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a b s t r a c t

Label-free immunoassay is confronted with a great challenge that its insufficient sensitivity for low con-

centration analytes, which can be assigned to the low catalytic efficiency of modified materials towards

electroactive molecules. Herein, a universal MOF nanozyme-induced catalytic amplification strategy was

proposed for constructing highly sensitive label-free electrochemical immunoassay. Specifically, the syn-

thesized CuFe-MOF nanozyme with superior peroxidase (POD)-like activity, regarding as a MOF nanozyme

model, can catalyze hydrogen peroxide to produce hydroxyl radicals (•OH), which can efficiently oxidize

electroactive probe (such as 1,2-phenylenediamine (o-PD)) accompanying with intense electrochemical

signals. Modification of MOF nanozyme on the electrode and capture of antibodies for binding target

antigens hinder the catalytic process of MOF nanozyme toward o-PD, resulting in a gradual decrease

in electrochemical signal with increasing target antigen concentration, enabling quantitative label-free

immunoassay. Thus, a highly sensitive label-free immunosensor using MOF nanozyme-induced catalytic

amplification achieved effective detection of Immunoglobulin G (IgG) with a wide linear range of 0.001–

50ng/mL and low detection limit of 0.45 pg/mL. This work proposes a promising nanozyme-induced cat-

alytic amplification strategy for the development of label-free electrochemical immunoassay.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Researches on exploitation of electrochemical immunoassay

have attracted considerable attention, particularly in the develop-

ment of various immunosensors based on nanomaterial-modified

sensing interface [1–3]. As an important branch of electrochemical

immunoassay, label-free electrochemical immunosensors have be-

come an attractive and promising approach for the direct detection

of disease markers because of simple procedure, ease of use, rapid

assay, low cost, without secondary antibody compared to labeled

immunosensors [4–7]. However, traditional label-free immunosen-

sors have the problems in the detection of very low concentration

target molecules because low catalytic ability of modified materials

toward the electroactive probe (potassium ferricyanide) [8]. There-

fore, it is of significance to develop functional materials with high

catalytic properties modified on the electrode interface for effec-

tively catalyzing electroactive molecules, which can enhance the
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sensitivity for detection of target analytes via label-free electro-

chemical immunosensor [9–11].

Metal-organic frameworks (MOFs) are widely recognized as star

materials and extensively utilized across various fields due to their

exceptional properties [12–17]. In the past few years, a few MOF

materials have been discovered to exhibit biomimetic catalytic

functions similar to enzymes [18–22], which can be attributed to

their exceptional physical and chemical properties, low cost, re-

markable stability, and convenient storage characteristics [23]. In

comparison with nanozymes based on carbon materials [24,25],

noble metals [26,27] or transition metal compounds [28,29], MOF

nanozymes show some unique features arising from their versatil-

ity and structural adjustability, in addition to the inherent advan-

tages of facile synthesis and customizable design [30,31]. Bimetal-

lic MOFs not only possess the advantages of metal-organic frame-

work materials but also exhibit excellent conductivity, structural

stability and catalytic activity [32–35]. Therefore, the attractive

bimetallic MOFs with versatile nature meet the need for design-

ing MOF nanozyme with multi-active sites, which will endow them

with growing applications, especially in the biosensing field. At
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Scheme 1. Schematic illustration for synthesis of CuFe-MOF (A), fabrication of

label-free electrochemical immunosensor and immunoassay procedure for IgG (B).

present, MOF nanozymes have been not reported in label-free elec-

trochemical immunoassay to the best of our knowledge. With the

continuous development of nanozymes and biosensor technology,

the combination of label-free immunosensors and MOF nanozymes

holds great potential for advancing the sensitivity of disease mark-

ers detection.

In this work, a spindle-shaped copper-iron bimetallic metal-

organic framework (CuFe-MOF) nanozyme with excellent per-

oxidase (POD)-like activity was synthesized (Scheme 1A). Here,

an effective label-free electrochemical immunosensor was devel-

oped based on MOF nanozyme-induced catalytic amplification

(Scheme 1B) benefiting from oxidative activity of hydroxyl radicals

generated by the decomposition of H2O2 catalyzed by nanozyme.

Immunoglobulin G (IgG) was exploited as a model analyte to in-

vestigate the performance of the label-free immunosensor. The

CuFe-MOF nanozyme can catalyze hydrogen peroxide oxidizing

1,2-phenylenediamine (o-PD) to produce intense differential pulse

voltammetry (DPV) signal. Based on the inhibition of antibody-

antigen reaction toward the DPV signals of o-PD, a sensitive label-

free electrochemical immunoassay was achieved for quantitative

detection of IgG. The fabricated electrochemical immunosensor ex-

hibits high sensitivity, excellent specificity, and satisfactory repro-

ducibility for detection of IgG.

The morphology characterization of the prepared CuFe-MOF

nanozyme was conducted using scanning electron microscope,

transmission electron microscope and X-ray diffraction (XRD).

Based on the scanning electron microscope (SEM) image (Fig. 1A),

it is evident that the CuFe-MOF nanozyme displays a homoge-

neous spindle-shaped morphology with an average length of ap-

proximately 600nm and a remarkably smooth surface, which is

further confirmed by the transmission electron microscope (TEM)

image of CuFe-MOF (Fig. 1B). The XRD pattern (Fig. 1C, curve b)

shows that the crystal structure of CuFe-MOF nanozyme remains

unaffected by the Cu doping, and no additional impurity diffraction

peaks were found. In addition, XRD pattern of CuFe-MOF is basi-

cally consistent with the results reported by the literature (curve a)

[36], indicating that the CuFe-MOF nanozyme was successfully pre-

pared accompanying with high purity. The element mapping char-

acterization was shown in Fig. 1D, which shows that the elements

(including C, N, Cu, and Fe) are uniformly distributed in CuFe-MOF

nanozyme. Additionally, the energy dispersive X-ray (EDX) spectro-

gram (Fig. S1 in Supporting information) depicts the component

elements of CuFe-MOF, which confirm the presence of carbon, ni-

trogen, iron, and copper in the material and further evidence of

the successful synthesis of CuFe-MOF nanozyme. SEM and X-ray

Fig. 1. (A) SEM images of CuFe-MOF. (B) TEM image of CuFe-MOF. (C) XRD of CuFe-

MOF. (D) HAADF-STEM image and element mappings images. (E) UV–vis spectra of

(a) TMB, (b) TMB+H2O2, (c) TMB+H2O2 +CuFe-MOF. The insets are colorimetric

photographs corresponding to curves a, b and c.

photoelectron spectra (XPS) were used to characterize the sensing

interface throughout the immunosensor fabrication process (Fig. S2

in Supporting information).

To explore the POD-like activity of CuFe-MOF nanozyme, the

chromogenic substrate 3,3′,5,5′-tetramethylbenzidine (TMB) was

employed in the experiment. The progression of the reaction was

tracked using ultraviolet-visible (UV–vis) spectroscopy at a specific

wavelength of 652nm. As shown in Fig. 1E, there was no appar-

ent UV absorption and color change in the separate TMB solu-

tion and TMB+H2O2 solution (curve and insets a and b). However,

upon the addition of CuFe-MOF nanozyme to the TMB+H2O2 solu-

tion, a distinct blue color was observed (inset c), accompanied by

a prominent absorption peak (curve c). The phenomenon power-

fully shows excellent the POD-like catalytic capability of CuFe-MOF

nanozyme. In the presence of H2O2 and nanozyme with POD-like

activity, TMB could be catalyzed into oxidized TMB (oxTMB) ex-

hibiting characteristic peaks at 652nm, which can be ascribed to

the strong catalytic oxidation of hydroxyl radicals that originated

from H2O2 catalyzed by nanozyme. The superior POD-like proper-

ties of the synthesized CuFe-MOF nanozyme is mainly attributed

to the synergistic effect of copper and iron.

In order to further illuminate the peroxidase like catalytic activ-

ity of CuFe-MOF, the steady-state catalytic kinetics tests were con-

ducted. When H2O2 was the substrate, the experiment was con-

ducted at room temperature in an acetate buffer solution (pH 4.5),

with a constant concentration of TMB achieved by varying the con-

centration of H2O2. The Michaelis-Menten curve (Fig. 2) was ob-

tained by plotting the relationship between various concentrations

of H2O2 and their respective v0, following the Michaelis-Menten

equation (Eq. 1).

1

v0

= Km

Vm
× 1

[S]
+ 1

Vm
(1)

where Vm is the maximum velocity, [S] is the substrate con-

centration, and Km is the Michaelis constant. Subsequently, cat-

alytic kinetic parameter values were calculated, including the Km

and Vm for CuFe-MOF, which were determined to be 0.14mmol/L

and 4.13×10−8 mol L−1 s−1, respectively, with H2O2 as the sub-

strate for the Lineweaver-Burk double reciprocal plot (Fig. 2). Cor-

respondingly, under unchanged reaction conditions with a con-

stant H2O2 concentration, varying the concentration of TMB, the

Km and Vm for CuFe-MOF were found to be 0.41mmol/L and

4.56×10−8 mol L−1 s−1, respectively. Additionally, the Km and Vm

values were compared with those of other typical nanozymes,

as outlined in Table S1 (Supporting information). This compari-
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Fig. 2. Steady-state kinetic analysis using Michaelis-Menten and Lineweaver-Burk

plot for CuFe-MOF. (A) Plot of v with the concentration of H2O2. (C) Plot of v with

the concentration of TMB. (B) and (D) were double-reciprocal plots of (A) and (C),

respectively.

Fig. 3. DPV responses of bare GCE (a), CuFe-MOF/CS/GCE (b), SA/CuFe-MOF/

CS/GCE (c), biotin-anti-IgG/SA/CuFe-MOF/CS/GCE (d), IgG (0.1 ng/mL)/biotin-anti-

IgG/SA/CuFe-MOF/CS/GCE (e), and IgG (10ng/mL)/biotin-anti-IgG/SA/CuFe-MOF/

CS/GCE (f) in pH 7.0 PBS solution containing 20mmol/L o-PD and 6.0mmol/L H2O2.

son demonstrates the exceptional peroxidase-like properties of the

CuFe-MOF.

The feasibility of the proposed electrochemical immunosensor

for label-free detection was investigated using DPV in pH 7.0

phosphate buffer solution (PBS) containing 20.0mmol/L o-PD and

6.0mmol/L H2O2. As seen from Fig. 3 that the CuFe-MOF/chitosan

(CS)/glassy carbon electrode (GCE) (curve b) exhibited the much

higher current signal at −0.55V than of bare GCE (curve a), which

can be ascribed to the catalytic oxidation reaction of o-PD induced

by MOF nanozyme. Concretely, o-PD is oxidized by •OH with

highly oxidative activity to produce 1,2-phenylenediamine oxidized

(o-PDox) resulting high DPV signal, in which •OH are originated

from the conversion of H2O2 catalyzed by MOF nanozyme. With

the entrapment of streptavidin (SA) on the composite film, the

peak current of SA/CuFe-MOF/CS/GCE exhibited a significant de-

crease due to the low conductivity of SA (curve c). When the

immobilization of biotinylated anti-IgG onto the electrode, the

immunosensor (biotin-anti-IgG/SA/CuFe-MOF/CS/GCE) showed a

further reduction in peak current (curve d). Additionally, the peak

current displayed the successive decreases upon the incubation of

0.1 (curve e) and 10ng/mL (curve f) of IgG with the immunosen-

sor, which can be attributed to the blocking effect exerted by

the immunocomplex molecules on electrode surface. Therefore,

this label-free electrochemical immunosensor based on MOF

nanozyme-induced catalytic amplification strategy can effectively

achieve rapid detection of IgG by utilizing the changes in peak

current versus the concentration of IgG antigen.

Fig. 4. (A) DPV responses of the label-free immunosensor toward different concen-

trations of IgG (from a to i: 0.001, 0.05, 0.5, 5, 10, 15, 20, 25, 50ng/mL IgG), (B)

linear relation between current response and IgG concentration.

Fig. 5. (A) Specificity of the label-free immunosensor in the presence of blank (a),

IgG (b), CA125 (c), CEA (d), AFP (e), IgM (f), and (B) storage stability diagram of

label-free immunosensor.

As shown in Fig. 4A, the DPV current response exhibited suc-

cessive decreases with increasing IgG concentration. The cali-

bration plot (Fig. 4B) demonstrated a favorable linear relation-

ship between the reduction of peak currents and IgG concentra-

tions within the range of 0.001ng/mL to 50ng/mL with a low

detection limit of 0.45 pg/mL (S/N=3), indicating the potential

of the proposed label-free immunosensor for sensitive detection

of tumor marker. The fitted linear regression equation was Y

(μA)=3.22631–0.03923X (ng/mL) with a linear regression coeffi-

cient of R2 =0.9969. The detection limit of the proposed method

is significantly lower than that of other reported methods [37–40],

which is ascribed to the high catalytic ability toward electrochem-

ical substrates of the excellent POD-like CuFe-MOF nanozyme. The

analytical performance of the immunosensor was compared with

that of other reported immunosensors and is listed in Table S2

(Supporting information). By comparing with other immunosen-

sors, it was observed that the CuFe-MOF immunosensor exhibited

a sufficient detection range and a low limit of detection (LOD) for

recognizing IgG.

For the purpose of evaluating specificity, the CuFe-MOF-based

immunosensor was utilized to detect IgG (50ng/mL) and in-

terfering antigens including CA125 (50ng/mL), CEA (50ng/mL),

AFP (50ng/mL), and IgM (50ng/mL). As shown in Fig. 5A, the

label-free immunosensor exhibited a substantial change in current

response only in the presence of target IgG, which indicates

that the label-free immunoassay with high specificity can be

effectively employed for the selective determination of IgG. The

reproducibility of the label-free immunosensor was examined by

calculating coefficients of variation (CVs) within the same group

and between different groups. Intra-CV is 2.4% by repetitive testing

of IgG (15ng/mL) using the same immunosensor five times, and

inter-CV is 4.9% by the parallel determination of IgG (15ng/mL)

using five different immunosensors. This analysis confirms the

excellent reproducibility of the prepared label-free immunosensor.

In addition, the stability of the label-free immunosensor was

investigated by assessing its current responses periodically after

a period of storage (shown in Fig. 5B). The immunosensor was

measured weekly, and the current response retained 96% of its

3
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initial value after being stored at 4 °C in 0.01mol/L PBS (pH 7.4)

for 4 weeks, demonstrating that the label-free immunosensor

exhibits acceptable stability under this storage condition.

To assess the accuracy and practical value of the CuFe-MOF-

based immunosensor, actual serum samples were spiked with

standard concentrations of IgG and then subjected to analysis

of recovery. Ethical approval was obtained from the Institutional

Ethics Committee. Written informed consent was obtained from

all the participants prior for the publication of this study. By

adding IgG standard solutions of 0.05ng/mL, 5.0 ng/mL, 15ng/mL,

20ng/mL, and 25ng/mL to human serum samples, the measure-

ment results are summarized in Table S3 (Supporting information).

As shown in the table, the recovery rates range from 94.38% to

106.3%, suggesting that the label-free immunosensor exhibits ex-

cellent detection capability for actual samples.

In this study, a universal MOF nanozyme-induced catalytic am-

plification strategy was developed and utilized to fabricate high-

performance label-free electrochemical immunoassay. In detail, a

novel bimetallic CuFe-MOF nanozyme with excellent POD-like ac-

tivity, large specific surface area and excellent conductivity was

synthesized as a model. Taking o-PD as electroactive substrate,

CuFe-MOF nanozyme with exceptional POD-like properties can cat-

alyze H2O2 to produce •OH with intensive oxidability that can oxi-

dize o-PD to o-PDox with high electrochemical signal. Utilizing IgG

as analyte, the constructed label-free electrochemical immunosen-

sor demonstrates a wide linear range, low detection limit, and

remarkable selectivity, and can be successfully applied in detec-

tion of IgG in clinical serum samples. The MOF nanozyme-induced

catalytic amplification strategy for constructing label-free electro-

chemical immunosensor presented in this study holds promising

potential for applications in clinical diagnosis and other fields.
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