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ABSTRACT: Nanomaterials possessing intrinsic enzyme-mimetic
activity are becoming an important topic of current research.
However, their enzyme-mimetic activity is limited by the particle
size of the nanomaterials. In this study, Pd nanoclusters with an
average size of 1.4 nm are synthesized by using a metal organic
framework, zeolitic imidazolate framework-8 (ZIF-8), as a matrix via
an impregnation-reaction method. By virtue of the confined
channels of ZIF-8 and the strong chemical interaction between
the Pd nanoclusters and ZIF-8 framework, the Pd nanoclusters show a high dispersity and stability. The obtained Pd@ZIF-8 is
proven to have enhanced intrinsic peroxidase-like activity, showing Michaelis−Menten constants (Km) as high as 0.13 mM for
3,3′,5,5′-tetramethylbenzidine and 14.02 mM for hydrogen peroxide. Colorimetric testing and electron spin resonance spectra reveal
that radicals are generated during the catalytic process of peroxidase-like Pd@ZIF-8 toward H2O2. With the addition of glucose or
cholesterol oxidase, the Pd@ZIF-8 can be utilized to construct a highly selective and sensitive fluorescent sensor for glucose and
cholesterol, exhibiting a detection limit of 0.10 and 0.092 μΜ, respectively. Additionally, the proposed fluorescent platform exhibits
the capability to detect glucose and cholesterol in serum samples with satisfactory recovery, indicating potential application prospects
in biochemical analysis.

KEYWORDS: Pd nanocluster, zeolitic imidazolate framework-8, horseradish peroxidase mimetics, cascade reaction, fluorescent detection

1. INTRODUCTION

Hydrogen peroxide (H2O2) is a byproduct generated in the
processing of numerous metabolites (such as glucose,
cholesterol, and xanthine) which are catalytically oxidized by
their corresponding oxidases, associated with oxygen con-
sumption.1,2 The bioproduced H2O2 relies on the metabolite
concentrations. Therefore, the determination of in situ
generated H2O2 is significant for the quantitative detection
of the metabolite level, which plays a critical role in diagnosis
and therapy. When catalyzed by peroxidases, hydrogen
peroxide generates highly reactive oxygen species (ROS),
such as hydroxyl radical (·OH), superoxide radical (O2

·−), and
singlet oxygen (1O2).

3 These radicals with strong oxidative
ability can oxidize various kinds of organic compounds,
including colorless 3,3′,5,5′-tetramethylbenzidine (TMB) and
thiamine, which are converted to blue 3,3′,5,5′-tetramethyl-
benzodiimine (TMBDI) and fluorescent thiochrome, respec-
tively.4,5 Based on the color or fluorescence conversion of the
products, the quantity of H2O2 can be determined.
Horseradish peroxidase (HRP), a specific class of perox-

idases, has been efficiently applied to construct a colorimetric
or fluorescent platform for H2O2 determination due to its high
catalytic activity and specificity.6 However, as a protein, HRP
has some inherent drawbacks, such as laborious preparation,
easy denaturation, and difficulty in recycling, which restrict its

practical applications.7,8 Therefore, there is an urgent need to
explore nanomaterial-based enzyme-mimics for the replace-
ment of the natural enzyme. Since Fe3O4 magnetic nano-
particles were discovered with intrinsic peroxidase-like
performance in 2007,9,10 various enzyme-like nanomaterials
have been successfully synthesized,11−13 such as carbon
nanomaterials (e.g., graphene quantum dots, carbon dots,
and carbon nitrides),5,14,15 metal oxide nanomaterials (e.g.,
Fe3O4, Co3O4, and CeO2),

9,16,17 and noble metals (e.g., Au, Pt,
Pd, and Ag).18−22 In particular, noble-metal-based nanozymes
are attracting extensive attention due to their activity
(comparable to nature peroxidase), fascinating biocompati-
bility, and inherent stability.23,24 Among them, Pd nano-
particles (NPs) with unique electronic properties and high
catalytic activity are considered as a promising peroxidase-like
nanozyme in biosensors fabrication.25−29 However, the
peroxidase-like activity of metal NPs is dependent on their
size.30 The metal NPs with subnanometer-scale sizes (<2 nm)
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are endowed with great catalytic efficiency and substrate
specificity. Nevertheless, the noble metal NPs with subnan-
ometer sizes are disposed toward spontaneous aggregation
because of their high surface energy, which challenges their
preparation and structure regulation and thereby severely
limits their application.31−33 In order to address these
deficiencies, various strategies have been investigated. Li et
al. synthesized 4.8 nm Pd NPs by using cytosine-rich
oligonucleotides as a stabilizer, showing a Km of 91.29 mM
toward H2O2 and 0.03 mM toward TMB.24 However, the
functional groups of the stabilizers are prone to bioconjugation
with some interferents, resulting in a relatively low exposure of
active centers and thereby jeopardizing the catalytic efficiency
of nanozymes.34−36 Nowadays, immobilizing Pd NPs on
carriers, such as zeolites,37 silica,38 carbon materials,39−41 and
metal organic frameworks (MOFs),42−44 is an effective method
to prevent Pd NPs from agglomeration.
Among them, zeolitic imidazolate framework (ZIF-8), a

subclass of MOFs assembled by zinc ions and 2-methyl-
imidazole ligands, exhibits promising properties, including the
shielding effect (i.e., exceptional stability in organic and
aqueous solvents and high temperature), facile synthesis
under ambient conditions, high porosity and pore volume,
and sufficient nitrogen-containing sites for guest anchor-
ing.30,45−49 Moreover, ZIF-8 does not exhibit any background
interference, which is beneficial to the colorimetric and
fluorescent sensing of H2O2. Furthermore, Lyu et al. have
demonstrated that ZIF-8 offers an ideal microenvironment for
the substrate accumulation through absorption for efficient
enzyme catalytic reaction due to its high surface area and pore
volume.50 All these properties indicate that ZIF-8 is a
promising candidate, in which highly dispersed nanometer-
sized metal nanoparticles can be confined. Although much
attention has been focused on preparing Pd NPs encapsulated
in ZIF-8 (Pd/ZIF-8), there are only a few reports concerning
their applications in peroxidase-like catalytic reactions,51−54

not to mention toward a better understanding of their
complicated catalytic pathways in H2O2 decomposition,
which is of vital importance for their potential applications
in sensing.

Herein, through a simple impregnation-reaction method, Pd
nanoclusters with the size of 1.4 nm were synthesized within
the cavities of the ZIF-8 matrix. Due to the high dispersity of
the Pd nanoclusters and the substrate accumulation effect of
ZIF-8, the as-prepared Pd@ZIF-8 displayed a highly efficient
HRP-like catalysis. In the catalytic process of the Pd@ZIF-8
toward H2O2, radicals were produced via a Fenton-like path.
Its steady-state kinetics were studied by a colorimetric method
with TMB as the chromogenic substrate. The Km of Pd@ZIF-8
with TMB as the substrate is lower than that of horseradish
peroxidase and shows a higher affinity to TMB than HRP,
establishing the high peroxidase mimicking ability of Pd@ZIF-
8. Furthermore, Pd@ZIF-8 exhibits an even superior perform-
ance toward H2O2 detection compared to the reported Pd-
based catalysts. With the intrinsic peroxidase-like activity, the
as-prepared Pd@ZIF-8 was coupled with oxidases, glucose
oxidase (GOx), and cholesterol oxidase (ChOx) to develop a
fluorescent sensing strategy to selectively detect the corre-
sponding metabolites, glucose and cholesterol, respectively, as
shown in Scheme 1. Accordingly, sensitive and selective
biosensors were fabricated, with the linear ranges for glucose
and cholesterol of 15−1000 and 5−1000 μM, respectively. The
limit of detection was found to be as low as 0.10 μM for
glucose and 0.092 μM for cholesterol. The bienzymic system
was utilized to detect glucose and cholesterol in human blood
serum, demonstrating its feasibility toward the determination
of glucose for practical sample testing.

+

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ‐ ‐ ‐ ‐ +

glucose/cholesterol O

gluconic acid/cholest 4 en 3 one H O

2
GOx/ChOx

2 2
(1)

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ ++ ‐
TMB H O 2H TMBDI 2H O2 2

Pd@ZIF 8
2 (2)

+ + ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯ +− ‐
thiamine H O OH thiochrome 3H O2 2

Pd@ZIF 8
2
(3)

Scheme 1. Schematic Illustration of the Synthesis of Pd@ZIF-8 (Top Row) and Its Peroxidase-like Activity for the Detection
of H2O2, Cholesterol, and Glucose (Bottom Row)a

aCorresponding reactions are presented in Reactions 1−3.
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2. EXPERIMENTAL SECTION
2.1. Chemicals. Zn(NO3)2·6H2O, 2-methylimidazole, Na2PdCl4,

ascorbic acid (AA), TMB, o-phenylenediamine (OPD), 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA), glucose oxi-
dase from Aspergillus niger (GOx, >180 U/mg), cholesterol oxidase
from microorganism (ChOX, >10 U/mg), and superoxide dismutase
(SOD, >1400 U/mg) were bought from Aladdin Chemistry Co., Ltd.
Mannitol, glucose, maltose, galactose, fructose, xylose, thiamine (TH),
KCl, serine, threonine, bovine serum albumin (BSA), HOAc, NaOAc,
NaOH, NaBH4, Na2CO3, NaHCO3, methanol, and 4-(2-hydrox-
yethyl)-1-piperazine ethanesulfonic acid (HEPES) were purchased
from Sinopharm Chemicals Reagent Co. Ltd. (Shanghai, China). All
the chemicals were of analytical grade and used as received without
further purification. Ultrapure water (18.2 MΩ·cm) was obtained
from a Thermal Smart2 water purification system (USA).
2.2. Synthesis of Pd@ZIF-8. First, ZIF-8 was prepared according

to our previous method.55,56 Typically, Zn(NO3)2·6H2O and 2-
methylimidazole were separately dispersed in methanol at a Zn2+ to 2-
methylimidazole molar ratio of 1:8. After being stirred at room
temperature for 2 h, the mixture was centrifuged and washed with
methanol three times and then dried at 80 °C in an oven overnight to
obtain ZIF-8 solid.
To synthesize Pd@ZIF-8, 10 mL of Na2PdCl4 solution (1 mg

mL−1) was added into 20 mL of ZIF-8 dispersion (7.5 mg mL−1).
After stirring for 1 h, the suspension was filtered and washed with
ultrapure water three times to remove unabsorbed PdCl4

2−. Then the
powder (PdCl4

2−@ZIF-8) was redispersed into 20 of mL H2O
through ultrasonication, and 3.43 mL of 1.5 mg·mL−1 NaBH4 aqueous
solution was quickly added to reduce Pd2+ for 2 h. The as-synthesized
Pd@ZIF-8 was purified by filtration, washed with ultrapure water
three times, and dried in a vacuum oven at 60 °C for 12 h.
2.3. Evaluation of Peroxidase-like Activity. To evaluate the

peroxidase-like activity of Pd@ZIF-8, colorimetric sensing platform
was adopted by using TMB as a peroxidase substrate in the presence
of H2O2, and the UV−vis absorption was measured at 650 nm.
Typically, 40 μL of Pd@ZIF-8 dispersion (2 mg mL−1) was added to
330 μL of 0.2 M (pH 4.5) HOAc−NaOAc buffer, and then 20 μL of
10 mM TMB and 10 μL of 40 mM H2O2 were added to the mixture.
pH-dependent activities were measured in reaction buffers (pH 3.6−
6.0) at room temperature, while temperature-dependent activity was
measured between 10 and 40 °C at pH 4.5 buffer. The steady-state
kinetics of H2O2 or TMB were studied at a fixed TMB concentration
of 500 μM or H2O2 concentration of 1 mM, respectively.
The kinetics of the Pd@ZIF-8 catalytic reaction were investigated

by using time-dependent steady-state kinetic curves, which were
conducted by varying the concentration of either TMB or H2O2 and
fixing the Pd@ZIF-8 content to oxidize TMB. The initial rates (v0) of
TMB oxidation are determined by the molar absorption coefficient of
TMBDI (εTMBDI = 39 000 M−1 cm−1 at 650 nm) using eqs 4 and 5.1

The plots of v0 against the concentration of H2O2 or TMB ([S])
indicate that the Pd@ZIF-8 catalytic reaction exhibits a typical
Michaelis−Menten enzyme behavior (eq 6, Figures S5a and S5b).
The Km and maximum velocities (vmax) for H2O2 and TMB are
obtained from the intercepts and slopes of the Lineweaver−Burk
double-reciprocal plots which are obtained based on eqs 7 and 8
(Figures S5c and S5d).

ε
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×
A
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5 6
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To investigate the enzymatic catalytic mechanisms, the inter-
mediate free radicals 1O2, ·OH, and O2

·− were evaluated through
UV−vis absorbance and electron spin resonance (ESR) spectroscopy.
For the UV−vis absorbance testing of the free radicals, different
scavengers, i.e., 100 μM AA, 100 μM ABDA, 100 μM mannitol, or
6.25 × 10−4 mM SOD, were used in the TMB + H2O2 + Pd@ZIF-8
system by virtue of time-dependent absorbance changes at 650 nm of
TMB. For ESR experiments, 10 μL of 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) (or 5,5-dimethyl-1-pyrroline N-oxide (DMPO)) was
mixed with 40 μL of 2 mg mL−1Pd@ZIF-8, 10 μL of 40 mM H2O2,
20 μL of 10 mM TMB, and 320 μL of acetate buffer solution (0.2 M,
pH 4.5).

2.4. Detection Procedures for H2O2, Glucose, and Choles-
terol. H2O2 detection was performed by colorimetric and fluorescent
methods. For colorimetric detection, 10 μL of H2O2 with different
concentrations was added into 390 μL of 0.2 M pH 4.5 HOAc−
NaOAc buffer containing 500 μM TMB and 200 μg mL−1 Pd@ZIF-8.
After incubation for several minutes, the UV−vis absorption
spectroscopy was measured. For fluorescent detection, 10 μL of
H2O2 with different concentrations was added into 490 μL of 0.1 M
pH 10.5 Na2CO3−NaHCO3 buffer containing 50 μM TH and 20 μg
mL−1Pd@ZIF-8. After the mixture was incubated at 45 °C for 20 min,
the H2O2 concentrations were quantified by testing the fluorescence
intensity of thiochrome at 440 nm with excitation at 370 nm.

Glucose or cholesterol sensing was performed through the
detection of the H2O2 generated by the corresponding oxidases
(GOx or ChOX, respectively). Typically, 5 μL of glucose or
cholesterol stock solutions with different concentrations was added
into 25 μL of 1 M pH 7.0 HEPES buffer solution containing 40 μg
mL−1 GOx or ChOx, which was then incubated at 37 °C for 30 min
and afterward was added into 470 μL of 0.1 M (pH 10.5) Na2CO3−
NaHCO3 buffer solution containing 50 μM TH and 20 μg mL−1Pd@
ZIF-8. After the mixture was incubated for another 20 min, its
fluorescence intensity was measured.

The detection of limit (LOD) is valued according to eq 9:

σ= kLOD 3 / (9)

where σ represents the standard deviations of the blank sample, and k
represents the slopes of the linear range of the detection.57

The recovery of the spiked glucose or cholesterol to the serum
samples was determined through a standard addition method in the
solution containing human serum samples. The concentrations of the
glucose and cholesterol were analyzed three times through fluorescent
detection methods in the presence of a human serum sample. The
recovery is defined as the ratio of the detected average concentrations
of glucose to the theoretical values of the dilute solutions.

2.5. Instruments. The UV−vis and fluorescence spectra were
measured by UV−vis spectrophotometer (Cary 100, Agilent,
Singapore) and fluorescence spectrometer (FluoroMax-4, HORIBA
Jobin Yvon, Japan), respectively. Field-emission scanning electron
microscopy (FE-SEM) images were collected from an S-4800 electron
microscope (Hitachi, Japan). Energy dispersive spectrometer (EDS)
mappings were obtained on the field-emission SEM. Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HR-TEM) were recorded on JEM-2100
transmission electron microscopes (JEOL, Japan). Nitrogen adsorp-
tion−desorption isotherms were collected at 77 K with an Autosorb
iQ one-station adsorption instrument (Quantachrome, USA). Before
the measurements, samples were degassed at 150 °C for 24 h at
reduced pressure. X-ray diffraction (XRD) was performed on an
Ultima IV X-ray diffractometer (Rigaku, Japan) with graphite-
monochrome Cu Kα radiation. X-ray photoelectron spectroscopy
(XPS) experiments were carried out on an ESCALAB Xi+ system
(Thermo Fisher, USA) with monochrome Al Kα X-rays. Fourier
transform infrared spectra (FT-IR) were tested with a NICOLET
iS10 spectrometer (Thermo Fisher, USA). Electron paramagnetic
resonance (ESR) signals were recorded by using an A300 ESR
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spectrometer (Bruker, Germany). The Pd contents were detected by
inductively coupled plasma atomic emission spectrometer (ICP-AES,
Prodigy, USA).

3. RESULTS AND DISCUSSIONS

3.1. Characterization of Pd@ZIF-8. The FE-SEM images
(Figure S1 and Figure 1a) show that ZIF-8 and Pd@ZIF-8
have a similar dodecahedral morphology with an average
particle size of about 150 ± 20 nm, indicating that the

incorporated Pd nanoclusters do not damage the topography
of the ZIF-8 host. XRD patterns (Figure 1b) show that the
peaks of the as-prepared ZIF-8 are identical to those of
simulated ZIF-8, confirming that the high crystallinity of ZIF-8
is well maintained after hosting Pd nanoclusters. No
characteristic diffraction peaks of metal Pd can be found,
indicating that the metal Pd nanoclusters are highly dispersed
inside ZIF-8.58 TEM images (Figure 1c) and the correspond-
ing particle size distribution of Pd NPs in Pd@ZIF-8 (Figure

Figure 1. (a) SEM image of Pd@ZIF-8, (b) XRD patterns of simulated ZIF-8, ZIF-8, and Pd@ZIF-8, (c) TEM images of Pd@ZIF-8, (d)
corresponding particle size distribution of Pd NPs in Pd@ZIF-8, (e) EDS mapping of Pd@ZIF-8, and (f) N2 adsorption−desorption isotherms of
ZIF-8 and Pd@ZIF-8. The inset shows the corresponding pore size distribution. The loading rate of Pd NPs in Pd@ZIF-8 is 0.9 atom %.

Figure 2. X-ray photoelectron (a) survey spectrum and (b) Pd 3d spectrum of Pd@ZIF-8.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c01712
ACS Appl. Nano Mater. 2021, 4, 9132−9142

9135

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c01712/suppl_file/an1c01712_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c01712?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1d) demonstrate that the Pd nanoclusters have a narrow
distribution with an average diameter of 1.4 ± 0.6 nm. The
element mappings (Figure 1e) verify that the Pd element has
the same distribution as the Zn and N elements, demonstrating
that Pd nanoclusters are homogeneously confined within the
ZIF-8.
The effect of the Pd nanoclusters inside ZIF-8 on its pore

structure and surface area was evaluated using nitrogen
adsorption−desorption isotherms (Figure 1f). Based on the
Brunauer−Emmett−Teller (BET) method, the surface area of
Pd@ZIF-8 is calculated to be 1504 ± 2 m2 g−1, which is
slightly smaller than that of ZIF-8 (1664 ± 2 m2 g−1) (Table
S1).
The Barrett−Joyner−Halenda (BJH) method is employed

to determine pore volume and pore size distribution. The
porous volume of Pd@ZIF-8 is 0.59 ± 0.02 cm3 g−1, close to
0.62 ± 0.02 cm3 g−1 for ZIF-8 (Table S1). A narrow pore size
distribution of about 0.8−1.5 nm for both ZIF-8 and Pd@ZIF-
8 is observed, while the pore size of Pd@ZIF-8 is slightly
smaller than that of ZIF-8 (inset in Figure 1f). XPS
measurements reveal that the elements C, N, Zn, and Pd
with the atomic composition of 48.5%, 24.0%, 8.9%, and 0.9%,
respectively, exist in Pd@ZIF-8 (Figure 2a and Table S2). The
high-resolution Pd 3d XPS region of Pd@ZIF-8 is split into
doublet peaks due to the spin−orbit coupling effect, which
correspond to Pd 3d5/2 and Pd 3d3/2 (Figure 2b). The
deconvoluted peak of Pd 3d5/2 at 335.8 eV is assigned to zero-
valence palladium (Pd0), which is about 0.7 eV higher than the
standard peak value of 335.1 ± 0.1 eV for Pd0 due to the
quantum-size effect arising from the subnanometer size of the
Pd nanoclusters.59,60

The Pd 3d5/2 deconvoluted peak with a higher binding
energy at 337.9 eV is attributed to the partial ionization of the
Pd surface, resulting from electron transfer from the Pd 4d to
N 2p orbital, which indicates that there is strong chemical
interaction between the Pd nanoclusters and ZIF-8 frame-
work.61 In addition, the high-resolution N 1s spectrum can be
deconvoluted into three types of N species located at 398.8,
399.4, and 400.5 eV, which are assigned to pyridinic-N, Pd−N,
and pyrrolic-N, respectively (Figure S2). The existence of Pd−
N confirms that the metal nanoclusters are firmly anchored on
ZIF-8.62 All these results demonstrate that the high-dispersion
subnanometer Pd nanoclusters were successfully prepared and
chemically bonded to the ZIF-8 framework.
3.2. Peroxidase-Mimic Activity of Pd@ZIF-8. The

peroxidase-mimic activity of Pd@ZIF-8 was investigated by
using TMB as a chromogenic substrate in the presence of
H2O2. When TMB, H2O2, and Pd@ZIF-8 coexist, the colorless
TMB is converted into blue. The blue solution displays a
maximum absorption at 370 and 650 nm (Figure 3), which can
be attributed to the product of TMB oxidation (TMBDI). In
contrast, in the absence of the Pd@ZIF-8 or when Pd@ZIF-8
replaced with ZIF-8, no obvious absorption can be seen in the
TMB and H2O2 solution, indicating the catalytic function of
the Pd@ZIF-8 toward TMB oxidation in the presence of
H2O2. This confirms that Pd@ZIF-8 possesses a similar
catalytic behavior to natural horseradish peroxidase to catalyze
the decomposition of H2O2 substrate into hydroxyl radicals,
which can oxidize the colorless TMB into blue TMBDI.
Furthermore, when Pd@ZIF-8 is immersed in oxygen-
saturated TMB solution in the absence of H2O2, the relatively
weak absorbance at 370 and 650 nm can be observed.
Therefore, the Pd@ZIF-8 can catalyze TMB oxidation by

either H2O2 or dissolved O2 and behaves as dual enzymes
(oxidase and peroxidase).
The peroxidase-like activity of Pd@ZIF-8 is dependent on

the pH, temperature, and concentration of substrates (Figure
S3). When the pH of the reaction solution is in the range of
4.0−4.5, the UV−vis adsorption of the system reaches a
maximum value. This is in an agreement with Pt-based and
other metal nanoenzymes; thus, pH 4.5 is chosen for all other
experiments.9,63,64 The UV−vis adsorption varies slightly with
the temperature in the range of 10−40 °C; thus, the
temperature influence can be ignored, and room temperature
is chosen. With the increase of the H2O2 concentration, the
UV−vis adsorption increases and reaches a plateau at 8 mM
concentration. When the TMB concentration in buffer solution
increases while the other conditions are kept constant, a
maximum adsorption is obtained at 500 μM. Similarly, the
UV−vis adsorption increases gradually with the increase of the
used Pd@ZIF-8 catalysts and attains a plateau starting at 200
μg mL−1 (Figure S4). Therefore, the optimum conditions for
the catalytic activity of Pd@ZIF-8 are pH 4.5, room
temperature, and H2O2, TMB, and Pd@ZIF-8 concentrations
of 8 mM, 500 μM, and 200 μg mL−1, respectively.
To evaluate the kinetics of the Pd@ZIF-8 catalytic reaction,

the Km value was calculated according to eqs 4−8. As shown in
Figure S6 and Table 1, the Km value of 14 mM for Pd@ZIF-8
toward H2O2 is much lower than those of other reported noble
metal based nanozymes, and the Km value of 0.13 mM toward
TMB is even lower than that of the HRP enzyme, showing a
high peroxidase-like activity of Pd@ZIF-8. The high
peroxidase-like activity of Pd@ZIF-8 might be attributed to
the high monodispersity and numerous active catalytic sites of
Pd nanoclusters and the substrate accumulation effect of the
ZIF-8 supporter.

3.3. Mechanism of the Peroxidase-like Activity of
Pd@ZIF-8. Previous reports illustrated that the peroxidase-like
reaction of metal nanozyme proceeds as either the Fenton-like
process or the electron transfer process.69 The Fenton-like
process involves the generation of reactive oxygen species
during the H2O2 decomposition process. To verify the ROS
intermediates of the Pd@ZIF-8 catalytic reaction, ascorbic
acid, which can neutralize free radicals, is employed as a
scavenger. It is found that the UV−vis absorbance of AA at 250
nm decreases dramatically within 10 min in the Pd@ZIF-8 +
H2O2 + AA system due to the oxidization of AA by ROS,

Figure 3. UV−vis spectra of TMB in different reaction systems after
incubating for 10 min. The concentrations of TMB, H2O2, and Pd@
ZIF-8 are 500 μM, 1 mM, and 200 μg mL−1 in the corresponding
reaction system, and the total volume is 400 μL.
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which are generated in the process of Pd@ZIF-8 catalyzing
H2O2 (Figure S7). Then, the ROS types were identified by
adding scavengers, such as ABDA, SOD, or mannitol, into the
Pd@ZIF-8 + TMB + H2O2 system. The time-dependent
absorbance of TMB at 650 nm shows that in the presence of
mannitol, ABDA, or SOD, the absorbance of the systems at
300 s is 0.37, 0.24 and 0.29, respectively, lower than that of the
system without scavengers, which is 0.43, indicating the
formation of ·OH, 1O2, and O2

·− species during the Pd@ZIF-8
catalytic process (Figure 4a).70 This is consistent with the ROS
generated by HRP (Figure S8), and the generation of ·OH,
1O2, and O2

·− affirms that Pd@ZIF-8 exhibits a Fenton-like
reaction, which is further confirmed by the ESR measurements
(Figure 4b and Figure S9).
3.4. H2O2, Glucose, and Cholesterol Sensing Based on

Pd@ZIF-8. The sensing ability of Pd@ZIF-8 to H2O2 was
explored. Since the UV−vis adsorption of the TMB + H2O2 +
Pd@ZIF-8 reaction system is dependent on the H2O2
concentration, the quantitative measurement of H2O2 can be
realized. The UV−vis absorbance of the TMB + H2O2 + Pd@
ZIF-8 system increases with H2O2 concentration in a linear
range from 25 to 750 μM and a relatively low detection limit of
2 μΜ (Figure S10). In addition, the fluorescence detection of
H2O2 was established by using TH as a fluorescent probe,
which can be oxidized by the ROS produced during the
Fenton-like reaction of H2O2. Control experiments show that a
strong emission of thiochrome (the oxidation product of TH)
at 440 nm is observed, while only weak fluorescence is
obtained with the TH substrate alone, Pd@ZIF-8 + TH, or
TH + H2O2, confirming the feasibility of fluorescence
detection for H2O2 (Figure 5). The optimum conditions for
fluorescence detection of H2O2 are in Na2CO3−NaHCO3
buffer (pH 10.5) at 45 °C with a catalyst dosage of 5 ng

mL−1 and incubation time of 20 min (Figure S11). A good
linear correlation with the H2O2 concentration in the range of
0.5−250 μM (R2 = 0.995) and a detection limit of 0.045 μM
are obtained (Figure 6), which demonstrates an excellent
performance, comparable or even superior to some reported
Pd-based catalysts.4,71,72

The TH + H2O2 + Pd@ZIF-8 system with an excellent
response toward H2O2 was set up as a universal platform for
the detection of the H2O2 generation reaction, e.g., enzymatic
catalytic glucose or cholesterol metabolism. As illustrated in
reactions 1 and 3, in the presence of GOx or ChOx, glucose or
cholesterol can be oxidized to gluconic acid or cholestenone
and produce H2O2, which can be detected by TH + Pd@ZIF-8
at 440 nm. As shown in Figure 7, the fluorescence intensity at
440 nm is enhanced with the increasing concentrations of

Table 1. Comparison of Km and vmax for Different Peroxidase Mimics

enzyme mimics Km (TMB) (mM) Km (H2O2) (mM) vmax (TMB) (10−8 M s−1) vmax (H2O2) (10
−8 M s−1) ref

Pd@ZIF-8 0.13 14.02 30.74 27.70 this work
HRP 0.52 2.53 20.37 50.48 this work
citrate−Pt NPs 0.12 205.6 6.51 9.79 19
cyt c−Pd@ZIF-8 − 6.5 − 15.19 29
Pd−Ir cubes 0.13 340 6.5 5.1 65
GK−Pd NPs 0.20 23 300 490 65
Pd/carbon dots 0.74 10.12 − − 66
Pd nanostructures 0.16 1064 201 443 67
carboxylated chitosan-coated Pd NPs 0.09 537.71 17.7 11.2 68

Figure 4. (a) Effects of different ROS scavengers on the kinetics of TMB oxidation based on the TMB + H2O2 + Pd@ZIF-8 reaction system in a
total volume of 400 μL (500 μM TMB, 8 mM H2O2, and 200 μg mL−1 Pd@ZIF-8), with 1 mM AA, 1 mM ABDA, 6.25 × 10−3 mM SOD, or 1 mM
mannitol, respectively. (b) ESR spectra demonstrating 1O2 generated by Pd@ZIF-8 and H2O2.

Figure 5. Fluorescence emission spectra of TH alone (black), in the
presence of Pd@ZIF-8 (blue), in the presence of H2O2 (green), and
in the presence of Pd@ZIF-8 and H2O2 (red).
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glucose and cholesterol in the TH + GOx/ChOx + Pd@ZIF-8
system. For glucose detection, a linear correlation between the
fluorescence intensity at 440 nm and logarithmic glucose
concentration from 15 to 1000 μM and a detection limit of 1.6
μM are obtained (Figure 7a, Table 2). For cholesterol
detection, the logarithmic (log) value of the cholesterol
concentration and fluorescence intensity shows a good linear
relationship in the concentration range from 5 to 1000 μM
with a detection limit of 0.92 μM. The linear equation is
defined as FL = 3.89 × 105 + 4.11 × 104 log(Ccholesterol), where
FL and Ccholesterol represent the fluorescence intensity and
cholesterol concentration, respectively (Figure 7b). The Pd@
ZIF-8 nanozyme combined with oxidases shows a better or
comparable detection limit and linear range compared to those
reported nanozyme-glucose/cholesterol sensors presented in
Table S2 and S3, which indicates its potential for point-of-care
glucose and cholesterol monitoring.
3.5. Selectivity and Determination of Glucose and

Cholesterol in Serum Samples. The selectivity of the Pd@
ZIF-8-based sensor was tested by measuring glucose or
cholesterol with several common interferences coexisting in

Figure 6. (a) Fluorescence spectra of TH with different concentrations of H2O2 in the presence Pd@ZIF-8. (b) Linear calibration plot between the
fluorescence intensity at 440 nm and concentration of H2O2, ranging from 0.5 to 250 μM using Pd@ZIF-8 as a peroxidase mimic. Error bars
represent the standard deviation for three measurements.

Figure 7. Linear calibration plots of the fluorescence intensity at 440 nm against the concentration of (a) glucose and (b) cholesterol. Inset:
corresponding dose−response curves for glucose and cholesterol detection using Pd@ZIF-8 as a peroxidase mimic. (c) The signal difference
between glucose and other interferences (maltose, galactose, fructose, xylose, and K+), each at 1 mM. (d) The signal difference between cholesterol
and other interferences (glucose, serine, threonine, and BSA), each at 1 mM. Error bars represent the standard deviation for three measurements.

Table 2. Comparison of the Performance of Pd@ZIF-8 for
Glucose Detection with Other Nanozyme-Based Glucose
Biosensors

nanozymes method
linear range

(μM)
detection
limit (μM) ref

Pd@ZIF-8 fluorescent 15−1000 1.6 this
work

PdNPs/g-C3N4 fluorescent 1−1000 0.4 4
Pd−Cu/rGO
nanohybrids

colorimetric 0.5−50 0.30 73

Pt/cube-CeO2
nanohybrids

colorimetric 0−100 4.10 74

Fe3O4 NPs colorimetric 50−1000 30 75
MnO2-modified
UCNPs

fluorescent 0−250 3.7 76

CoFe-LDH/CeO2
hybrid

colorimetric 50−2000 15 77
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biological fluids. It is found that only glucose or cholesterol
triggers a significant fluorescence signal, while other interfering
substances, e.g., maltose, xylose, K+, BSA, and serine, have
negligible effect on the fluorescence response (Figure 7c and
d). The excellent selectivity can be attributed to the affinity
and specificity of oxidases (GOx and ChOx) toward their
substrates (glucose and cholesterol, respectively).
To confirm the feasibility of the fluorescence response

platform for practical applications, the fluorescent sensor was
applied for detecting glucose and cholesterol in human serum
samples. It is interesting to note that additionally injected
glucose (or cholesterol) in the serum samples can be detected
by virtue of the fluorescence response platform with a good
recovery of 94.2−108.0% (Table 3), indicating the reliability of
the fluorescence response platform in detecting glucose and
cholesterol in human serum.

4. CONCLUSIONS
In conclusion, the results indicate that Pd@ZIF-8 possesses
intrinsic peroxidase-like activity, and its catalysis process is
similar to that of horseradish peroxidase, via a Fenton-like
pathway, although its product contents are slightly different.
The microporous structure and abundant nitrogen sites of ZIF-
8 are indispensable for the formation and immobilization of
highly dispersed Pd nanoclusters. The colorimetric and
fluorescent response of the Pd@ZIF-8 peroxidase-mimic is
dependent on the concentration of H2O2, thus providing a
biosensor for H2O2 detection. Moreover, combined with
oxidases, Pd@ZIF-8 is utilized to construct a bienzyme cascade
system. Through the determination of the H2O2 generated by
the enzymatic reaction, glucose and cholesterol are successfully
detected, even in human serum. Importantly, the as-prepared
Pd@ZIF-8 with peroxidase-like activity exhibits several
strengths over natural enzymes, such as easy synthesis, low
cost, and chemical stability, which indicates that confined in
MOF, nanomaterials as biomimetic catalysts can provide new
opportunities for biosensor fabrication and are promising in
wider applications.
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