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Nanozyme-based biomolecules sensitive and quantitative

detection is an attractive strategy due to their high chem-

ical, thermal stability and reactive activity. Here, we have

synthesized a significant number of two-dimensional (2D)

cobalt-metal-organic framework (Co-MOF) nanosheets

with oxidase (OXD)-like activity using a facile solvother-

mal method in one pot for biomolecule monitoring. The

synthesized Co-MOF nanosheets exhibit strong stability,

higher specific surface area and more active sites due to

their MOF structure. Such Co-MOF nanosheets with

excellent OXD-like activity show adequate analytical

performance in the quantitative determination of dopamine

(DA) and glutathione (GSH) with a wider dynamic sensing

range and lower detection limits (DA and GSH: 0.24 and

0.067 lmol�L-1, 3r/slope, where r is standard deviation of

the blank). This work extends the application of 2D-MOF

structures in bioassays and brings new insights into the

application of OXD-like nanozymes in bioassays.

Natural enzymes play significant roles in various bio-

chemical processes and have potential application pro-

spects in biotechnology and environmental remediation [1].

However, their relatively low stability, high cost and dif-

ficulties in storage restricted their practical applications

[2–5]. Aiming to overcome these drawbacks, researchers

have been developing nanomaterials with enzymatic

activity (nanozymes), which are highly stable, low cost,

scale-up, easy preparation and catalytically efficient [6].

These merits make nanozymes an excellent replacement

for natural enzymes [7–9].

Since Yan et al. discovered that Fe3O4 has intrinsic

peroxidase (POD)-like property in 2007, plenty of nano-

materials with enzyme-mimic activity have been designed

and synthesized [10]. At present, most of the reported

nanozymes show POD activity and H2O2 is needed in the

catalytic oxidation process [11, 12]. Oxidases (OXD) can

catalyze the oxidation of substances in the presence of

oxygen (O2) instead of H2O2, which makes OXD more

convenient and safer than peroxidase in biosensor con-

struction, anti-inflammatory and sterilization [13, 14].

However, only a few kinds of nanomaterials (such as CeO2,

MnxOy and AuNPs) exhibit oxidase-mimic properties.

Metal-organic frameworks (MOFs) consist of metal ions

and organic ligands, which are a class of hybrid inorganic-

organic crystalline porous materials [15–17]. Furthermore,

MOFs can be synthesized briefly by solvothermal, micro-

wave-assisted, ultrasonic, and electrochemical methods

[18–21]. They have attracted much interest due to their

prominent features, such as high specific surface area,

excellent stability, flexible nanoscale porosity and abun-

dant spatial structure, which make them have been applied

Wei-Jia Guo and Zhong-Wei Yang have contributed equally to this

work.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12598-
022-02179-8.

J.-W. Guo, Z.-W. Yang, X.-L. Liu, L.-W. Zhang, L.-H. Ding*

Institute for Advanced Interdisciplinary Research, School of

Chemistry and Chemical Engineering, University of Jinan, Jinan

250022, China

e-mail: bio_dinglh@ujn.edu.cn

W.-B. Guo*

School of Chemistry and Chemical Engineering, Linyi

University, Linyi 276005, China

e-mail: weiboguo@126.com

J. Zhang

Department of Biology and Biological Engineering, Chalmers

University of Technology, 41296 Göteborg, Sweden
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in gas separation, energy storage, catalysis, sensors,

biomedical imaging, etc. [22–24]. In addition, MOFs-based

materials are also explored as nanozymes. However, there

are often some modified MOFs and some MOF derivatives

that exhibit OXD-like activity, while pristine MOFs show

POD-like properties. So far, only a few pristine MOFs with

OXD-like activity have been reported [25]. Tan et al.

synthesized mixed-valence state cerium-MOF (MVC-

MOF) with OXD-like activity [26]. Indeed, the develop-

ment of pristine MOFs with OXD-mimic activity is still in

its infancy and it is a challenging object [27].

Herein, we exploit a facile solvothermal method for the

one-pot synthesis of 2D Co-MOF with a large specific

surface area and high stability (Scheme 1). The as-prepared

Co-MOF nanosheets possess OXD-like activity. Owing to

the MOF structure, the specific surface area of the com-

posite structure can reach 90.7 m2�g-1, which can expose

more catalytically active sites. Furthermore, the Co-MOF

nanosheets exhibit strong stability. Based on these results,

a simple, sensitive and selective colorimetric method was

established for the quantitative detection of DA and GSH.

The linearity between the analyte concentration and

absorption ranged from 0 to 12 lmol�L-1 for GSH and 0 to

40 lmol�L-1 for DA with a detection limit of 0.24 and

0.067 lmol�L-1 for GSH and DA.

The Co-MOF was synthesized through the hydrothermal

method as shown in Scheme 1. Firstly, the morphology of

the as-prepared Co-MOF was observed through scanning

electron microscopy (SEM). As shown in Fig. 1a, the Co-

MOF consists of a wealth of 3D flower-like microstructures

(diameter of about 5 lm) composed of 2D nanosheets. The

diameter of the nanosheet is 0.5–1 lm (Fig. 1b). The

results observed from the transmission electron microscopy

(TEM) image (Fig. 1c) were consistent with those from

SEM images. In addition, from the high-resolution TEM

(HRTEM) image, the typical interlaminar spacing of

0.22 nm could be observed (Fig. 1d), which belongs to the

typical Co-MOF structure. Furthermore, energy-dispersive

spectrometer (EDS) elemental mapping of Co-MOF

(Fig. 1e) confirmed the existence of Co, N, O and C.

Moreover, the elements are evenly distributed within the

nanostructure.

X-ray diffraction (XRD) analysis was employed to

characterize the crystal phase of Co-MOF. The diffraction

peak is located at about 10.5� belonging to 2-MI of Co-

MOF (Fig. 2a) [28]. Subsequently, the light absorption

ability of Co-MOF was investigated by ultraviolet-visible

(UV-Vis) diffuse reflection spectrum (DRS; Fig. S1). Co-

MOF nanosheets show a light absorption edge at 650 nm,

which is located in the visible region. And Co-MOF

Scheme 1 Synthesis of Co-MOF and detection mechanism of GSH and DA
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nanosheets also absorb at 1205 nm in the NIR-II region.

The properties of the Co-MOF structure were further

confirmed by Raman spectra, which are based on the sen-

sitivity of molecular vibrations and rotations. As shown in

Fig. S2, the peaks of Co-MOF at 473 and 678.1 cm-1

correspond well to the C=N–C vibrations and belong to the

bending vibrational peak of the imidazole ring [29, 30].

The peak located at 513.4 cm-1 is attributed to the

stretching of the Co–O bond. Fourier-transform infrared

spectroscopy (FTIR) spectrum was obtained to explore the

molecular structure and chemical composition of Co-MOF.

A stretching vibration of the C–H bond at 2922 and

2852 cm-1 could be observed in Fig. 2b, while 3439 cm-1

corresponds to the hydroxyl group (–OH) on the surface of

Fig. 1 a, b SEM, c TEM, and d HRTEM images of Co-MOF; e EDS elemental maps of Co-MOF

Fig. 2 a XRD pattern, b FTIR spectrum and c N2 adsorption–desorption isotherms of Co-MOF; high-resolution XPS spectra of d Co
2p, e O 1s and f N 1s
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Co-MOF. The peaks located at 1627 and 1382 cm-1 are

attributed to the Co–O bond in Co-MOF [31]. The specific

surface area of Brunauer–Emmett–Teller (BET) of Co-

MOF is measured to be 90.7 m2�g-1 with a most count-

able pore size of 4.08 nm (Figs. 2c, S3), which is beneficial

to the adsorption of detected substances.

The chemical composition and chemical valence were

analyzed by X-ray photoelectron spectroscopy (XPS). The

full XPS spectrum shown in Fig. S4a indicates the presence

of Co, C, N and O in Co-MOF. Considering the two spin–

orbit double-peak characteristics of Co2? and Co3? and the

two shaky satellites (identified as ‘‘Sat.’’), the Co 2p

spectrum (Fig. 2d) can be deconvoluted. For the Co-MOF

sample, the peaks at 780.56, 796.28 eV and 782.03,

797.57 eV for the 2p3/2 and 2p1/2 orbitals are attributed to

Co3? and Co2?, respectively. In addition, it could also be

seen two wobbly satellites at 786.11 and 802.73 eV. The

Co 2p3/2 orbit of Co-MOF has a potential barrier of

1.47 eV between ? 2 and ? 3, while the 2p1/2 orbit has a

potential barrier of 1.29 eV between ? 2 and ? 3 [32, 33].

Moreover, the characteristic peaks in the O 1s spectrum of

Co-MOF at 530.23, 530.8 and 531.58 eV are attributed to

Co–O, O–H and C–O bonds, respectively (Fig. 2e). The

peaks at 398.94, 402.18 and 406.17 eV in the N 1s spec-

trum (Fig. 2f) belong to the N–H, C–N and N2 of Co-MOF.

Feature peaks of C 1s belonging to Co-MOF located at

284.13, 284.81, 285.9 and 288.42 eV correspond to C–C,

C=C, C–N and C=O bonds, respectively (Fig. S4b).

To evaluate the OXD-like activity of Co-MOF, TMB

was used as a substrate because the color change was

evident after TMB oxidation and the oxidation product

oxTMB had a characteristic absorbance at 652 nm. For

comparison, nickel MOF (Ni-MOF) was also synthesized

in the same method (shown in Supporting Information). Ni-

MOF possessed similar morphologies and BET-specific

surface area (88.8 m2�g-1) and pore size (3.95 nm)

(Figs. S5, S6) to Co-MOF. It could be seen in Fig. 3a that

the air-saturated solution containing TMB turned blue and

showed an absorption peak at 652 nm in the presence of

Co-MOF, which was much higher than that of Ni-MOF.

Similarly, OPD and ABTS were oxidized to organed and

darkgreen substances with characteristic absorption peak at

552 and 418 nm by Co-MOF, respectively, along with

characteristic absorption peaks at 452 and 418 nm (Fig. 3b,

c). Similarly, the Co-MOF also produces a much higher

absorption peak than Ni-MOF. The OXD-like activity of

Co-MOF fluctuates with pH and has the highest activity at

pH 3.6 (Fig. 3d). In addition, it also shows excellent

activity over a wide temperature range with the best

activity at 37 �C (Fig. 3e), which is better than natural

enzymes.

In principle, OXD-like MOF nanozymes catalyze the

dissociation of O2 into oxygen adsorbed atoms. To check

whether O2 is a substrate for the Co-MOF, the effect of O2

was tested. Briefly, we added or removed dissolved O2

from Co-MOF and TMB solutions by air or nitrogen (N2)

purging (30 min) firstly and then monitored the absorption

of oxTMB after mixing for 10 min [34]. It could be

observed that the absorbance of TMB in the presence of air

blowing significantly increased, while in the absence of O2

(in the presence of N2), the absorbance of oxTMB

decreased (Figs. 3f, S7), indicating a significant inhibition

of ROS production after O2 removal. Overall, these results

suggest that Co-MOF was an OXD-like nanozyme.

To further verify the OXD-like activity of Co-MOF, we

chose ascorbic acid (AA) as an antioxidant, which shows a

strong absorption at 266 nm and disappears after being

oxidized [35]. After co-incubation with Co-MOF for 12 h,

a dramatic decrease in the absorbance of AA at 266 nm

could be observed (Figs. 4a, S8a). It indicates that ROS can

be produced by Co-MOF without any external stimulation

and would vary with the concentration of Co-MOF

increasing (Figs. 4b, S8b). As we all know, singlet oxygen

(1O2) and hydroxyl radicals (�OH) are extremely highly

reactive [36], which are the ROS substances generated by

most of the nanozymes.

To further validate the source of OXD-like activity of

Co-MOF, we used Co-MOF as our representative for ROS

generation through probes. 9,10-anthracenediyl-bis

(methylene) dimalonic acid (ABDA) is a fluorescent

molecule, which could become non-fluorescent after being

captured by 1O2. We observed that after co-incubation of

Co-MOF (60 lg�mL-1) with ABDA for 3 h, the relative

fluorescence of ABDA decreased by * 75.7% (Figs. 4c,

S9a) and that this ability was dose-dependent (Figs. 4d,

S9b, S9c), implying that Co-MOF produces 1O2-like ROS

species. To exclude the possibility that the observed fluo-

rescence reduction of ABDA is due to accidental bleaching

of ABDA, singlet oxygen sensor green (SOSG) was also

used as a probe for monitoring 1O2, which is weakly blue

fluorescent and changes to bright green fluorescence after
1O2 capture [37]. The same bright green fluorescence

enhancement of SOSG was observed after co-incubation of

SOSG with Co-MOF for 3 h (Figs. 4e, S10). In conclusion,

these observations suggested that the ROS generated by

Co-MOF should be 1O2 in chemical reactivity. Signifi-

cantly, Co-MOF does not produce ROS with chemical

reactivity similar to �OH because Co-MOF fails to affect

the fluorescence of terephthalic acid (PTA) (Figs. 4f, S11),

which is non-fluorescent and can become brightly fluo-

rescent (kem = 430 nm, where kem is emission wavelength)

upon the capture of �OH [38]. In conclusion, these results

suggest that Co-MOF generates ROS similar to 1O2 in

terms of chemical reactivity instead of �OH.
Bio-thiols, such as glutathione (GSH), play an active

role in antioxidant processes which are also biomarkers for
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various diseases (liver damage, Alzheimer’s disease and

cancer) [39–43]. Given the excellent inherent OXD-like

activity of Co-MOF, a GSH and DA colorimetric detection

system could be established. Co-MOF catalyzes the gen-

eration of 1O2 from O2, which could oxidize TMB to

oxTMB. After GSH addition, the blue color of oxTMB

changes light gradually and the absorption at 652 nm

decreases (Fig. 5a), indicating that GSH can inhibit the

oxidation of TMB. Furthermore, the inhibited degree is

related to GSH concentration. Figure 5b shows the linear

curve between absorption of oxTMB and the concentration

of GSH from 0 to 12 lmol�L-1. The regression equation is

y = - 0.03629x ? 0.51058 (R2 = 0.986) and the limit of

detection is 0.067 lmol�L-1 (3r/slope), indicating a high

sensitivity toward GSH. Next, we compared the analytical

performance of the proposed method with previously

reported sensors with different detection methods for GSH

detection (Table S1). It was found that our proposed sensor

showed a wider linear detection range and lower LOD

value compared to most of the reported sensors.

Similarly, dopamine (DA, 3, 4-dihydroxyphenylalanine)

is a key neurotransmitter in the hypothalamus and pituitary

glands, which plays an essential role in the central nervous,

renal, hormonal and cardiovascular systems [44, 45]. DA

concentrations have been connected with neurological and

physiological disorders such as schizophrenia, Parkinson’s

disease, HIV infection and addictive behaviors [46]. We

also use the same approach to develop a simple and sen-

sitive colorimetric method for DA determination. Under

optimal conditions, the sensitivity of the sensor system was

investigated by introducing different concentrations of DA.

With DA concentration increasing, the absorption signals

at 652 nm gradually diminish. When the concentration of

DA reaches 40 lmol�L-1, the absorption value is

stable (Fig. 5c). As shown in Fig. 5d, there is a good linear

relationship between absorbance and DA concentration

from 0 to 40 lmol�L-1 with the regression equation

y = - 0.01029x ? 0.55609 (R2 = 0.987). The detection

limit is 0.24 lmol�L-1 (3r/slope). Furthermore, the color

changes of the corresponding samples containing different

amounts of DA can be clearly distinguished by visual

inspection. Thus, the Co-MOF-based sensor platform pro-

vides a simple method for the visual detection of DA. As

summarized in Table S2, the colorimetric sensor based on

Co-MOF nanosheets oxidase-like nanozyme exhibits rela-

tively lower LOD and wider linear detection range than

most of other reported sensors.

The specificity of the proposed method was investigated

by adding some interferences, such as bovine serum albu-

min, histidine, L-arginine, L-leucine, L-threonine and

Fig. 3 OXD-like activity of Co-MOF: a UV–Vis absorption spectra of TMB with or without Co-MOF or Ni-MOF in air-saturated buffer
(inset: digital photos from left to right being TMB, Co-MOF ? TMB, and Ni-MOF ? TMB solutions after mixing for 10 min); UV–Vis
absorption spectra when substrates were replaced with b OPD or c ABTS with other conditions same as TMB; absorbance at 652 nm
in the presence of Co-MOF at different d pH values and e temperatures; f UV–Vis absorption spectra of TMB in the presence of Co-
MOF in N2, air-saturated buffer and air purge (inset: digital photos from left to right being N2, air-saturated buffer and air purge pre-
purged for 30 min and then mixed for 10 min)
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glycine, to the sensing system. As depicted in Fig. 5e, the

color of all control samples remains dark blue except for

GSH and DA, indicating high selectivity of the as-con-

structed sensing platform. The results show that the pre-

pared assay system is resistant to the interference of other

amino acids. These phenomena validate the good speci-

ficity of the Co-MOF. In addition, the stability of Co-MOF

was assessed by measuring the absorption of oxTMB

produced by a reaction between TMB and Co-MOF at

different time. As shown in Fig. 5f, the catalytic activity

almost remains unchanged for a long period. Furthermore,

XPS and XRD spectra of Co-MOF were also tested after

the reaction with GSH and DA. From the full spectrum of

Fig. S12a, it could be seen that Co-MOF ? GSH has sulfur

production after the reaction, which may be originated

from the sulfhydryl group (-SH) with GSH. These same

Co 2p peaks of Co-MOF ? DA and Co-MOF ? GSH also

shift toward lower energies, with Co 2p3/2 of 1.62, 1.60 eV

and Co 2p1/2 of 1.31 and 1.36 eV, respectively. The energy

barrier difference between the ? 2 and ? 3 valence states

remains stable (Fig. S12b) [47]. Except for the peaks

associated with the C=O bond being accentuated as a result

of the reaction of the Co-MOF with the GSH on the sur-

face, the C 1s spectrum (Fig. S12c) is consistent with Co-

MOF in terms of valence structure. No significant changes

are observed in the O 1s spectrum (Fig. S12d). Compared

to Co-MOF, the peaks belonging to N2 (adsorption in the

pore of Co-MOF) decrease after reaction with DA and

GSH, while the changes in C–N and N–H bonds are due to

the reaction of DA and GSH on their surfaces. The effect of

nitrogen-containing groups on the surfaces of DA and GSH

causes changes in C–N and N–H bonds (Fig. S12e). Fur-

thermore, in Fig. S12f, it can be seen that their XRD pat-

terns are almost identical to that before the reaction. In

general, the structure of Co-MOF is still pretty stable be-

fore and after the reaction.

To evaluate the practicality of this colorimetric sensor,

we also examined GSH and DA in human urine. The

experimental procedure was the same as that in acetate

buffer. Adding different amounts of GSH and DA to 1%

human urine, it can be seen that the absorption peak at

652 nm in the UV spectrum gradually decreases with the

gradual increase of GSH content in Fig. S13a and has a

good linear relationship y =-0.03528x ? 0.52171 from 0

to 12 lmol�L-1 detection range (Fig. S13b). Similarly,

there is also a similar downward trend in the UV spectrum

after adding different concentrations of DA (Fig. S13c),

which also had a good linear relationship

y =-0.01111x ? 0.44369 in the detection range from 0 to

40 lmol�L-1 (Fig. S13d). Next, we examine its selectivity

Fig. 4 a UV–Vis absorption spectra of AA treated with a Co-MOF (10 lg�ml-1 in PBS) or PBS; b UV–Vis absorption spectra of AA
treated with Co-MOF at different concentrations; c fluorescent emission spectra of ABDA after 3-h treatment with Co-MOF
(60 lg�ml-1) in PBS, with that of ABDA, treated similarly but with PBS included as a control; d fluorescent emission spectra of ABDA
after 3-h treatment with Co-MOF at different concentrations; e fluorescent emission spectra of SOSG treated with Co-MOF
(50 lg�ml-1, for 3 h), with that of SOSG-treated similarly but with PBS included as a control; f fluorescent emission spectra of PTA
treated with Co-MOF (50 lg�ml-1, for 3 h), with that of PTA-treated similarly but with PBS included as a control
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in real samples (Fig. S14), and it can be seen that the Co-

MOF nanosheets have good selectivity for GSH and DA.

Table S3 shows the results of the assay in real samples, and

all data are based on three replicate measurements. It can

be seen that our method has good detectability for GSH and

DA. Meanwhile, the recoveries of GSH and DA range from

97.0% to 102.9% and from 98.5% to 101.2% with RSD less

than 5.8% and 8.0%, respectively, indicating that the

established method is feasible and reliable for the detection

of GSH and DA in biological fluids.

To summarize, we have successfully constructed a 2D

Co-MOF nanosheet structure, which exhibited excellent

OXD-like activity and long-term stability. Based on these

results, a simple, sensitive and selective colorimetric

method was established for the quantitative detection of

DA and GSH. The linearity between the analyte concen-

tration and absorption ranged from 0 to 12 lmol�L-1 for

GSH and 0 to 40 lmol�L-1 for DA with a detection limit of

0.24 and 0.067 lmol�L-1 for GSH and DA. In addition, it

also has an excellent performance in the detection of real

samples. This enlightening strategy not only provides a

new method for the preparation of efficient MOF nano-

zymes but also facilitates the future development of sen-

sitive monitoring of other biomolecules.
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