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a b s t r a c t

Reliable and selective sensing of dopamine (DA) is essential for early diagnosis of mental diseases.

Among the various potential methods, nanozyme-based sensing systems have demonstrated promising

sensitivity and reliability. However, owing to the lack of substrate specificity, it is challenging to selec-

tively detect DA using nanozymes. Herein, based on the reactivity of the DA oxidation intermediates,

we report a cascade colorimetric sensing system for the selective detection of DA using only a single

nanozyme. It was disclosed that the oxidation product of DA catalyzed by Co-N-doped carbon sheets

(Co-N-C, a common oxidase-like nanozyme), dopamine quinone (DAQ), showed significant biocatalytic

electron-donating activity in the reduction of O2 to generate O2
•−. Further using O2

•− to oxidize

3,3′ ,5,5′-tetramethylbenzidine (TMB), a colorimetric sensing platform for DA was constructed with a

linear detection range of 50nmol/L to 50μmol/L and a low limit of detection of 4nmol/L. Thanks to

the reactivity of the oxidation product, without any biometric units (such as nucleic acids, enzymes,

and antibodies/antigens), the reaction selectivity of DA against other interferences (e.g., ascorbic acid,

adrenaline, 5-hydroxytryptamine, and glutathione) was enhanced up to 71-fold. Beyond complicated

cascade systems requiring at least two nanozymes, sophisticated artificial recognition via multiple

interactions was simplified by exploiting the oxidative properties of product intermediates; thus, only

a single common oxidase-like nanozyme was needed. This work offers a new strategy to enhance the

selectivity of nanozymes for bioanalytical applications.

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

Medica, Chinese Academy of Medical Sciences.

Dopamine (DA) is a representative monoamine neurotransmit-

ter that plays a fundamental role in the function of the human

central nervous system [1–4]. The abnormal DA levels are closely

related to schizophrenia, Alzheimer’s disease, Parkinson’s disease,

pheochromocytoma, and paraganglioma [5–8]. Therefore, the accu-

rate and reliable measurement of DA in body fluids, such as blood,

cerebrospinal fluid, and urine, is of great importance in clinical

diagnosis [9–13]. To date, many techniques have been developed

for sensitive and selective detection of DA, including colorimetry

[14–16], fluorescence [17–19], electrochemiluminescence [20,21]

and electrochemistry [22–25]. Among them, colorimetric tech-

niques have been widely concerned in recent years due to their

advantages of simple operational techniques and low cost [26–29].

Traditional colorimetric biosensors of dopamine are mostly based

on the binding ability of dopamine on DNA sequence that pre-

vents the DNA sequence adsorption on gold nanoparticles (AuNPs)

∗ Corresponding authors.

E-mail addresses: Yanfei.Shen@seu.edu.cn (Y. Shen), Yuanjian.Zhang@seu.edu.cn

(Y. Zhang).

[12,15,30,31]. The unprotected AuNPs then aggregate and turn blue

upon addition of salt. However, this method suffers significantly

from poor stability of DNA and AuNPs. Therefore, it is highly

desirable to develop efficient and reliable colorimetric sensors

composed of stable sensing elements.

Nanozymes are a class of nanomaterials with enzyme-like

activity. They have attracted intensive attention because of their

high stability and catalytic activities [32–37]. Nanozyme-based col-

orimetric sensors have been explored to detect DA with promising

sensitivity and reliability by using the inhibitory effect of DA on

the catalytic oxidation reaction of nanozymes [16,28,38-41]. How-

ever, neurotransmitters (e.g., adrenaline and serotonin) and biolog-

ical small molecules (e.g., ascorbic acid) coexist with DA, making

selective detection of DA highly challenging [42,43]. Along this line,

the development of robust nanozyme-based biosensors for colori-

metric detection of DA with high selectivity is highly envisioned.

Over the past few years, several strategies have been explored

to improve the selectivity of nanozymes, including sophisticated

control of nanozyme structures and surfaces (e.g., molecular

imprinting [44], coordination regulation [45], amino acid func-
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tionalization [46]) and the collaboration of additional recognition

elements (e.g., aptamer, enzymes, and antibodies/antigens) [47,48].

Our group proposed a cascade strategy to improve the reaction

selectivity [49]. It relied on the operation principle that not all

the biocatalytic products of the prior nanozyme is the substrates

for the subsequent nanozymes. Along this line, the rational se-

lection of nanozymes with appropriate activities and sequences

for ingenious nanozyme cascades is key. Recently, inspired by

cellular metabolism networks, we further developed a cascade

nanozymatic network with diverse responses to a single stimulus

to achieve highly selective reactions [50]. In fact, both intrinsic

control of structures and surfaces and extrinsic biomimetic ap-

proaches improve selectivity, essentially by multiple interactions

with substances. Notably, the reaction selectivity of the nanozyme

system could be improved by the gradual screening of substrates;

at the same time, however, it also requires more building units,

which would increase complexity of biocatalytic systems as well

as uncontrollable factors. Therefore, to improve the reaction selec-

tivity of nanozymes, it is desirable to realize multiple interactions

between the nanozymes and substrates as simply as possible.

Herein, based on the reactivity of DA oxidation intermediates,

we report a cascade colorimetric sensing system for DA with a

high reaction selectivity using only a single nanozyme. We found

that the oxidation product of DA catalyzed by Co-N-doped carbon

sheets (Co-N-C) with oxidase-like activity, dopamine quinone

(DAQ), had significant biocatalytic electron-donating activity in

the reduction of O2 to generate O2
•−. The resulting O2

•− fur-

ther oxidized 3,3′,5,5′-tetramethylbenzidine (TMB), outputting a

quantifiable analytical signal of absorbance equivalent to DA in

the concentration range of 50nmol/L to 50μmol/L with a lower

limit of detection of 4nmol/L. Notably, without any biometric

units (such as nucleic acids, enzymes, and antibodies/antigens),

compared to other interferences (e.g., ascorbic acid, adrenaline,

5-hydroxytryptamine, and glutathione) whose oxidation prod-

ucts has negligible activities, the reaction selectivity of DA was

enhanced up to 71-fold.

Owing to their outstanding enzyme-like activity and ease

of synthesis, Co-N-doped carbon sheets (Co-N-C) were used as

representative oxidase-like nanozymes to oxidize DA. According to

a previously reported method, the Co-N-C nanozyme was prepared

using a salt-template method [51]. As shown in Fig. S1a (Support-

ing information), the synthesized Co-N-C exhibited an ultrathin

nanosheet morphology. Energy-dispersive X-ray spectroscopy

(EDS) mapping demonstrated a uniform distribution of elemental

carbon, nitrogen, and cobalt, without any evident phase separation

(Fig. S1b in Supporting information). This was in agreement with

the literature [51], indicating the successful synthesis of Co-N-C

nanozymes. The oxidase-like catalytic activity of Co-N-C was in-

vestigated using molecular O2 and DA as the substrates. The time

evolution of the UV−vis absorption spectra of DA in the presence

of Co-N-C is shown in Fig. 1a. Upon the addition of Co-N-C, an

absorption maximum appeared at 395nm, corresponding to the

yellow chromophore dopamine quinone (DAQ). This demonstrated

the significant oxidase-like activity of Co-N-C.

Interestingly, we found that the oxidation product of DA had

a strong oxidizing ability for TMB. To avoid interference from

Co-N-C, it was removed by filtration and the supernatant of DAox

was denoted as DAox. As shown in Fig. 1b, a typical blue product

of TMBox appeared, indicating that DAox had an oxidation ability.

To understand the intrinsic essence of the phenomenon, DA and

DAox in solution were first measured using electrospray ionization

mass spectrometry (ESI-MS). Prior to oxidation, a fragment of

DA ([M+H]) was observed at m/z 154.1 (Fig. 1c, top panel). Two

oxidation product fragments (m/z 152.1 and 150.1) were observed

after oxidation using the Co-N-C nanozyme (Fig. 1c, bottom panel).

This demonstrated that the reaction of DA oxidation catalyzed

Fig. 1. Dopamine oxidase-like activity of Co-N-C nanozymes. (a) UV−vis ab-

sorption spectra of DA (10mmol/L) catalyzed by Co-N-C (0.05mg/mL) in HAc-

NaAc (0.1mol/L, pH 3.5) buffer solution. (b) UV−vis absorption spectra of TMB

(0.5mmol/L) with DAox (oxidation product of DA). (c) ESI-MS spectra of DA and

DAox. (d) Reaction pathway of DA oxidation catalyzed by Co-N-C.

by Co-N-C followed the mechanism of gradual dehydrogenation

(Fig. 1d). Meanwhile, H2O2 as the oxygen reduction product of

O2, was also confirmed by TMB-HRP chromatography (Fig. S2 in

Supporting information).

To understand the composition of the DAox solution, the time

evolution of the UV−vis absorption spectra of the DAox solution

was monitored after removing the Co-N-C nanozyme. As shown in

Fig. 2a, the absorbance of DAQ (λ=395nm) decreased with time,

whereas that of aminochrome (AC, λ=300nm and 475nm), the

oxidation product of DA losing four hydrogen atoms, increased.

Accordingly, after removing Co-N-C and standing for different time

(i.e., 3, 7, 15, 30, 50, and 90min), the oxidation ability of the DAox

solution for TMB gradually decreased with time (Fig. 2b). There-

fore, it was reasonable to speculate that the number of oxidative

species in the DAox solution gradually decreased with time. To

confirm this hypothesis, a DAox solution with no oxidation ability

was prepared by a 120min standing operation. Co-N-C nanozymes

were added to the DAox solution and catalyzed the previously

unreacted DA. Co-N-C was then removed by filtration after incu-

bation for 10min. As shown in Fig. S3 (Supporting information),

the newly obtained DAox solution regained its ability to oxidize

TMB to TMBox. These control results suggested that the oxidation

ability of the DAox solution was derived from the new product,

but it was unstable.

The involvement of oxidative stress and the production of

reactive oxygen species has been reported in neurodegenerative

disorders [52,53]. A possible source of oxidative stress is the redox

reactions that specifically involve DA. Specifically, spontaneous

oxidation of DA in the presence of molecular oxygen leads to the

formation of several cytotoxic molecules, including superoxide
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Fig. 2. Mechanism of the oxidation of TMB in DAox solution. (a) Time evolution of the UV−vis absorption spectra of DAox after removal of Co-N-C. DA: 10mmol/L, HAc-NaAc

buffer solution (pH 3.5): 0.1mol/L. (b) UV−vis absorption spectra of TMB (0.5mmol/L) after reaction with DAox solution standing for different time (3min, 7min, 15min,

30min, 50min, and 90min). (c) ESR spectra of the spin adducts of O2
•− of DAox solution standing for different time of 0min, 15min, 30min, 60min, and 120min. (d) ESR

spectra of singlet oxygen, hydroxyl radical, and superoxide radical-trapping agent adducts. (e) Effects of ROS scavengers on the oxidation efficiency of TMB with DAox based

on the typical absorption at 652nm (TMBox). (f) UV−vis spectra of TMB in DAox solution saturated with O2, air, and N2.

anion free radicals (O2
•−), hydroxyl radicals (•OH) and reactive

quinone [54–57]. To monitor possible intermediate reactive oxy-

gen species (ROS), electron spin resonance (ESR) spectra were

measured. As shown in Fig. 2c, using 5,5-dimethyl-1-pyrroline

N-oxide (DMPO) as the spin-trapping agent, a typical ESR signal

corresponding to the adduct of DMPO with a superoxide anion

radical (DMPO-O2
•−) was observed. The ESR spectra shown in Fig.

2d demonstrated that there were no signals for •OH or singlet

oxygen-trapping agent adducts. Scavenger trapping was performed

to further confirm the existence of O2
•− in the DAox solution (Fig.

2e). Consistent with the phenomenon shown in Fig. 2b, the ESR

signal of DMPO-O2
•− decreased with increasing DAox standing

time (Fig. 2c). These results confirmed that the O2
•− intermediate

was the main source of the oxidation ability of the DAox solution.

Subsequently, the source of O2
•− in the DAox solution was

explored. Because of the very short lifetime of O2
•− in aqueous

solution [58,59], O2
•− was most likely derived from the internal

reaction of the DAox solution rather than the Co-N-C catalyzed DA

oxidation reaction. Therefore, it is necessary to explore the reac-

tion in the DAox solution after removal of the Co-N-C nanozyme.

As shown in Fig. 2a, the conversion of DAQ, one dehydrogenation

product of DA (λ=395nm), to another product AC (λ=300nm

and 475nm) was observed, in view of the change in the solution

absorption peaks. According to previous reports, DAQ has the

electron-donating ability to donate electrons to O2 to generate re-

active oxygen species [60]. To verify this claim, a series of control

experiments were performed. Three aliquots of the DAox solution

were saturated with O2, air, and N2 to simulate the reaction

environments with different oxygen concentrations. TMB was then

introduced into each solution and incubated for 1min. Finally, the

absorption of the solutions was measured. As shown in Fig. 2f, the

absorbance of TMBox increased with the oxygen concentration, in-

dicating that the increase in O2 concentration favored the produc-

tion of O2
•− in the DAox solution. These results suggested that the

O2
•− of the DAox solution was mainly derived from the pro-oxidant

effect of DAQ, which donates electrons to O2 to generate O2
•−. To

further confirm this assumption, additional control experiments

were performed (Fig. S4a in Supporting information). The DAox so-

lution (DAox, hv) was obtained by irradiating the DA solution with

full light (300mW/cm2). When TMB was introduced into the DAox

(hv) solution, no blue product (TMBox) was formed. The ESR spec-

tra in Fig. S4b (Supporting information) demonstrated that there

were no signals for the superoxide radical-trapping agent adducts.

Moreover, the absorbance of DAox (hv) did not change with time

(Fig. S4c in Supporting information), and only one fragment of

DAox (hv) was observed at m/z 150.1 (Fig. S4d in Supporting

information), indicating that the product of DA upon irradiation

was AC rather than DAQ. It was further demonstrated that O2
•−

originates from DAQ, which had electron-donating ability.

As an oxidase-like nanozyme, Co-N-C exhibited low reaction

selectivity. For example, adrenaline (AH), a common interference

of DA, can also be catalytically oxidized by Co-N-C to produce

AHox and H2O2 (Figs. S5a and S6a in Supporting information).

However, in the absence of other enzymes (e.g., HRP), AHox could

not react with TMB to produce the targeted TMBox because of the

intermediate screening effect (Fig. S5b in Supporting information).

5-Hydroxytryptamine (5-HT), another typical interference of DA,

was used as a control substrate. As shown in Figs. S5a and S6b

(Supporting information), the catalytic effect of Co-N-C on the

oxidation of 5-HT was negligible. As shown in Fig. S5b, TMBox

was not generated during the final reaction. Therefore, among

the above three typical substrates, only DA could be screened

to generate the final product TMBox (Fig. 3a and Fig. S5b). In

other words, the selectivity of a nanozyme system can be sub-

stantially improved by rational design based on the properties of

the intermediates. In addition, the same selectivity enhancement

can be realized when Co-N-C was replaced by other oxidase-like

nanozymes (e.g., Co-N-CNTs, Co-N-CNPs, Fe-N-C, and Pt-C; Fig. S7

in Supporting information).

Notably, in contrast to the previous cascade system that re-

quired critical selection of nanozymes with appropriate activities

and sequences, sophisticated artificial recognition via multiple

interactions was simplified by exploiting the oxidative properties

of preliminary oxidation products; thus, only a single common
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Table 1

Comparison of the enhanced folds of selectivity for DA via different detection methods.a

Method Interference Relative folds of selectivity Ref.

Molecularly imprinted AA 1.6 [61]

DBA-aptachipbPEI AA 17 [62]

Au/RP1/Ni3HHTP2 microelectrode 5-HT 29 [2]

Anti-DA aptamer 5-HT 2.6 [63]

AptCFE AA 10.6 [10]

GO Cysteine 4.3 [64]

In1-N-C Cysteine 1.8 [25]

Cu-BTA-COF platform AA 7.2 [16]

Ru1-labeled anti-DA aptamer 5-HT 5 [21]

Stepwise substrate screening 5-HT 71 This work

a The relative fold of reaction selectivity was calculated by dividing the signal of the probe for DA by the signal of the probe for interference.

Fig. 3. Selectivity enhancement of DA detection using oxidation-product reactiv-

ity in a single oxidase-like nanozyme system. (a) Scheme of DA selective detec-

tion mechanism based on stepwise substrate screening assisted by the transition

from DAQ to AC during DA oxidation. (b) Comparison of the enhanced folds of se-

lectivity for DA using different methods with various sensing elements. The super-

script number represent the reference numbers in Table 1. (c) Calibration curves for

DA detection using a single Co-N-C nanozyme and DA oxidation product reactivity.

(d) Absorbance of TMBox produced by the oxidation product of DA and other small

molecules as potential interference.

oxidase-like nanozyme was needed. Therefore, the same selectivity

principle could be extended to other nanozymatic reactions with

reasonable design. In contrast to our previous reports [49,50], the

as-developed sensor could be designed with fewer constraints

and was more generalizable. As can be seen in Fig. 3b, without

any complex modification of nanozymes and any introduction of

biorecognition elements, the relative reaction selectivity of DA

against 5-HT was up to 71-fold. The enhanced selectivity for DA

based on the nanozymatic system significantly surpassed that of

previously reported DA sensors (Fig. 3b; see Table 1 for more

details) [61–64]. This showed that beyond meticulous control of

the structure and surface (e.g., molecular imprinting [44], coor-

Table 2

DA recovery assay in normal human serum samples.

Added DA (μmol/L) Found (μmol/L) Recovery rate

0.05 0.048 97%

6 6.0 100%

20 19.4 97%

50 49.3 98%

dination regulation [45], and amino acid functionalization [46])

and the combination of nanozymes with natural enzymes [48], a

nanozymatic system that learns principles from metabolism can

also achieve selective enhancement of nanozyme systems.

Next, the potential application of this strategy for DA detection

was demonstrated. Under optimal reaction conditions (Fig. S8 in

Supporting information), the absorbance of TMBox at 652nm in-

creased linearly with an increase in DA concentration in the range

of 50nmol/L–50μmol/L (Fig. 3c). The calculated limit of detection

(LOD) of DA was 4nmol/L at S/N=3, which is superior to or com-

patible with many previously reported DA-sensing reactions (Table

S1 in Supporting information). In addition, the selectivity of the

established DA detection system was verified by a dozen of inter-

ferences including ascorbic acid (AA), AH, 5-HT, glutathione (GSH),

glucose, citric acid (CA), l-Cys, d-His, d-Ser, d-Arg, d-Glu, l-Ser, l-

Glu, Boc-β-Ala-OH, and Boc-Glycine. As shown in Fig. 3d, only DA

caused intense signal changes in the developed platform, demon-

strating excellent selectivity for DA detection. The detection of DA

in the human serum was further explored to evaluate the practical

applicability of the colorimetric sensor. As shown in Table 2, a

high recovery rate was obtained for DA detection in diluted human

serum (0.05, 6, 20, and 50μmol/L), indicating its practicability for

real sample detection. Therefore, highly selective DA sensors were

successfully constructed using stable sensing elements that were

consistent with only one nanozyme. It would be attractive to build

DA sensors with high stability and low cost for practical applica-

tions because of the absence of fragile biological components.

In summary, based on the different reactivities of the oxi-

dation products, we developed a cascade colorimetric sensing

system for the selective and reliable detection of DA against a

diverse range of interferences using only a single conventional

oxidase-like nanozyme. The oxidation product of DA catalyzed by

Co-N-C, dopamine quinone (DAQ), showed significant biocatalytic

electron-donating activity in the reduction of O2 to generate O2
•−.

Further using the intermediate O2
•− to oxidize TMB, a colorimetric

sensing platform was constructed for DA with a linear detection

range of 50nmol/L to 50μmol/L and a low limit of detection of

4nmol/L. More importantly, without any natural biometric units

(e.g., aptamer, enzymes, and antibodies/antigens), the reaction

selectivity of DA was enhanced up to 71-fold and making DA

stand out from a dozen of interferences, including AA, AH, 5-HT,

GSH, glucose, CA, l-Cys, d-His, d-Ser, d-Arg, d-Glu, l-Ser, l-Glu,
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Boc-β-Ala-OH, and Boc-Gly. Notably, beyond the previous cascade

system that required critical selection of nanozymes with appro-

priate activities and sequences, sophisticated artificial recognition

via multiple interactions was simplified by exploiting the oxidative

properties of preliminary oxidation products; thus, only a single

common oxidase-like nanozyme was needed. This work offers a

new direction for the design of nanozymatic bioanalytical sensors

with enhanced selectivity.
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