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ABSTRACT: Enzyme immobilization plays an essential role in solving the
problems of the inherently fragile nature of enzymes. Although prominent
stability and reuse of enzymes can be achieved by enzyme immobilization,
their bioactivity and catalytic efficiency will be adversely affected. Herein,
PdCu hydrogel nanozymes with a hierarchically porous structure were used to
immobilize horseradish peroxidase (HRP) to obtain PdCu@HRP. In addition
to the improvement of stability and reusability, PdCu@HRP displayed
synergistically enhanced activities than native HRP and PdCu hydrogels. Not
only the specific interactions between PdCu hydrogel nanozymes and
enzymes but also the enrichment of substrates around enzymes by
electrostatic adsorption of hydrogels was proposed to expound the enhanced
catalytic activity. Accordingly, by taking advantage of the excellent catalytic
performance of the PdCu@HRP and the glucose oxidase encapsulated in
zeolitic imidazolate framework-8, colorimetric biosensing of the carcinoembryonic antigen via catalytic cascade reactions for
achieving signal amplification was performed. The obtained biosensor enhanced the detection sensitivity by approximately 6.1-fold
as compared to the conventional HRP-based enzyme-linked immunosorbent assay, demonstrating the promising potential in clinical
diagnosis.

KEYWORDS: noble metal hydrogels, enzyme immobilization, nanozymes, enzyme-linked immunosorbent assay,
cascade signal amplification

1. INTRODUCTION

Enzymes are a kind of highly efficient biological catalysts.
However, the intrinsic limitations of natural enzymes, such as
low stability and difficulty to recycle, have hampered their
practical applications.1−4 Enzyme immobilization as a critical
technology for improving the stability and recyclability of the
enzymes has aroused great interest in practical and commercial
applications. Horseradish peroxidase (HRP), which is part of
the superfamily of the heme-containing plant peroxidases,5 has
found widespread applications in disease diagnosis, sensing,
pollutant degradation, and cancer treatment.6−11 Some porous
materials, such as mesoporous silica, metal−organic frame-
works, and metallic oxides, have been proposed to serve as
carriers for HRP immobilization.12−18 The carriers with
numerous pores and large specific surface areas play a critical
role in preventing the agglomeration of enzymes and increasing
the thermal/chemical stability and recyclability.19−21 Yet, in
many cases, the immobilized HRP can hardly maintain the
high catalytic activity whether it is through covalent bonding,
physical adsorption, or the encapsulation of enzymes in the
nucleation process of carriers.20,22,23 The denaturation and

deactivation of the immobilized HRP are ascribed to the mass
transfer limitations, unfavorable enzyme−carrier interactions,
and conformational changes of the enzymes in the
matrix.20,23,24 Therefore, seeking more functional carriers to
maintain or boost the catalytic activity of HRP is one of the
high-priority research directions for its practical applications.
Noble metal hydrogels, emerging porous materials with

superior catalytic activity, have received increasing attention in
recent decades.25−27 By accurately engineering the size,
structure, and composition of the noble metal hydrogels, a
precise control over their catalytic properties can be
achieved.28 Although the noble metal hydrogels have shown
excellent catalytic activity,29−31 their potential in immobilizing
enzymes has rarely been explored. By taking advantage of the
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unique structures mentioned above, noble metal hydrogels
hold great promise for loading enzymes. First, three-dimen-
sional (3D) nanowire networks are beneficial to provide a high
specific surface area and create a favorable microenvironment
for loading enzymes.32,33 The porous structure can also allow
efficient mass transport and reduce diffusional resistance,
enabling easier access to active sites of the enzymes by
substrates.28,29 Second, noble metals exhibit intrinsic affinity to
proteins because noble metal ions can interact with surface
functional groups on proteins.34−36 This specific affinity also
simplifies the procedures of enzyme immobilization without
additional cross-linking agents. Finally, many noble metal
nanomaterials and their alloy nanomaterials have shown
promise as nanozymes and have been applied widely in the
fields of biosensing and disease treatment.2,37−39 Therefore,
tuning noble metal hydrogel nanozymes is expected to
efficiently immobilize enzymes and significantly boost their
activity.
Herein, PdCu hydrogel nanozymes were synthesized and

served as efficient carriers to load HRP. Their 3D porous
nanowire networks with high porosity make them promising
biocompatible supports for immobilizing HRP.26 The affinity
of Cu and Pd to proteins simplifies the procedures of enzyme
immobilization without the addition of other cross-linking
reagents.34,35,40 As expected, the resulting PdCu@HRP
exhibits enhanced tolerance to temperature and pH and
realizes the reuse of HRP. Significantly, the peroxidase activity

of PdCu@HRP is higher than those of free HRP, PdCu
hydrogel nanozymes, and their mixtures, which indicates the
existence of synergistic effects between PdCu hydrogel
nanozymes and HRP. On the one hand, electron transfer
between PdCu hydrogel nanozymes and HRP via coordination
interaction leads to the activation of HRP, while the
enzymelike activity of PdCu hydrogels is also favorable for
the enhancement of the catalytic activity of PdCu@HRP. On
the other hand, the negatively charged surface of PdCu can
effectively attract positively charged substrates through electro-
static interactions, thereby achieving the enrichment of the
substrates around the enzymes. As a proof-of-concept
application, a cascade amplification strategy coupled with
glucose oxidase (GOx) encapsulation in zeolitic imidazolate
framework-8 (ZIF-8) was proposed for ultrasensitive colori-
metric biosensing of the carcinoembryonic antigen (CEA).
The resulting enzyme-linked immunosorbent assay (ELISA)
showed 6.1-fold enhanced sensitivity than the commercial
HRP-based conventional ELISA and was successfully explored
for detecting biomarkers in human serum.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PdCu Hydrogels and PdCu@HRP. Aqueous

NaBH4 (2 mL, 100 mM) was rapidly introduced into 32 mL of
aqueous solution that contained H2PdCl4 (0.31 mM) and CuCl2
(0.31 mM) under stirring at 60 °C for 1 min. The resulting solution
was settled still at 60 °C for 4 h, and PdCu hydrogels were generated

Figure 1. (a) Schematic illustration of the synthetic approach of PdCu@HRP. (b) SEM image of PdCu aerogels and a digital photo of PdCu
hydrogels (inset). (c) TEM and (d) HRTEM images of the resulting PdCu@HRP. (e) HAADF−STEM image of PdCu@HRP and (f−j)
corresponding elemental mapping images.
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at the bottom of the vial. After washing the PdCu hydrogels with
water and dispersing in deionized water by ultrasound for 30 min, 2
mg of HRP was added into the resulting solution. PdCu@HRP was
obtained after 2 h of stirring at room temperature and centrifuging to
remove the free enzyme. The final washing solutions were collected to
determine the protein concentration by the standard curve of the
HRP concentration. The loading amount of HRP on the PdCu
hydrogel was calculated based on the difference between the initial
HRP amount added to the solution and the final HRP amount
measured from the supernatant. Finally, the obtained PdCu@HRP
was suspended in 1 mL of Milli-Q water for future use.
2.2. Measurement of Peroxidase-like Activity. The perox-

idase-like activity was analyzed using TMB as a substrate. TMB (50
μL, 1 mM) was added to the mixture containing catalysts (10 μL, 0.01
mg mL−1), H2O2 (100 μL, 100 mM), and sodium acetate buffer (150
μL, pH 4, 0.2 M) at 37 °C. The catalytic oxidation of TMB (oxTMB)
can be quantitatively reflected by the absorbance at 652 nm recorded
by a multimode reader. By changing the concentration of one
substrate (H2O2 or TMB) and monitoring the absorption at 652 nm,
the kinetic data were obtained. The kinetic parameters were obtained

by the equation V = Vmax × [S]/(Km + [S]), where Km is the Michaelis
constant, V is the initial velocity, Vmax is the maximal velocity, and [S]
is the concentration of the substrate.

2.3. Procedure of the Immunoassays. First, 100 μL of Ab1 (1
μg mL−1) was pipetted into the 96-well microtiter plates and
incubated at 4 °C overnight. After washing with PBS (0.01 M, pH
7.4) three times, 100 μL of blocking buffer (1% BSA in PBS) was
spread onto each well for 0.5 h followed by rinsing three times with
PBS. Afterward, 100 μL of CEA or human plasma sample (100-fold
diluted with PBS) was added to the plates. After incubation for 1 h
and washing steps, 100 μL of GOx@ZIF-8-Ab2 (1 mg mL−1) was
added and incubated for 1 h at room temperature. Next, 150 μL of
glucose (1 M) was introduced after washing, followed by 20 min of
shaking at room temperature. Subsequently, 10 μL of PdCu@HRP
(0.01 mg mL−1), 100 μL of sodium acetate buffer (0.2 M, pH 4.0),
and 50 μL of TMB (1 mM) were added to each well. The absorbance
was recorded using a microplate reader after incubation for 20 min at
37 °C. The procedure of the HRP-based ELISA included using HRP-
labeled Ab2 to capture the CEA. After washing steps, 150 μL of
sodium acetate buffer (0.2 M, pH 4.0), 100 μL of H2O2 (100 mM),

Figure 2. (a) Schematic illustration of the peroxidase-like activity of PdCu@HRP. (b) Absorbance spectra and digital photo (inset) of the HRP +
TMB + H2O2, PdCu + TMB + H2O2, PdCu + HRP + TMB + H2O2, and PdCu@HRP + TMB + H2O2 in the sodium acetate (pH 4) buffer
solution. (c) Relative activity of PdCu@HRP, PdCu + HRP, HRP, and PdCu. Effect of pH (d) and temperature (e) on PdCu@HRP, PdCu, and
HRP activities. (f) Cycle numbers for PdCu@HRP and HRP.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09100
ACS Appl. Mater. Interfaces 2021, 13, 33383−33391

33385

https://pubs.acs.org/doi/10.1021/acsami.1c09100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09100?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09100?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 50 μL of TMB (1 mM) were added to each well. The absorbance
intensities were recorded by the microplate reader after incubating for
20 min at 37 °C.

3. RESULTS AND DISCUSSION
3.1. Characterization of PdCu Hydrogels and PdCu@

HRP. As shown in Figure 1a, one-step reduction using NaBH4
was adopted to synthesize PdCu bimetallic hydrogels in an
aqueous solution at 60 °C.27 It was observed that metal
precursors could be instantly reduced upon the introduction of
reducing agents with the color changing from yellow to black.
The solution was kept still for 4 h at 60 °C, and the jellylike
PdCu hydrogels were generated at the bottom of the bottle
(inset in Figure 1b). PdCu@HRP was obtained by directly
adding HRP to the PdCu hydrogel solution. After 2 h of
stirring at room temperature, HRP was immobilized on PdCu
hydrogels because of the high affinity between proteins and
PdCu hydrogels. PdCu aerogels were obtained by the
supercritical CO2 drying technique, and the porous structure
made them have a relatively low density (Figure S1a). SEM
was further performed to characterize the morphology of PdCu
aerogels. As shown in Figure 1b, PdCu aerogels exhibited
typical 3D network architectures with high specific surface
area, being regarded as promising carriers for loading enzymes.
To further characterize the fine structures of PdCu@HRP,
TEM was employed. As shown in Figure 1c, the resulting
PdCu@HRP consists of necklacelike interconnected nano-
wires, which maintain the structure of PdCu hydrogels (Figure
S1b). Furthermore, careful observation of the nanostructure
revealed that these nanowires are coated with transparent
“water films” with a thickness of 2 nm, while the same
phenomenon could not be observed in PdCu hydrogels

(Figure S1c), which are inferred as the HRP layer (inset in
Figure 1c). The high-resolution TEM (HRTEM) image in
Figure 1d shows that the lattice spacing of PdCu@HRP is
about 0.23 nm,25 which is the same as that of PdCu hydrogels
(Figure S1d). The elemental distribution was also investigated
by high-angle annular dark-field scanning transmission electron
microscopy (HAADF−STEM) mapping. Moreover, both
metal elements (Pd and Cu) and nonmetal elements (O, N,
and S) were located along nanowires, demonstrating that HRP
distributes evenly on the PdCu hydrogels (Figure 1e−j).
To further verify the fact that HRP was coated on the

surface of hydrogels, a Fourier transform infrared spectrometer
was used to characterize PdCu, HRP, and PdCu@HRP. Figure
S2a shows clear differences between PdCu and PdCu@HRP,
and the characteristic peaks at 3457, 1634, and 1555 cm−1 of
PdCu@HRP belong to the −NH−, −CONH− (amide I), and
amide II of HRP, respectively.6,14 The confocal laser scanning
microscopy images of PdCu hydrogels loaded with RhB-
modified HRP are shown in Figure S2c,d. The red fluorescence
region in PdCu@HRP-RhB demonstrates the successful
immobilization of the enzymes on PdCu hydrogels.41 XRD
patterns in Figure S2b demonstrate that no significant
differences are observed after loading HRP on PdCu hydrogels
and four characteristic peaks assigned to the face-centered
cubic structure are observed.25,27

3.2. Performance of Free HRP, PdCu Hydrogel
Nanozymes, PdCu + HRP, and PdCu@HRP. To compare
the catalytic performances of catalysts before and after
immobilizing, the amounts of PdCu and HRP loaded in
PdCu@HRP are consistent with the amount of free HRP and
bare PdCu hydrogel nanozymes. The loading amounts of HRP
were calculated by the standard curve of enzymes (Figure S3).

Figure 3. (a) Biocatalytic activity comparison of the representative enzyme−carrier systems, including HRP@ZIF-8, SiO2−HRP, Cu3(PO4)2−
HRP, and PdCu@HRP (the free HRP activity was 100%). (b) XPS spectra of Cu 2p and (c) Pd 3d of the as-synthesized PdCu aerogels and
PdCu@HRP. (d) Ratio of Michaelis constant Km of PdCu@HRP and HRP for TMB or H2O2 substrates.
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TMB can be oxidized to a blue product (oxTMB) by
peroxidase with the existence of H2O2 (Figure 2a). The
catalytic activity of peroxidases can be quantitatively reflected
by the absorbance at 652 nm. As shown in Figure 2b, PdCu
hydrogels can catalyze the oxidation of TMB with the existence
of H2O2, indicating that they have peroxidase-like activity. As
expected, the color signal of oxTMB catalyzed by the PdCu +
HRP system (adding PdCu hydrogel nanozymes and HRP to
the substrate solution simultaneously) is stronger than those of
free HRP or PdCu hydrogel nanozymes. Significantly, the

catalytic activity of PdCu@HRP is the highest among these
systems, with an increased absorbance by approximately 1.5-
fold than that of the PdCu + HRP system under the same
conditions (Figure 2c). It is indicated that not only the
peroxidase-like activity of the PdCu hydrogels but also the
synergistic effects between the carrier and enzymes play a
crucial role in boosting the catalytic activity of PdCu@HRP.

3.3. Stability and Reusability of PdCu Hydrogels,
HRP, and PdCu@HRP. Additionally, the tolerance to adverse
environments and reusability as keys to practical applications

Figure 4. (a) Schematic illustration of the catalytic cascade detection of CEA by ELISA. (b) UV−vis spectra of the detection system with different
concentrations of CEA. (c) Corresponding calibration curve. (d) Specificity and selectivity of ELISA (CEA, 100 pg mL−1; PSA, 1 ng mL−1; ESR, 1
ng mL−1; HER2, 1 ng mL−1; PGR, 1 ng mL−1, and the mixture of CEA and interfering antigen). (e) Comparison of the detection concentration
obtained from the ELISA by cascade signal amplification and the CL method in the hospital.
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of PdCu hydrogels, HRP, and PdCu@HRP were investigated.
The relative activity of PdCu@HRP, HRP, and PdCu at
different pH values and temperatures is shown in Figure 2d,e.
Both the optimum pH (4.0) and temperature (37 °C) for
PdCu@HRP, HRP, and PdCu hydrogels are the same. The
activity of HRP is dramatically reduced when the pH and
temperature deviate from the optimal values. However,
PdCu@HRP can significantly reduce the loss of enzyme
activity with changes in pH and temperature and exhibits
higher tolerance in a wider range of pH and temperature,
revealing that the porous structure of the hydrogel is favorable
for the stability of HRP. The reusability of the PdCu@HRP
was also investigated and is plotted in Figure 2. The catalytic
activity of PdCu@HRP retained 78.1% of its initial activity
after five cycles, while free HRP nearly completely inactivated
in the second time, which confirms that enzyme immobiliza-
tion can facilitate the recovery of enzymes. Such good
reusability is attributed to the unique hierarchically porous
structure and the high affinity of PdCu hydrogels for HRP,
decreasing leakage of the enzymes from carriers to the solution.
3.4. Mechanism of Synergistic Enhancement. To

unveil the underlying mechanisms of the enhanced activity of
PdCu@HRP, we first explored the interaction between carriers
and enzymes. Some common carriers such as ZIF-8, SiO2, and
Cu3(PO4)2 were also synthesized and used to load HRP for
comparison. The results show that HRP in ZIF-8 and SiO2 can
maintain 94% and 96% activity, respectively (Figure 3 and
Table S1). The denaturation and deactivation of the HRP
immobilized in ZIF-8 and SiO2 may be closely associated with
mass transfer limitations, unfavorable enzyme−carrier inter-
actions, and conformational changes in the enzymes in the
matrix.4,20,23,24 However, the activity of HRP in Cu3(PO4)2
and PdCu hydrogels increases by 1.16- and 2.20-fold in
comparison to that of free HRP. The coordination of copper
ions in crystals with the imidazole group of histidine in HRP is
proposed to trigger the activation of enzymes.40,42 Further-
more, XPS analysis was performed to explore the electron
transfer in the as-obtained PdCu@HRP (Figure 3b,c). Note
that the binding energies of the Pd 3d5/2 and Cu 2p3/2 peaks of
PdCu decrease by 0.9 and 0.6 eV, respectively, after the
capsulation of HRP, which demonstrates that PdCu hydrogel
nanozymes interact with HRP by coordination interaction and
the electrons transferring from HRP to PdCu cause the
activation of HRP.
Besides, the interaction between carriers and substrates was

explored. Designing suitable supports for immobilizing
enzymes is beneficial to capture substrates through hydro-
phobic or electrostatic interactions.43,44 As shown in Figure S4,
the surface charge of PdCu@HRP is negative after
immobilizing positively charged HRP on the negatively
charged hydrogel carriers, which is beneficial to attract
positively charged substrates by electrostatic interactions.45,46

To further demonstrate the effect of enrichment of the
substrate, the Michaelis−Menten curves of PdCu hydrogel
nanozymes, HRP, and PdCu@HRP are plotted in Figure S5.
After immobilizing, Km is reduced by 2.6 and 1.2 times when
hydrogen peroxide and TMB are the substrates, respectively
(Figure 3d). The detailed kinetic parameters are summarized
in Table S2. The surface charge of the catalyst reverses after
immobilizing HRP, resulting in a higher substrate concen-
tration near the enzymes than that in the bulk solution, further
reducing the Michaelis constant Km and leading to an apparent
increase in enzymatic activity.20

3.5. Detection of the CEA Using ELISA by Cascade
Signal Amplification. ELISA has been widely explored for
the sensing of biomarkers because of the outstanding inherent
specificity of immunoreactions.47−49 The conventional ELISA
always uses a HRP-labeled antibody as a signal enhancer,
which can oxidize chromophoric molecules and thus realizes
the immunoassay of targets. However, the main drawback of
the colorimetric method is the relatively low detection
sensitivity. Enzyme cascade amplification is a novel and
effective signal amplification strategy for improving sensitivity
and has been applied for the development of colorimetric
immunoassays.50 In the cascade reaction, an initial enzyme
related to a signal receptor is activated and, in turn, catalyzes
the activation of numerous secondary enzymes. Here, to
achieve signal amplification and ultrasensitive sensing of trace
targets, PdCu@HRP-based ELISA was developed through
enzyme cascade reactions.51 To build a new type of cascade
biosensor, glucose oxidase (GOx) and PdCu@HRP were
combined to realize signal amplification. GOx was encapsu-
lated into ZIF-8 to obtain GOx@ZIF-8. The morphology of
the as-prepared GOx@ZIF8-Ab2 maintains a typical rhombic
dodecahedron structure (Figure S6). RhB-labeled GOx was
used to prove the successful encapsulation of GOx by CLSM,
and a red fluorescence region in the images (Figure S7) was
observed, indicating that GOx was encapsulated in ZIF-8. To
verify the feasibility of the cascade signal amplification, glucose
was added to the GOx@ZIF8 solution and incubated for a
while, where H2O2 and gluconic acid were produced. The
produced H2O2 could then effectively oxidize TMB in the
presence of PdCu@HRP, and a distinct color change was
observed with an increased amount of GOx@ZIF-8, as shown
in Figure S8.
The cascade reaction system was employed for the detection

of CEA. GOx and the antibody of CEA were integrated into
ZIF-8 to form a complex (GOx@ZIF-8-Ab2) by coprecipita-
tion without any additional chemical coupling reagent (Figure
S9). The immunoassay principle is shown in Figure 4a. GOx@
ZIF-8-Ab2 will be recognized by the target CEA, forming
sandwich immunocomplexes. Then, PdCu@HRP will be
activated in the presence of glucose, resulting in a color
change of TMB. Figure 4b shows that the absorbance at 652
nm increased gradually with an increase of CEA concentration,
suggesting that a cascade signal amplification system composed
of GOx@ZIF-8 and PdCu@HRP can be used for the detection
of CEA. A good linear relationship (R2 = 0.998) in the range of
5−1000 pg mL−1 of CEA was established by plotting the
absorbance against the logarithm of the CEA concentration
(Figure 4c). A limit of detection (LOD) of 1.4 pg mL−1 CEA
was determined. In comparison, the linear range of 20−800 pg
mL−1 of CEA with a LOD of 8.5 pg mL−1 was determined for
the conventional HRP-based ELISA based on its calibration
curve (Figure S10). These results suggested that the cascade
system could improve the sensitivity by 6.1-fold compared to
the conventional HRP-based ELISA. Besides, the resulting
sensing platform was compared with other immunoassays
utilizing different protocols (Table S3) and showed excellent
performances with a low LOD. We also investigated the
reproducibility of the developed ELISA by repeatedly
measuring 100 pg mL−1 CEA five times. As shown in Figure
S11, the consistency of the signal intensity indicates
satisfactory reproducibility. Besides, the stability was evaluated
using the developed method for sensing 100 pg mL−1 CEA at
different interval days. The signal responses exhibited no
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apparent difference in 12 days, demonstrating the good
stability of the developed ELISA (Figure S12). Subsequently,
the specificity and selectivity of the developed ELISA toward
the target CEA and other biomarkers (e.g., prostate-specific
antigen, PSA; estrogen receptor, ESR; progesterone receptor,
PGR; human epidermal growth factor receptor 2, HER2) were
also investigated. As shown in Figure 4d, the interferences
including PSA, ESR, HER2, and PGR at a concentration of 1
ng mL−1 showed no apparent difference from the blank group.
On the contrary, the target CEA with a low concentration (100
pg mL−1) could cause a significant change in the absorbance.
Besides, the absorbance intensities did not show significant
increases compared with CEA alone when the system
contained both the target CEA and interferences. Hence, the
PdCu@HRP-based improved ELISA exhibited high specificity
and selectivity toward the target CEA.
3.6. Application in Human Serum Samples. To

demonstrate the potential application of the PdCu@HRP-
based ELISA in clinical diagnosis, the real samples of human
serum from healthy people and patients were analyzed. The
CEA levels of human serum obtained from the hospital are in
the range of 1.62−46 ng mL−1, which are outside of the linear
range. Hence, the human serum was diluted 100 times with
PBS solution before the immunoassay. The comparison
between the detected value obtained by the proposed ELISA
and the testing value from the hospital (chemiluminescence
(CL) method) shows a good linear relationship and R2 equals
0.995, indicating that the proposed strategy could be utilized as
an optional scheme for the quantitative determination of target
CEA in practical applications (Figure 4e).

4. CONCLUSIONS
In this work, we have successfully developed PdCu hydrogel
nanozymes to immobilize HRP, which can enhance the
thermal and chemical stabilities of HRP, realizing the reuse
of enzymes. Significantly, PdCu@HRP exhibits synergistically
enhanced peroxidase activity than the free HRP and PdCu
hydrogel nanozymes, demonstrating the unique advantages of
the noble metal hydrogels as support for immobilizing
enzymes. Accordingly, the resulting PdCu@HRP was applied
in ELISA to detect CEA by a cascade reaction for signal
amplification. The proposed biosensor realizes the quantitative
probing of the CEA concentration in a wide range from 5 to
1000 pg mL−1 with a LOD of 1.4 pg mL−1, exhibiting 6.1-fold
enhanced sensitivity than HRP-based ELISA. This work
broadens the application of noble metal hydrogels and
provides a new view for immobilizing enzymes.
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