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A B S T R A C T

Graphene nanoribbons (GNR) with intrinsic peroxidase mimic activity were introduced as a nanozyme with
catalytic activity in oxidation of a typical chromogenic peroxidase substrate, 3,3′,5,5′-tetramethylbenzidine
(TMB), in the presence of H2O2. The proposed artificial enzyme was used as a label-free biosensor for rapid and
sensitive colorimetric detection of dopamine (DA) according to a blue color fading which occurred due to the
inhibition of TMB oxidation. Attractively, GNR exhibited an excellent catalytic activity over other carbon-based
nanostructures due to its unique and extraordinary structural properties. Considering the changes of A653 versus
DA concentration, a good linear dependency was achieved in the concentration range of 0.1–50 μM (0.1–1 and
2.5–50 μM) with a detection limit of 0.035 μM. The present peroxidase mimetic as a simple and rapid label-free
sensor was successfully applied for detection of DA in serum samples, suggesting a promising sensitive sensing
platform with great potential for biological and diagnostic applications.

1. Introduction

In recent years there has been growing interest in developing simple
and cost-effective nanosensors for rapid detection of biomolecules and
biomarkers [1,2]. Nanomaterials with intrinsic peroxidase-like activity
(nanozymes) have been emerged as a new generation of artificial en-
zymes [3–5]. Nowadays, these artificial enzymes are widely used as
favorable alternatives to natural enzymes owing to their tunable and
fascinating catalytic activity, high stability, long-term storage, simple
preparation, robustness to harsh conditions and low cost [6,7]. As it has
been widely investigated, the studied nanomaterial-based enzyme mi-
mics have shown great potential to effectively overcome the intrinsic
drawbacks of native enzymes such as tedious and high-cost purification
and preparation steps, poor stability, extremely sensitive catalytic
performance towards environmental conditions, limited storage and
availability which have enormously restricted their practical applica-
tions [6]. The enzyme mimics have received widespread attention in
different application fields including (bio)sensing, immunoassay, ima-
ging, disease diagnosis, cancer therapy and environmental monitoring
[3–6,8–10]. Over the last few years, various nanomaterials including
noble metal nanoparticle, metal oxide nanoparticle, carbon-based na-
nostructures and numerous nanocomposites and nanohybrids have
been exhibited efficient enzyme-like activity for detection of different
analytes [11–13]. Among the large variety of these nanozymes, carbon-

based nanomaterials including carbon dot [14–18], carbon nanotube
[19–21], graphene dot [22–24], graphene oxide [19,25–28] and their
derivatives [10,29,30] have gained considerable research interest as a
significant branch of artificial enzymes and promising colorimetric
sensing platforms due to their unique catalytic activities.

Graphene nanoribbons (GNR) are narrow strips of graphene sheets
with width<50 nm and quasi one dimensional (1D) structure in
nature. As it is well known, GNR displays fantastic electrocatalytic ac-
tivity owning to their fascinating physicochemical properties which
include large specific surface area, high length-to-width ratio, straight
edges, high chemical stability and electrical conductivity, excellent
biocompatibility, abundant oxygen-containing functional groups and
accessible chemically active sites [31–33]. Additionally, GNR possesses
more open-ended structures, rich edge defects and high edge density
which discriminate it from all other graphene-based nanomaterials
[31,34]. As it is generally accepted, in comparison to the basal planes,
the electrochemical reactivity of graphene-based nanomaterials at their
edge planes is higher than other places by several orders of magnitude
[31,35–37]. Therefore, it can be concluded that the fascinating catalytic
behavior of GNR originates from its rich edge defects and edge density
which results in rapid electron transfer. Consequently, this fact could be
responsible for the more favorable electrocatalytic performance of GNR
over other graphitic materials. Taking this advantage, GNR is getting a
popular and qualified platform in sensing and enzymatic biosensing
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approaches [32].
Dopamine (DA), as a crucial catecholamine neurotransmitter, plays

an important role in the nervous system [38,39]. Abnormal DA con-
centration can lead to several neurological disorders and diseases in-
cluding Schizophrenia, Alzheimer's and Parkinson's disease [40,41].
Therefore, selective quantitative detection of DA is essential for disease
diagnosis. Hence, many efforts have been made to develop an accurate
and sensitive method for detection and determination of DA levels in
biological samples. To date, numerous methods including electro-
chemical analysis [42–50], fluorescence [51,52] and high performance
liquid chromatography [53] have been widely applied for detection and
determination of DA concentration. However, these accurate traditional
methods suffer from some limitations such as complexity, time-con-
suming and high-cost. Recently, simple colorimetric sensing approaches
based on the application of nanozymes have been paid significant at-
tention as promising alternatives to overcome the mentioned short-
comings that enable time and cost effective detection of DA [54].

The present study demonstrates an enhanced intrinsic peroxidase-
like activity of GNR over GO and MWCNT. Also, this work describes the
application of label-free GNR as a nanozyme for rapid colorimetric
detection of DA. As known so far, the functionalization and adequate
hybridization of nanomaterials could be an efficient strategy to enhance
their catalytic performance due to the synergic effect [55]. Herein, the
catalytic activity of GNR was evaluated without any further functio-
nalization/hybridization step to avoid complex, time-consuming and
high-cost surface modification steps [56]. Therefore, the catalytic per-
formance of GNR was investigated as a label-free nanozyme. However,
hybridization of GNR with other nanostructures would be another
promising strategy to introduce a new platform with enhanced catalytic
activity and improved sensitivity for future studies particularly when a
sensor with high sensitivity is required for detection of very low con-
centrations. The proposed simple colorimetric sensing approach was
established based on the fact that DA can cause a blue color fading and
a decrease in the absorption intensity due to its inhibitory effect on the
peroxidase mimetic activity of GNR. The observed changes which are
attributed to change in DA concentration were satisfactorily employed
for detection of DA in human serum sample.

2. Experimental

2.1. Chemicals

Multi-walled carbon nanotubes (MWCNT) were supplied from
Sigma-Aldrich (Switzerland). 3,3′,5,5′-Tetramethylbenzidine (TMB)
purchased from Sigma-Aldrich (Switzerland), was a kind gift of Pro.
Anja Boisen (DTU, Lyngby, Denmark). Graphite powder, potassium
permanganate (KMnO4, 99%), sulfuric acid (H2SO4, 98%), sodium
acetate trihydrate (NaOAC) and hydrogen peroxide (H2O2, 30%) were
provided from Merck (Darmstadt, Germany). All the used chemicals
were of analytical grade and utilized without further purification. All
solutions were prepared with deionized water.

2.2. Characterization

The UV–Vis absorption spectra were recorded using the UV–Vis
spectrophotometer Unico 4802 (USA) in the wavelength range of
500–800 nm. A Zeiss EM10C-100 KV high-resolution transmission
electron microscope and field emission scanning electron microscopy
(FESEM) model SIGMA VP (Zeiss, Germany) were applied for char-
acterization of MWCNT and GNR structure. FTIR spectra of the na-
nostructures were recorded using a Bruker VerTex70 (Bruker,
Germany) spectrometer and Raman spectra were obtained by em-
ploying a micro Raman spectrometer Avantes (The Netherlands) with a
532 nm Nd-YAG excitation laser source. X-ray diffraction (XRD) pattern
of MWCNT, GO and GNR were acquired by the Cu Kα radiation source
using the diffractometer (X'Pert PRO MPD PANalytical, the

Netherlands) in the range of 5–80° with a step size of 0.02°. The specific
surface area of samples was determined using Brunauer-Emmett-Teller
(BET) isotherm obtained by a measurement system; model BEISORP
Mini (Microtrac BEL Corp, Japan). Prior to BET analysis, the samples
were first degassed under vacuum for 12 h at 120 °C.

2.3. Synthesis of graphene nanoribbons (GNR)

GNR was prepared based on the previously reported method with
some modifications [57]. Briefly, 250 mg suspended MWCNT in 50 mL
of concentrated H2SO4 was stirred for 24 h at room temperature. Then,
KMnO4 (1.25 g) was added into the mixture, agitated for 1 h at room
temperature and after that stirring was continued for another 1 h at
65 °C to guarantee the reaction went to completion. The mixture was
allowed to cool down to room temperature. Then it was poured into
250 mL cool water containing 25 mL H2O2 solution (30%) in an ice
bath. This solution was centrifuged and the residue was washed several
times with 20% HCl and deionized water. The final product was washed
with ethanol and dried at 60 °C in the oven. Graphene oxide (GO) was
prepared according to the improved Hummers' method [58].

2.4. Peroxidase-like activity of GNR

Peroxidase-like activity of GNR in the presence of H2O2 and TMB
was evaluated and compared with the catalytic activity of GO and
MWCNT. To this aim, 100 μL of each nanostructure solution with
concentration of 0.5 mg mL−1 was added to 300 μL of NaOAC-HOAC
buffer (0.2 M, pH 4). This solution was incubated for 5 min at 35 °C and
then 50 μL of freshly prepared H2O2 (50 mM) and TMB (5 mM) were
added into it. The UV–Vis spectrum of this mixture was recorded using
a UV–Vis spectrophotometer immediately after addition of H2O2 and
TMB. In the steady-state kinetic assay, different concentrations of H2O2

and TMB substrates were used for investigation of GNR catalytic ac-
tivity.

2.5. Colorimetric detection of DA

For detection of DA using GNR as a nanozyme, 50 μL of DA solution
with different concentrations (0–1000 μM) and 100 μL GNR solution
(0.1 mg mL−1) were added to 250 μL of NaOAC-HOAC buffer (0.2 M,
pH 4). The mixture was incubated for 5 min at 35 °C and then 50 μL of
H2O2 (50 mM) and TMB (2.5 mM) were added to the incubated solu-
tion. This mixture was incubated for 10 min at 40 °C. The absorption
intensity of the produced ox-TMB was recorded at 653 nm using the
UV–Vis spectrophotometer and A653 was considered for further quan-
tification of DA concentration.

2.6. Preparation of real sample

For verifying the applicability of the proposed nanozyme, GNR was
applied for detection of DA in human serum samples. The serum sam-
ples were centrifuged and the supernatant was diluted. Given amounts
of DA standard solution were added to the diluted serum sample. The
serum samples and also the spiked samples with final concentrations of
0.2, 0.4 and 0.8 μM were evaluated for detection of DA via the enzyme-
like activity of GNR as described in Section 2.5.

3. Results and discussion

3.1. Characterization of synthesized GNR

GNR was synthesized through the longitudinal unzipping of
MWCNT. Fig. 1 demonstrates the characterization of the prepared GNR
and its pristine MWCNT. An optical absorption band located at 245 nm
appeared in the UV–Vis spectrum of GNR attributed to π-π⁎ transition of
aromatic CeC while the absorption spectrum of the pristine MWCNT
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exhibits two peaks at 240 and 256 nm (Fig. 1a). Fig. 1b displays the
FTIR spectra of GNR and MWCNT. The appeared absorption bands at-
tributed to the stretching vibration of OeH band situated at
3400 cm−1, C]O at 1714 cm−1, aromatic C]C at 1570 cm−1, epoxy
and alkoxy CeOeC bands at 1220 and 1040 cm−1, respectively, con-
firmed the synthesize and formation of oxygen-containing functional-
ities on the surface of GNR through chemical oxidation of MWCNT.
Fig. 1c illustrates the Raman spectra of MWCNT, GNR and GO. In the
Raman spectrum of MWCNT, the peaks positioned on 1337 and
1568 cm−1 are attributed to D and G bands, respectively. D band de-
scribes the structural disorder and G bands correspond to sp2 carbon
atoms vibration [59]. Compared to MWCNT, a D band with higher in-
tensity can be observed in the Raman spectrum of GNR and GO which
indicates the presence of oxidized groups, formation of sp3 carbon
atoms and increasing in disorder and structural defect of GNR and GO
structure [59]. Also, the surface defect density and structural disorder
can be obtained based on the ratio intensity of D and G bands (ID/IG).
According to the recorded spectra, ID/IG ratios were 0.37, 0.9 and 1.1
for MWCNT, GO and GNR, respectively. The obtained higher ID/IG ratio
for GNR is another evidence for an increase in edge defect density after
longitudinal unzipping of MWCNT, formation of oxygen-containing
functionalities with sp3 hybridized carbon atoms and a decrease in sp2

carbon atoms. Fig. 1d exhibits the XRD patterns of MWCNT, GNR and
GO. As illustrated, two characteristic peaks were observed at 25.9° and

42.88° for MWCNT assigned to crystalline planes of (002) and (100),
respectively, while in the XRD pattern of GNR a broad peak appeared at
24.9°. Also, the XRD pattern of GO exhibited a strong peak at 10.5° and
a weak peak at 42.8° which are attributed to (002) and (100) planes.
Compared to GO, the appeared peak at 24.9° in the diffraction pattern
of GNR indicates that oxygen functionalities mainly distribute along the
edge of GNR and a few groups on its basal plane [33]. The interlayer
spacing (d) of 3.56°A was obtained for GNR whereas it was 3.43°A for
MWCNT. Indeed, the interlayer space enlargement in GNR confirms the
presence of defects and generation of oxygen-containing functional
groups in its structure. The estimated surface area of MWCNT, GO and
GNR using BET isotherms were found to be 238, 277 and 410 m2 g−1,
respectively. The TEM images of MWCNT and GNR are illustrated in
Fig. 2a and b, respectively. Fig. 2b exhibits the narrow strips of gra-
phene with an approximate width of 35–40 nm which are clearly wider
than pristine MWCNT. Also, Fig. S1 shows another TEM image of GNR
which can also demonstrate the yield of MWCNT unzipping and GNR
production. The FESEM images of MWCNT and GNR are shown in
Fig. 2c and d, respectively. According to Fig. 2c, the average size of the
synthesized GNR was found to be about 32 nm. These obtained
founding confirm the MWCNT longitudinal opening.

Fig. 1. a) UV–Vis spectra; b) FTIR spectra of MWCNT and GNR; c) Raman spectra; d) XRD pattern of MWCNT,GNR and GO structures.

S. Rostami, et al. Materials Science & Engineering C 114 (2020) 111034

3



3.2. Catalytic activity of GNR compare to GO and MWCNT

To evaluate the peroxidase-like activity of GNR and comparing its
catalytic ability with GO and MWCNT, a given concentration of each
nanostructure was added to NaOAC-HOAC buffer. The absorption
spectrum of each mixture was recorded 10 min after addition of H2O2

and TMB. According to Fig. 3a and b, the absorption intensity was in-
creased for all three nanostructures indicating the ability of GNR, GO
and MWCNT to catalyze the oxidation of TMB in the presence of H2O2.
This catalyzed oxidation process leads to the formation of a blue color
product, oxidized TMB (oxTMB). However, as expected, the experi-
ments proved that GNR exhibits superior catalytic activity towards the
oxidation of TMB (Fig. 3a). Indeed, it can be concluded that smaller size
of nanoribbons compare to graphene sheets, higher density of oxygen-
containing functionalities, rich edge and defect density could be re-
sponsible for the acceleration of electron transfer in GNR which can
result in its higher catalytic activity [31,32,60,61]. Interestingly, rapid
electron transfer in GNR leads to the enhanced and speeded up redox
reaction between TMB and H2O2 [62]. Moreover, it can reasonably be
assumed that GNR can display excellent electrocatalytic activity over
MWCNT due to its larger active surface area, more open-ended struc-
tures, higher edge-plane and electrochemically active sites [60]. Con-
sequently, these findings point to the high catalytic action of GNR over
GO and MWCNT.

According to the studies and peroxidase-like activity of most

enzyme mimics [3,4], the catalytic ability of GNR may be driven by
increasing the electron density of GNR. It can occur due to electron
transfer from ion-pair electrons in amino groups of TMB to GNR. This
leads to the acceleration of the electron transfer from GNR to H2O2 and
would result in an increase in the production of OH radicals. Therefore,
TMB oxidation rate in the presence of the produced OH radicals would
speed up [19,22]. In the first step, H2O2 molecules are adsorbed on the
surface of GNR. At this point, GNR, as a peroxidase, catalyzes the H2O2

decomposition and produces OH radicals. Furthermore, the generated
OH radicals could be stabilized on the surface of GNR due to electron
exchange interaction. In the next step, OH radicals participate in the
redox reaction and produce oxTMB which is responsible for the blue
color of the solution [5,19,22]. In fact, the blue color of the oxTMB is
observed because of the formation of a charge transfer complex be-
tween TMB and cation free radical TMB+ [19].

The spectra and color change of the solutions as a result of oxTMB
production in the presence of nanostructures and H2O2 are shown in
Fig. 3b and c, respectively. As illustrated in Fig. 3b, there is a weak
broad absorption band at 650–700 nm originated from TMB oxidation
in the presence of H2O2 in the mixture of buffer, H2O2 and TMB as
blank and its attributed solution appeared colorless (Fig. 3c, solution 1).
However, the observed absorption bands at 653 nm originate from
TMB-H2O2 reaction in the presence of MWCNT, GO and GNR which
indicate the catalytic behavior of these carbon-based nanostructures. In
addition, it is clear that considerable TMB oxidation occurred in the

Fig. 2. The TEM image of a) MWCNT, b) the synthesized GNR; FESEM image of c) MWCNT and d) GNR.
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presence of GNR. The color change from colorless to blue in solutions 2,
3 and 4 (Fig. 3c) again proves the production of oxTMB in the presence
of MWCNT, GO and GNR, respectively. Moreover, based on the spectra
and color of the solutions, it can clearly be concluded that GNR as an

artificial nanozyme displays exceptional peroxidase-like activity and
leads to produce more oxTMB and deep blue color (solution 4), while
no color change was observed in the blank (solution 1). Also, in com-
parison to GNR, the solutions with lighter blue colors were obtained in
the presence of MWCNT (solution 2) and GO (solution 3).

3.3. Optimization of peroxidase-like activity of GNR

The peroxidase-like activity of most nanozymes depends on the pH,
temperature, incubation time and amount of nanostructures. Hence, the
enzyme-like activity of GNR was investigated under different conditions
and the absorbance changes at 653 nm were recorded upon different pH
(2−10), temperature (20–50 °C), GNR concentration
(0.01–0.5 mg mL−1) and time (5–30 min).

In order to verify the impact of pH, the absorption changes of
oxTMB at 653 nm were recorded in the pH range of 2–10. As shown in
Fig. 4a, the highest ΔA (ΔA = A-A0) and catalytic activity were ob-
tained at pH 4 while it was steady from pH 5 to 10. Also as can be seen
in the inset image, the blue color of the oxTMB was observed at pH 4.
Indeed, the catalytic reaction between TMB and H2O2 is slow at neutral
and basic pH and no color change was observed in this pH range. In
other words, H2O2 tends to decompose into H2O and O2 at pH > 4. As
a result, lack of H2O2 which is the main source of active OH radicals
leads to limited interaction between GNR and H2O2 and blocking the
H2O2-TMB redox reaction [63]. So that, no oxTMB can be observed in
the system at pH 5–10. Therefore, pH 4 was used as an optimized pH for
further catalytic studies.

The reaction temperature is another important parameter that in-
fluences the catalytic activity of nanozymes. To study the impact of
temperature, the mixture of buffer (NaOAC-HOAC 0.2 M, pH 4) and
GNR were incubated for 10 min at different temperatures (20, 25, 30,
35, 40, 45 and 50 °C) after addition of H2O2 and TMB. According to the
illustrated curve in Fig. 4b, the highest ΔA was obtained at 40 °C
whereas it drastically decreased at higher temperatures. Thereupon, the
catalytic reaction of TMB- H2O2 was carried out at 40 °C as the opti-
mized temperature.

Different concentrations of GNR as nanozyme (0.01, 0.025, 0.05,
0.1, 0.25 and 0.5 mg mL−1) were added to the mixture of the reaction
and the absorption changes were recorded at 653 nm. As Fig. 4c dis-
plays, ΔA was increased up to 0.1 mg mL−1 of GNR and it was steady
with a slight decrease at higher concentrations. Therefore, 0.1 mg mL−1

of GNR was used as the optimum concentration.
To identify the incubation time effect on the activity of the proposed

nanozyme, the mixture of buffer and GNR was incubated for 5, 10, 15,
20, 25 and 30 min at 40 °C after the addition of H2O2 and TMB. As
shown in Fig. 4d, the highest ΔA was obtained at 10 min incubation and
a decrease in ΔA was observed until 30 min. Thus, the mixture was
incubated for 10 min to investigate the catalytic activity of GNR.

3.4. Kinetic study of peroxidase-like activity of GNR

To understand the catalytic behavior of GNR more precisely, steady-
state kinetic assays were performed in the presence of varied con-
centrations of H2O2 and TMB. The experiments were carried out ac-
cording to the enzyme kinetics theory and methods in which one sub-
strate remained at constant concentration while the concentration of
other substrate was varied. As illustrated in Fig. 5, the typical Mi-
chaelis-Menten (Fig. 5a and b) and Lineweaver-Burk curves (Fig. 5c and
d) were plotted at a given concentration range of H2O2 and TMB, re-
spectively. According to the obtained results, it was revealed that the
oxidation reaction catalyzed by GNR towards H2O2 and TMB follows
the typical Michaelis-Menten model. The key enzymatic kinetic para-
meters including Michaelis-Menten constant (Km) and the maximum
reaction velocity (Vmax) were determined by fitting the Lineweaver-
Burk equation in double reciprocal plots. As known, Km is a kinetic
parameter to identify the enzyme affinity towards the substrates and a

Fig. 3. Comparison of peroxidase-like activity of GNR, GO and MWCNT; a) The
time-dependent UV–Vis absorption changes at 653 nm in the presence of na-
nostructures (0.5 mg mL−1), H2O2 (50 mM) and TMB (5 mM), b) The UV–Vis
absorption spectra of blank and other different systems in the presence of GNR,
GO and MWCNT, c) The photograph of the corresponding solutions 1. blank
(buffer, H2O2 and TMB), 2. MWCNT, 3. GO and 4. GNR.
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Fig. 4. Optimization of peroxidase-like activity of GNR; The impact of a) pH (2–10), b) temperature (20–50 °C), c) GNR concentration (0.01–0.5 mg mL−1) and d)
time (5–30 min) on ΔA (The concentration of NaOAC-HOAC, H2O2 and TMB were 0.2 M, 50 mM and 5 mM, respectively).

Fig. 5. The steady-state kinetic study of GNR; a) TMB concentration was constant at 2.5 mM and H2O2 concentration varied between 0.5 and 500 mM, b) H2O2

concentration was constant at 50 mM and TMB concentration varied between 0.05 and 2 mM. c, d) The corresponding Lineweaver-Burk plots of the double reciprocal
of the Michaelis−Menten equation with the fixed concentration of one substrate and varied the other substrate.
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low value of Km represents higher enzyme affinity to a substrate and
vice versa [26]. The Km values of GNR for H2O2 and TMB were calcu-
lated 3.52 and 0.42 mM, respectively. As listed in Table 1, it was found
that the obtained kinetic parameters for GNR are slightly smaller than
the reported Km for HRP enzyme (H2O2: 3.7 mM and TMB: 0.43 mM)
[64] which prove high catalytic activity of GNR and consequently offer
GNR as an adequate artificial enzyme for wide range of applications.
Also, the Km value of H2O2 for GNR was close to GO-COOH [65] and 44
times lower than that of Fe3O4 [64]. These results indicate that GNR
exhibits higher affinity towards H2O2 over HRP, GO-COOH and Fe3O4,
suggesting lower concentration of H2O2 is required for reaching to
maximum peroxidase-like activity of GNR in comparison to other
mentioned catalysts. Therefore, GNR can be applied as an excellent
alternative to natural peroxidases.

3.5. Detection of DA using GNR as nanozyme

The enzyme mimic activity of label-free GNR as a nanozyme was
applied for colorimetric detection of DA under the optimum condition.
To this aim, different concentrations of DA were added to the mixture of
buffer and GNR solution and the changes of oxTMB absorption were
recorded at 653 nm. DA with the reducing function could consume
H2O2 through a redox reaction. It leads to inhibition of TMB oxidation
in the presence of H2O2 on the surface of GNR. Therefore, increasing the
concentration of DA with an inhibitory effect on the oxidation of TMB
resulted in less producing of oxTMB, which is associated with decrease
in A653 and diminish in blue color of the solution. Under this condition,
the solution remains colorless at a high concentration of DA due to
inhibition of TMB oxidation. Fig. 6 schematically outlines this possible
strategy of DA detection.

To clarify this strategy, the changes in the UV–Vis spectra (Fig. 7a)
of oxTMB were recorded in the presence of different concentrations of
DA, ranged from 0 to 1000 μM. Moreover, the correspond color changes
of the solution, due to the changing of DA concentrations, can be ob-
served in Fig. 7a (inset) which clearly shows the fading of deep blue
color of the solution by increasing the concentration of DA. This color
changing proves the ability of the proposed nanozyme in colorimetric

detection of DA visually and by naked eyes. Utilizing the obtained A653

through changing DA concentration, a typical calibration curve was
plotted in the concentration range from 0 to 1000 μM. Also, two good
linear relationships were observed between a decrease in A653 and in-
crement in DA concentration ranges of 0.1–1 μMwith linear equation of
A653 = −0.0989C + 0.5608 (R2 = 0.9968) and 2.5–50 μM with linear
equation of A653 = −0.0067 + 0.4711 (R2 = 0.9975) (Fig. 7b).
Considering the linear equation in the concentration level of 0.1–1 μM
(Fig. 7b, inset), the limit of detection (LOD) was calculated 0.035 μM
using the slope of the calibration curve (m) and standard deviation of y-
intercept (σ). The obtained analytical parameters of this study were
summarized in Table 2 and compared to the linear range and LOD of
some previously reported methods. According to Table 2, the proposed
peroxidase-like mimic exhibited excellent sensitivity and low LOD
compared to some electrochemical [42,48,49] and fluorescence sensors
[52] and other reported artificial nanozymes in the literature [66–76].
Although there are some highly sensitive electrochemical and fluores-
cence sensors with LODs in nM level [44,51] which show that the
proposed method still needs more modification to provide higher sen-
sitivity, but in most cases the LODs are higher than the LOD of this
work. As an explanation, the improved sensitivity can be due to the
high density of edge defects and accelerated electron transfer in GNR.
In other words, fast electron transfer is responsible for increasing the
rate of redox reaction [62,77]. Therefore, GNR displays higher catalytic
performance and enhanced sensitivity in comparison to other reported
nanozymes in the paper. As a matter of fact, this finding provides ad-
ditional support for the successful application of GNR as a nanozyme
which its combination with other catalytically active nanostructures
would offer a synergic effect and extreme enhancement in catalytic
activity and sensing approaches. In fact, hybridization of GNR with
other catalytically active nanomaterials would be beneficial for devel-
oping a new enhanced sensing platform for further studies especially
when detection of molecules in trace concentrations is essential. The
reproducibility of the present sensing method for DA detection was
examined by five parallel measurements of 25 μM DA and the RSD%
was estimated about 3.7%. Also, the catalytic activity of three different
batches of GNR was determined and RSD% was found to be 5.0%. To
study the long-term stability, the peroxidase-like activity of GNR to-
wards TMB oxidation was investigated during 5 month-storage of GNR
and RSD% was obtained as 1% which demonstrates good long-term
stability of GNR.

3.6. The selectivity of colorimetric method

In order to further evaluation of the proposed sensor selectivity
towards DA, several potential interfering compounds and biomaterials
including glutamic acid (Glu), cysteine (Cys), tryptophan (Trp), phe-
nylalanine (Phe), ascorbic acid (AA), glucose (Gluc), uric acid (UA),

Table 1
The apparent kinetic parameters of GNR in comparison with other catalysts.

Catalyst Km (mM) Vm (10−8 MS−1) Ref

H2O2 TMB H2O2 TMB

HRP 3.7 0.43 8.71 10 [64]
Fe3O4 154 0.098 9.78 3.44 [64]
GO-COOH 3.99 0.0237 3.85 3.45 [65]
GO-Fe3O4 0.71 0.43 5.31 13.08 [26]
GNR 3.52 0.42 3.09 1.58 This study

Fig. 6. Schematic mechanism of DA detection.
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Fig. 7. a) The UV–Vis spectra of the produced oxTMB in the presence of GNR and varied concentrations of DA (0. 0.05, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 25, 50,
100, 250, 500 and 1000 μM); Inset: The photograph of the corresponding color changes, b) The calibration curve of A653 changes vs. different concentrations of DA in
the range of 0.1–50 μM; Inset: The linear calibration curve of DA in the range of 0.1–1 μM, (In all experiments NaOAC-HOAC 0.2 M pH 4, H2O2 (50 mM) and TMB
(2.5 mM)) were used.

Table 2
Comparison of GNR with the previously introduced sensors for detection of DA.

Nanomaterials Detection strategy Linear range (μM) Detection limit (μM) Ref

Nanoporous Au microelectrode Electrochemical 0.1–10 0.03 [42]
Cu2O-RGO/GCE Electrochemical 0.01–1, 1–80 0.006 [44]
CuO/g-C3N4 Electrochemical 0.2–16, 16–78.7 0.06 [48]
Au-ZnO NCAs/GF Electrochemical 0–80 0.04 [49]
MoS2 QDNS Fluorescence 0.0025–5, 5–10.4 0.0009 [51]
N-CQDs Fluorescence 0.05–15 0.035 [52]
β-CD-Au NPs Colorimetric/assembly 0.02–0.25 and 0.35–1.6 0.003 [66]
Au NRs Colorimetric/aggregation 0.1–1, 1–10 and 10–10,000 0.03 [67]
TSIL-Ag NPs Colorimetric/etching 0.1–7.5 0.031 [68]
CuS/rGO Colorimetric/nanozyme 2–200 0.48 [69]
Co-MGNCs Colorimetric/nanozyme 0.5–50 0.08 [70]
Pt/hBNNSs Colorimetric/nanozyme 2–55 0.76 [71]
CoFe2O4/CoS Colorimetric/nanozyme 0–50 0.58 [72]
Co3O4/CuO HNCs Colorimetric/nanozyme 0.05–8 0.027 [73]
Cu-MOXs Colorimetric/nanozyme 0.5–20 0.86 [74]
CuFe2O4/Cu9S8/PPy Colorimetric/nanozyme 2–20 1.0 [75]
h-CuS NCs Colorimetric/nanozyme 2–150 1.67 [76]
GNR Colorimetric/nanozyme 0.1–1, 2.5–50 0.035 This study
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urea and cations (Na+, K+, Cu2+, Ca2+, Mg2+) were introduced to the
above described sensing system and their corresponding responses were
investigated both individually and in combination with DA. As ex-
pected, the quenching of the oxidation process was observed only in the
presence of DA (Fig. 8) and other studied compounds exhibited no
significant interfering effect even up to 10 mM (by a factor of 100-fold).
The recoveries of DA in the binary mixtures of DA and each potential
interfering compound were in the range of 92.6–102.7% and the re-
lative errors (%) were found to be in range of 0.14–8.0%. It seems that
more effective interactions between DA and GNR rather than those
between the potential interfering compounds and GNR, strong DA
chemisorption on the GNR surface and its edges, and high reduction
potential of DA are the main reasons for good selectivity of the present
sensing method for DA detection over other potential interfering spe-
cies. This result suggests that GNR as a label-free nanozyme and col-
orimetric sensing probe can be employed for selective detection of DA.

3.7. Detection of DA in real sample

The ability of GNR for DA assay in human serum sample was in-
vestigated. To this attention, various amounts of DA standard solution
were spiked to the diluted serum samples and the solutions of DA in
serum samples were prepared with the final concentration of 0.2, 0.4
and 0.8 μM. The prepared spiked serum samples were introduced to the
described sensor and were determined based on the catalytic activity of
GNR. Considering summarized data in Table 3, the relative recoveries
for DA quantification were achieved in the range of 90–110% with RSD
%<7.8%. These results offer further evidence for successful detection
of DA in biological samples using GNR as a colorimetric sensor and
demonstrate that the proposed nanozyme can be satisfactorily applied
in complex matrices with no significant interfering effect.

4. Conclusion

The peroxidase-like activity of GNR and its application as a colori-
metric platform for DA sensing was successfully investigated. The
findings of this study demonstrated that GNR exhibited higher catalytic

activity over GO and MWCNT, due to its exceptional structural prop-
erties. Based upon the excellent catalytic performance of GNR, a label-
free colorimetric sensor was developed for simple and selective detec-
tion of DA with a low detection limit and wide linear range. Detection
of DA by utilizing the catalyzed TMB-H2O2 redox reaction on GNR was
performed according to the inhibitory effect of DA on TMB oxidation
reaction. This approach provides great potential application and a
beneficial impact on various fields such as biosensing, bioanalysis and
clinical diagnosis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.msec.2020.111034.
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Table 3
Determination of DA in human serum samples using GNR as nanozyme.

Sample Spiked amount
(μM)

Founded (μM) Recovery (%) RSD (%, n = 3)

Serum 1 0.2 0.19 95 7
0.4 0.37 92.5 7.8
0.8 0.87 108.7 5.2

Serum 2 0.2 0.19 95 5.6
0.4 0.42 105 3.2
0.8 0.88 110 4.5

Serum 3 0.2 0.18 90 3.5
0.4 0.41 102.5 4.5
0.8 0.86 107.5 3.1
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