm.

For the detection of ALP activity in serum samples, 20 mM Tris-
HCl buffer (pH 8.5) containing 0.4 mM AAP and 5% fetal bovine
serum spiked with varying concentrations of ALP was incubated at 37
°C for 40 min. All subsequent procedures were performed as
described above for the ALP assay.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of ZIF-8/Ru@TPE

In this study, an aggregation-induced emission (AIE)
fluorescent nanozyme, denoted as ZIF-8/Ru@TPE, was
rationally designed for constructing a ratiometric biosensing
platform (Figure 1a). Ultrasmall Ru nanoparticles with
intrinsic peroxidase-like activity were synthesized via a
hydrothermal method (Figure S1),24 while ZIF-8 was prepared
following previous procedures with modification to yield
uniform polyhedral particles of ∼90 nm (Figure S2).55 Ru
nanoparticles were uniformly anchored onto ZIF-8 through a
coprecipitation method to form ZIF-8/Ru, which exhibited a
slightly larger average size (∼120 nm) compared with pristine
ZIF-8 (Figures 1a, S2, and S3). TEM imaging confirmed the

homogeneous distribution of Ru nanoparticles on the ZIF-8
surface, with a lattice spacing of 0.205 nm corresponding to the
(101) plane of Ru (Figures 1b and S4). HAADF-STEM
coupled with EDS elemental mappings further verified the
uniform spatial distribution of Zn, C, and Ru elements
throughout the composite (Figure 1c). ICP-OES analysis
revealed that ZIF-8/Ru contained 7.1 wt % Ru (Table S1).
The powder XRD pattern of ZIF-8/Ru remained consistent
with that of pristine ZIF-8, indicating that the crystalline
framework was well preserved after Ru incorporation (Figure
1d). No distinct diffraction peaks corresponding to Ru were
observed, likely due to the ultrasmall particle size and low Ru
content (Figures 1d, S1, and Table S1). XPS analysis further
confirmed the successful incorporation of Ru, showing a
characteristic Ru 3p signal at 461.5 eV (Figures 1e and S5),
along with the C 1s, N 1s, O 1s, and Zn 2p peaks, confirming
the successful synthesis of ZIF-8/Ru nanocomposites.

To impart dual catalytic and fluorescent functionalities, ZIF-
8/Ru was further self-assembled with the AIE luminogen
tetraphenylethylene (TPE) in aqueous solution, yielding the
composite ZIF-8/Ru@TPE (Figure 1a; see the Experimental
Section for details). XRD confirmed that the crystalline
structure of ZIF-8 was preserved after the assembly process
(Figure 1d). XPS spectra further verified the presence of Ru in
ZIF-8/Ru@TPE, although the Ru signal intensity was slightly
reduced compared with ZIF-8/Ru, which can be mainly
attributed to the lower relative Ru content following TPE
incorporation (Figure 1e and Table S1). Dynamic light
scattering (DLS) measurements revealed a substantial increase
in hydrodynamic diameter from 190.9 nm for ZIF-8/Ru to
1487.5 nm for ZIF-8/Ru@TPE (Figure 1f). SEM imaging

Figure 2. (a) UV−vis absorption spectra of different reaction systems after catalyzing oxidation in pH 4.5, 0.2 M acetate buffer for 5 min. (b) Plots
of the initial reaction velocity versus H2O2 concentration in the presence of 0.2 mM TMB and 10 μg/mL of ZIF-8/Ru or ZIF-8/Ru@TPE in pH
4.5, 0.2 M acetate buffer. Error bars represent the standard deviation of three independent measurements. (c) Fluorescence spectra of ZIF-8@TPE
and ZIF-8@TPE with H2O2 + OPD. (d) Fluorescence spectra of ZIF-8/Ru@TPE and ZIF-8/Ru@TPE with H2O2 + OPD.
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directly visualized microscale TPE spheres decorated with ZIF-
8/Ru nanoparticles, demonstrating the successful self-assembly
(Figures 1g and S6). In addition, the comparable zeta
potentials of ZIF-8/Ru and ZIF-8/Ru@TPE indicated that
the ZIF-8/Ru particles were adsorbed onto the surfaces of the
TPE microspheres rather than encapsulated within them
(Figure S7). Collectively, these structural and compositional
characterizations confirmed the successful synthesis of ZIF-8/
Ru@TPE.
Peroxidase-like Activity and Fluorescent Property

After confirming the successful fabrication of ZIF-8/Ru@TPE,
its catalytic and optical properties were systematically
evaluated. To elucidate the effects of Ru nanoparticle
incorporation and TPE assembly, ZIF-8@TPE was also
synthesized under identical conditions and employed as a
control (Figures S8 and S9). As shown in Figure 2a, the
peroxidase-like activity of ZIF-8/Ru@TPE was first assessed
through monitoring the oxidation of the chromogenic
substrate o-phenylenediamine (OPD) in the presence of
H2O2. A characteristic absorption peak centered at 450 nm
appeared in the ZIF-8/Ru@TPE + OPD + H2O2 system,
confirming its pronounced catalytic activity. In contrast,
negligible absorption changes were observed for H2O2 and
OPD alone or even in the presence of ZIF-8@TPE, indicating
that ZIF-8@TPE exhibited minimal peroxidase-like activity.
These findings demonstrated that the catalytic activity of ZIF-
8/Ru@TPE originated from the Ru nanoparticles grown on
the ZIF-8 surface. The catalytic performance of ZIF-8/Ru@
TPE was further evaluated under various pH conditions,
revealing strong pH dependence with the highest activity
observed at pH 4.5 (Figure S10). To investigate the effect of
TPE self-assembly on catalytic performance, steady-state
kinetic assays were conducted to compare ZIF-8/Ru and

ZIF-8/Ru@TPE with identical concentrations. As illustrated in
Figures 2b and S11, typical Michaelis−Menten curves were
obtained by plotting initial reaction rates against the
concentrations of H2O2 or TMB. The corresponding kinetic
parameters, including the Michaelis constant (Km) and
maximum reaction velocity (vmax), were derived from Line-
weaver−Burk plots (Figures S12 and S13, and Table S2).
Compared with ZIF-8/Ru, ZIF-8/Ru@TPE displayed slightly
reduced peroxidase-like activity, with vmax values toward H2O2
determined to be 154.08 and 137.74 μM/min, respectively
(Table S2). This decline in catalytic activity was mainly
attributed to the reduced proportion of Ru nanoparticles in the
overall ZIF-8/Ru@TPE composite after self-assembly, which
led to fewer exposed active sites (Table S1).

The optical properties of ZIF-8/Ru@TPE were further
explored to assess the fluorescence originating from the
assembled TPE units. As shown in Figure S14, the UV−vis
absorption spectrum of ZIF-8/Ru@TPE exhibited a distinct
peak at 323 nm, corresponding to the characteristic of TPE
absorption. To investigate whether ZIF-8/Ru@TPE retained
the intrinsic optical behavior of TPE, fluorescence spectra were
recorded and compared with those of reference materials (i.e.,
ZIF-8/Ru and ZIF-8@TPE). As shown in Figure S15, ZIF-8/
Ru displayed negligible fluorescence but possessed distinct
peroxidase-like catalytic activity, efficiently catalyzing the
oxidation of OPD in the presence of H2O2 to generate the
fluorescent product 2,3-diaminophenazine (DAP) with an
emission at 570 nm. ZIF-8@TPE showed strong intrinsic
emission peak at 445 nm upon excitation at 375 nm but
exhibited no catalytic activity toward OPD oxidation (Figure
2c). Upon addition of H2O2 and OPD, only a weak
fluorescence signal appeared at 570 nm, attributable to the
slight self-oxidation of OPD (Figure 2c). In contrast, ZIF-8/

Figure 3. (a) Fluorescence spectra of ZIF-8/Ru@TPE in the presence of 5 mM OPD with varying H2O2 concentrations. (b) Fluorescence intensity
ratio (F570/F445) as a function of H2O2 concentration. (c) Linear calibration curve of F570/F445 versus H2O2 concentration (20−10000 μM). (d)
Fluorescence intensity at 570 nm (F570) as a function of H2O2 concentration. (e) Linear calibration curve of F570 versus H2O2 concentration (20−
1000 μM). Error bars represent the standard deviation of four independent measurements. (f) Fluorescence intensity ratio (F570/F445) as a function
of glucose concentration. Inset: corresponding linear calibration curve of F570/F445 versus glucose concentration (10−200 μM). Error bars represent
the standard deviation of three independent measurements.
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Ru@TPE exhibited dual-emission behavior, featuring a
pronounced intrinsic emission at 445 nm and a reaction-
induced emission at 570 nm upon the addition of H2O2 and
OPD (Figure 2d). The catalytic oxidation of OPD by ZIF-8/
Ru@TPE generated the fluorescent product DAP, resulting in
the emergence of a distinct fluorescence peak at 570 nm, while
the original TPE emission at 445 nm was partially quenched by
DAP. These results clearly demonstrated that ZIF-8/Ru@TPE
integrated both peroxidase-like activity and intrinsic fluo-
rescences, originating from the Ru nanoparticles and TPE
units, respectively. Furthermore, the fluorescence stability of
ZIF-8/Ru@TPE was also examined. As shown in Figure S16,
the emission intensity at 445 nm remained nearly unchanged
after 40 min of incubation in aqueous solution, indicating
excellent fluorescence stability. Moreover, sensing tests using
three independently prepared dispersions produced highly
consistent responses, confirming the good reproducibility of
our method (Figure S17).

We also explored the direct assembly of Ru nanoparticles
with TPE to form Ru@TPE. Although Ru could be deposited
on the TPE microspheres and the resulting Ru@TPE retained
both fluorescence and catalytic activity, TEM revealed a
nonuniform Ru distribution with a fraction of unbound

nanoparticles, which may lead to batch-to-batch variability
and compromised sensing reproducibility (Figure S18).
Ratiometric Sensing of H2O2 and Glucose

Then, the fluorescent ZIF-8/Ru@TPE nanozyme, possessing
intrinsic peroxidase-like activity, was employed to construct a
ratiometric fluorescence sensing platform. ZIF-8/Ru@TPE
was first applied for the detection of H2O2 and glucose. A
schematic illustration of the sensing mechanism was shown in
Figure S19. As revealed by fluorescence spectroscopy, ZIF-8/
Ru@TPE exhibited a strong emission peak at 445 nm (Figure
3a). Upon the addition of H2O2 and OPD, OPD was
catalytically oxidized by ZIF-8/Ru@TPE to produce DAP,
which generated a new fluorescence emission at 570 nm.
Meanwhile, due to the inner-filter effect (IFE) between DAP
and ZIF-8/Ru@TPE,40,51 the intrinsic emission of ZIF-8/Ru@
TPE at 445 nm was gradually quenched. As shown in Figure
3a, increasing the H2O2 concentration led to a progressive
enhancement of the fluorescence at 570 nm, accompanied by a
simultaneous attenuation of the 445 nm emission. Con-
sequently, the fluorescence intensity ratio (F570/F445) was
adopted as a ratiometric signal output for the quantitative
determination of H2O2. To assess the analytical performance of
the system, the linear range and limit of detection (LOD) were

Figure 4. (a) Schematic illustration of a ratiometric sensing platform for AA detection. (b) Fluorescence spectra of ZIF-8/Ru@TPE reaction
systems in the absence and presence of AA. (c) Fluorescence intensity ratio (F570/F445) as a function of AA concentration. (d) Linear calibration
curve of F570/F445 versus the logarithm of the AA concentration (5−100 μM). (e) Comparison of F570/F445 responses to 50 μM GSH, cysteine, and
AA. (f) Quantification of AA in three commercial vitamin tablets (labeled with specification values for comparison). (g) Quantification of AA in six
commercial beverages (samples 1−6). Error bars represent the standard deviation of four independent measurements.
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evaluated by introducing various concentrations of H2O2 (20−
20000 μM) into the ZIF-8/Ru@TPE and OPD reaction
system, and the corresponding F570/F445 were recorded (Figure
3b). The ratiometric sensing platform exhibited a wide linear
response toward H2O2 in the range of 20−10000 μM, with a
calculated LOD of 10.62 μM based on the F570/F445 signal
(Figure 3c). To further demonstrate the advantages of the
ratiometric strategy, a conventional single-emission mode
using the DAP fluorescence intensity at 570 nm (F570) as the
output signal was also examined. As shown in Figure 3d,e, F570
gradually increased with increasing H2O2 concentration, giving
a narrower linear range of 20−1000 μM and a higher LOD of
28.40 μM. These results clearly highlighted that the ratiometric
fluorescence sensing strategy offered superior analytical
performance, featuring a broader dynamic range and enhanced
sensitivity compared with single-signal detection approaches.

Encouraged by the above results, the ZIF-8/Ru@TPE-based
ratiometric sensing platform was further extended to detect
H2O2-generating metabolites. In this study, glucose was
selected as a representative analyte to validate the applicability
of the ratiometric sensing platform (Figure S19). As illustrated
in Figure S19, glucose was specifically oxidized by glucose
oxidase (GOx) to produce H2O2, which subsequently acted as
the substrate for the ZIF-8/Ru@TPE-catalyzed oxidation of
OPD, yielding the fluorescent product DAP for signal readout.
As shown in Figure 3f, the fluorescence intensity ratio (F570/
F445) gradually increased with increasing glucose concen-
tration. The developed ratiometric fluorescence assay displayed
an excellent linear response in the range of 10−200 μM, with a
detection limit of 5.36 μM. These above findings confirmed
the potential of ZIF-8/Ru@TPE for constructing ratiometric
sensing platforms for advanced biosensing applications.

Selective Detection of AA Using a Ratiometric Sensing
Platform

It has been previously reported that nonfluorescent o-
phenylenediamine (OPD) could react with the oxidation
product of ascorbic acid (AA), dehydroascorbic acid (DHAA),
to form a fluorescent compound, 3-(1,2-dihydroxyethyl)furo-
[3,4-b]quinoxalin-1(3H)-one (DFQ), exhibiting an emission
peak around 445 nm.39,56 As shown in Figure S20, AA was
oxidized to dehydroascorbic acid (DHAA) through a Fenton
reaction, and the resulting DHAA subsequently reacted with
OPD to produce a distinct fluorescence emission at
approximately 445 nm. Inspired by this mechanism, a self-
amplified ratiometric fluorescence sensing strategy was
developed using the ZIF-8/Ru@TPE nanozyme for the
selective detection of AA (Figure 4a). In this system, AA
inhibited the H2O2-driven catalytic oxidation of OPD to DAP,
resulting in a decreased fluorescence intensity of DAP at 570
nm, accompanied by an enhanced intrinsic fluorescence signal
of ZIF-8/Ru@TPE at 445 nm. Simultaneously, the produced
DHAA reacts with residual OPD to generate DFQ, introducing
a new fluorescence emission at 445 nm (Figure 4a).
Consequently, with increasing AA concentration, the emission
at 570 nm gradually decreased while that at 445 nm intensified,
producing a distinct self-amplified ratiometric fluorescence
response (Figure 4b). As shown in Figure 4c, the fluorescence
intensity ratio (F570/F445) decreased exponentially with
increasing AA concentration, in accordance with the proposed
self-amplified mechanism. A calibration plot of F570/F445 versus
the logarithm of AA concentration exhibited a good linear
relationship in the range of 5−100 μM, with a calculated
detection limit of 2.71 μM (Figure 4d). These results
demonstrated that the ZIF-8/Ru@TPE-based ratiometric

Figure 5. (a) Schematic illustration of the ZIF-8/Ru@TPE-based ratiometric sensing platform for ALP activity assay. (b) Fluorescence intensity
ratio (F570/F445) as a function of ALP concentration. (c) Linear calibration curve of F570/F445 versus the logarithm of ALP concentration (5−60 U/
L). Error bars represent the standard deviation of four independent measurements.
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sensing platform enabled sensitive and reliable detection of AA
through fluorescence signal modulation.

To further evaluate the selectivity of the proposed
ratiometric sensing platform, potential interfering antioxidants
such as glutathione (GSH) and cysteine were tested under
identical conditions. As shown in Figures 4e and S21, GSH and
cysteine induced only minor variations in the F570/F445 ratio, as
they merely competed with the substrate in the peroxidase-like
reaction without producing DFQ fluorescence at 445 nm. In
contrast, AA elicited a distinct ratiometric response attributed
to the self-amplified mechanism (Figures 4e and S21).
Notably, when the assay was performed using a single-
emission readout (F570), both GSH and cysteine generated
responses comparable to AA, underscoring the limited
selectivity of conventional single-signal nanozyme assays,
which was consistent with previous findings (Figure S22 and
Table S3).37−41

Finally, the practical applicability of the proposed assay was
verified by quantifying AA in commercial vitamin C tablets and
beverages. As shown in Figure 4f, the measured AA
concentrations in three types of vitamin C tablets were
consistent with their labeled values, confirming the accuracy
and reliability of the ratiometric sensing platform. Likewise,
comparable results were obtained for six beverage samples,
among which beverages 1, 2, and 4 contained higher AA levels
than 3, 5, and 6 (Figure 4g). Collectively, these results
demonstrated the strong potential of ZIF-8/Ru@TPE as a
fluorescent nanozyme for constructing self-amplified ratiomet-
ric sensing platforms with reliable analytical performance and
practical applicability.
Detemination of ALP Activity in Serum Samples

Alkaline phosphatase (ALP) is an essential enzyme broadly
distributed in human tissues and body fluids. Abnormal ALP
activity is closely linked to a variety of pathological conditions,
including bone diseases, liver dysfunction, and prostate cancer.
Hence, the development of a reliable analytical platform
capable of sensitively and selectively detecting ALP activity
holds great clinical significance. As illustrated in Figure 5a, ALP
catalyzed the hydrolysis of AAP to generate ascorbic acid
(AA), which subsequently triggered a self-amplified ratiometric
fluorescence response within the ZIF-8/Ru@TPE reaction
system. By coupling the ALP-catalyzed hydrolysis with the
nanozyme-mediated sensing process, a ratiometric fluorescence
platform was constructed for quantitative evaluation of ALP
activity (Figure 5a). As shown in Figure 5b, the fluorescence
intensity ratio (F570/F445) decreased progressively with
increasing ALP concentration. A clear linear relationship
between F570/F445 and ALP concentration was established
over the range of 5−60 U/L (Figure 5c), with a detection limit
of 2.43 U/L.

To further evaluate the practical applicability of the
developed assay, it was employed to determine ALP activity
in serum samples. As summarized in Table 1, the recoveries of

four spiked serum samples ranged from 90.35% to 129.25%,
with relative standard deviations (RSDs) below 5.55%. The
single-signal approach yielded substantially overestimated
recoveries and larger RSDs compared with the ratiometric
assay, likely due to interference from endogenous reducing
species in serum (Figure S23 and Table S4). These results
demonstrated that the ZIF-8/Ru@TPE-based ratiometric
fluorescence platform offered high analytical reliability and
strong potential for accurate determination of ALP activity in
complex biological matrices.

■ CONCLUSIONS
In conclusion, ZIF-8/Ru@TPE was successfully constructed
by assembling Ru nanoparticle-decorated ZIF-8 with TPE
luminogen. ZIF-8/Ru@TPE integrated intrinsic fluorescence
and peroxidase-like catalytic activity, enabling the establish-
ment of a ratiometric fluorescence platform for quantitative
detection of H2O2 and glucose with wide linear ranges and low
detection limits. Based on the specific reaction between
dehydroascorbic acid and OPD, a self-amplified ratiometric
fluorescence assay was further developed for highly selective
ascorbic acid detection over other reductants. Furthermore, by
coupling with alkaline phosphatase-catalyzed hydrolysis of
AAP, the system allowed accurate determination of ALP
activity in serum samples. In future work, the relative content
and spatial distribution of TPE and Ru will be optimized to
better balance the dual-emission signals and further improve
ratiometric sensing performance. Overall, this study presents a
versatile nanozyme-based strategy for constructing selective
ratiometric sensing platforms and provides new insights into
the rational design of multifunctional catalytic materials for
bioanalytical applications.
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