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The rational design of nanozymes with superior activities is essential for improving bioassay perfor-
mances. Herein, nitrogen and boron co-doped graphene nanoribbons (NB-GNRs) are prepared by a hy-
drothermal method using urea as the nitrogen source and boric acid as the boron source, respectively.
The introduction of co-doped and edge structures provides high defects and active sites. The resultant
NB-GNRs nanozymes show superior peroxidase-like activities to nitrogen-doped and boron-doped coun-
terparts due to the synergistic effects. By taking advantage of their peroxidase-like activities, NB-GNRs are
used for the first time to develop enzyme-linked immunosorbent assay for the detection of interleukin-6.
The biosensors exhibit a high performance with a linear range from 0.001 ng/mL to 1000 ng/mL and a
detection limit of 0.3 pg/mL. Due to their low cost and high stability, the proposed nanomaterials show
great promise in biocatalysis, immunoassay development and environmental monitoring.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nanozymes are biomimetic nanomaterials that exhibit activi-
ties similar to natural enzymes, e.g., horseradish peroxidase (HRP)
can be substituted by a nanozyme with peroxidase-like activ-
ity. Nanozymes have attracted wide attention due to their large-
scale preparation capabilities and good stabilities. Since 2007,
when Fe;04 nanomaterials were first used to mimic intrinsic
peroxidase-like activity [1], researchers have made great progress
with nanozymes in the past decade [2]. Metal oxides [1,3-7], no-
ble metals [8-10] and other nanomaterials [11-15] have been ex-
tensively studied in this area. It is noted that the catalytic activities
of some metal oxide-based nanozymes are not satisfactory with
low affinity in general [16,17]. Noble metals generate high perox-
idase capabilities, while the cost is high. Moreover, they tend to
have oxidase capabilities and can oxidize substrates in the absence
of hydrogen peroxide (H,0,) [10,18]. Multi-enzyme-like activities
seriously impede the availability of nanozymes in practical appli-
cations. Therefore, developing advanced nanozymes with high cat-
alytic activity and selectivity, and low cost is greatly needed.

The peroxidase-like activity of carbon-based nanomaterials has
also been extensively investigated [19-21]. In addition to ease of

* Corresponding authors.
E-mail addresses: luluqu@jsnu.edu.cn (L.-L. Qu), yangguohai@jsnu.edu.cn (G.-H.
Yang), czzhu@mail.ccnu.edu.cn (C. Zhu).

https://doi.org/10.1016/j.cclet.2021.06.018

mass production, their surfaces containing rich functionalities are
ideal for conjugating antibody molecules [22-24]. Therefore, car-
bon nanomaterials are promising alternative for natural enzymes
in the field of biosensing. However, the practical applications of
carbon nanozymes are hindered by the drawbacks of low catalytic
activity. Further boosting their catalytic activities is one of the
most important considerations. Graphene nanoribbons (GNRs) are
graphene derivatives characterized by nanometer-wide strips, high
electron transport performances and large specific surface areas.
GNRs have special edge limiting effects, which make them more
flexible and adjustable, thereby increasing their practical value
[25-27]. GNRs can be prepared by stripping and reducing multi-
walled carbon nanotubes (MWCNTs) in a specific direction. Mean-
time, GNRs can be modified with abundant oxygen-containing
groups to improve the dispersibility in aqueous solutions, which
are also beneficial to the coupling of antibody molecules [28].
Moreover, the open-edge-normalized activity of graphene-based
materials is higher than that of basal planes [29]. On the other
hand, chemical doping effectively regulates the surface structure
and electrical properties of carbon-based nanomaterials, holding
great promise in synthesizing functional materials. For example,
in recent years, several studies have observed that doped carbon,
graphene and graphene quantum dots have wide applications in
batteries, capacitors, photocatalysis and biosensors [30-35].

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



S. Luo, M. Sha, E. Tian et al.

unzipping (1) N doping
e

2) B doping

MWCNTs

Capture antibody
< :antigen

A : second-antibody

Fig. 1. Schematic diagram of NB-GNRs nanozymes synthesis (a) and schematic il-
lustration for colorimetric detection of IL-6 (b).

Specifically, heteroatoms have also been used to enhance the
enzyme-like activity of carbon nanomaterials via their synergis-
tic actions [20,36,37]. Therefore, accurate synthesis of heteroatom-
doped GNRs and further exploration of their enzyme-like activ-
ity provide great opportunities for their potential applications in
biosensing. As far as we known, the research on enzyme-like ac-
tivities of doped GNRs has not been explored.

Herein, nitrogen and boron co-doped graphene nanoribbons
(NB-GNRs) were synthesized using a hydrothermal method, using
urea and boric acid as nitrogen and boron sources, respectively.
The synergistic effects of co-doped and edge structures of NB-GNRs
appeared to boost the intrinsic activity of carbon nanozymes. The
resultant NB-GNRs exhibited superior peroxidase-like activity with
a strong affinity for H,0, and 3,3’,5,5’'-tetramethylbenzidine (TMB),
while no oxidase-mimicking activity which would be free from dis-
turbance of O, for the assay system. Furthermore, nitrogen and
boron doping levels were controlled by boron and nitrogen source
levels and the optimized NB-GNRs with the best peroxidase-like
activity were achieved when the ratio of graphene oxide nanorib-
bons (GONRs), urea and boric acid at a 1:10:10 (Fig. 1a). By tak-
ing advantage of their superior peroxidase-like activities, NB-GNRs
were used to fabricate efficient and sensitive colorimetric quantita-
tive detection assays for interleukin-6 (IL-6) (Fig. 1b), which exem-
plifies the practical feasibility of NB-GNRs as nanozymes for bioas-
say systems.

To obtain high-quality NB-GNRs, GONRs were first synthesized
by the longitudinal unzipping of MWCNTs [38], and NB-GNRs were
synthesized by a two-step hydrothermal method. This strategy re-
duced the generation of low active components. A dark, homoge-
neous NB-GNRs solution was generated after a short reaction time
which can be stable for up to 8 months without any visible pre-
cipitate (Fig. 2a). The corresponding contact angle measurement
showed that NB-GNRs instantaneously absorbed water in 2 s with-
out contact angle (Fig. 2a), indicating good hydrophilicity of NB-
GNRs [39]. Abundant carboxylic groups and intermolecular elec-
trostatic repulsion in the network play a key role in preventing
both inter- and intra- -7 stacking of GNRs, resulting in good dis-
persibility [40]. As expected, the ¢-potential of NB-GNRs in water
was measured at —44.5 + 2.8 mV, larger than those of GNRs, N-
GNRs and B-GNRs (Fig. S1 in Supporting information), suggesting
that NB-GNRs had a better dispersibility and stability in aqueous
solution, which was consistent with the contact angle data. Het-
eroatom co-doped GNRs increases the defects of GNRs [18], thus
improving the dispersion of GNRs, which is beneficial for the ap-
plication of NB-GNRs in biosensors.

NB-GNRs morphologies were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
SEM images show that the diameter of MWCNTSs is approximately
20-30 nm (Fig. S2a in Supporting information), and the width of
NB-GNRs is approximately 80-100 nm (Fig. 2b). These images re-
veal that after the longitudinal unzipping of MWCNTs, the tube
walls open to produce GONRs (Fig. S2 in Supporting information).
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Fig. 2. (a) Contact angle of NB-GNRs (left), and digital photos of the solutions of
NB-GNRs (right). SEM (b) and TEM (c) images of NB-GNRs. (d) HADDF-STEM image
of NB-GNRs and the corresponding element mapping images. (e) AFM image (left)
and cross-section analysis (right) along with the line in AFM image of NB-GNRs.
(f) XRD patterns of MWCNTs, GONRs, GNRs and NB-GNRs. (g) XPS spectrum of NB-
GNRs, the corresponding high-resolution XPS spectra of N 1s (h) and B 1s (i).

These hollow tubular structures of MWCNTs were observed in TEM
images (Fig. S2d in Supporting information), while the lateral wall
of NB-GNRs was expanded to form a banded structure, without a
hollow core (Fig. 2c). These observations indicated that NB-GNRs
were successfully synthesized. Equally, the morphology of GNRs
did not change during reduction and doping (Fig. S2 in Support-
ing information). High-angle annular dark-field scanning transmis-
sion electron microscopy (HADDF-STEM) image, and the corre-
sponding elemental mapping images (Fig. 2d) show that N, B and
C are uniformly distributed among the GNRs network, indicating
these heteroatoms were successfully doped in GNRs. Atomic force
microscopy (AFM) image further show that NB-GNRs possess the
nanoribbon shape with approximately 1.39 nm thick, confirming a
monolayer carbon structure (Fig. 2e).

The structural properties of NB-GNRs were characterized by X-
ray powder diffraction (XRD) (Fig. 2f). A graphitization peak (002)
was observed at 26.1° in the MWCNTs sample. After the longitudi-
nal decompressing, the graphitized peaks of GONRs became wider
and slightly sharper, indicating that MWCNTs had successfully un-
zipped. After the hydrothermal reaction, the graphitized peaks of
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GNRs and NB-GNRs became weak and wide. This was mainly due
to the reduction of the graphite layer, and peak strength after heat
treatment [41-43].

X-ray photoelectron spectroscopy (XPS) spectra show the exis-
tence of C, N and B of BN-GNRs (Figs. 2g-i and Fig. S3 in Sup-
porting information), achieving heteroatom-doping in the GNRs
framework and surrounding C atoms (Fig. 2g). The C 1s band
was deconvoluted into three bands at 284.7 eV, 286.2 eV, and
288.5 eV, corresponding to C—C, C—N and C-0 bonds, respectively
(Fig. S3). The broad N 1s band was deconvoluted into four bands
at 398.0 eV, 398.9 eV, 399.6 eV and 400.6 eV, assigned to N-B,
pyridinic N, pyrrolic N and graphitic N bonding structures, respec-
tively (Fig. 2h) [44,45]. The B-moieties in NB-GNRs products ex-
isted as B—N, B—C and B—O bonds, and their corresponding de-
convoluted energy bands were 189.8 eV, 191.0 eV and 192.5 eV, re-
spectively (Fig. 2i) [46]. For comparison, N-GNRs, B-GNRs, NB-GNRs
(1:5:5) and NB-GNRs (1:15:15) were also prepared. The results fur-
ther showed C, B, N and O were contained in NB-GNRs, and that N
and B contents could be facilely tuned by controlling the ratio of
boric acid and urea (Table S1 in Supporting information). Signifi-
cantly, the content of heteroatoms (N, B and O) of NB-GNR is about
18.7%, higher than those of N-GNRs (13.05%) and B-GNRs (15.52%).
The introduction of heteroatoms and aboundant edge structures in
NB-GNRs provided more active sites and defects, which would be
beneficial for their enhanced catalytic activity. It was also found
the oxygen-containing groups in NB-GNRs were maintained dur-
ing hydrothermal treatment. These groups facilitated not only the
conjugation of the antibody, but also their good dispersion in the
aqueous solution.

Then, we investigated the peroxidase-like activity of NB-GNRs
using TMB as a substrate. In the presence of H,0,, NB-GNRs
rapidly oxidized TMB and produced distinct color changes with
a characteristic absorption peak at 652 nm, while no color
changes were observed for TMB/H,0, and TMB/NB-GNRs systems
(Fig. 3a). These results showed that NB-GNRs exhibited excellent
peroxidase-like activity, and could oxidize TMB in the presence
of H,0,. Note that NB-GNRs had no oxidase-like activity, and the
peroxidase-mimicking performance of NB-GNRs could be free from
0, interference. Furthermore, the peroxidase-like activities of the
different materials including GONRs, GNRs, N-GNRs, B-GNRs and
NB-GNRs were also compared (Fig. 3b). As expected, NB-GNRs ex-
hibited the highest peroxidase-like activity. Besides, the resultant
NB-GNRs nanozymes also had good stability (Fig. S4 in Support-
ing information). Electron paramagnetic resonance (EPR) was used
to detect radicals produced during the NB-GNRs catalytic process
(Fig. 3c). DMPO was used to capture radicals in the reaction. When
DMPO was added to H,O, without NB-GNRs as capture radicals
in the reaction, no characteristic peak generated. When NB-GNRs
were mixed with H,0,, four peaks were observed in the EPR spec-
trum with the intensity ratio of 1:2:2:1, consistent with DMPO-
‘OH [47-49]. The optimized catalyst concentration (20 ng/mL NB-
GNRs), pH (4.0) and temperature (37 °C) for NB-GNRs were ob-
tained (Fig. S5 in Supporting information). Besides, the effect of
heteroatom doping ratio was investigated and it was found that
the optimized NB-GNRs with the feeding ratio of GONRs, urea
and boric acid at a 1:10:10 exhibited the best activity. The en-
hanced activity of NB-GNRs (1:10:10) was supported by the re-
sults from Raman spectroscopy (Fig. S6 in Supporting information).
The Ip/Ig value of NB-GNRs (1:10:10) was higher than those of NB-
GNRs (1:5:5), NB-GNRs (1:15:15), N-GNRs and B-GNRs, exhibiting
a higher degree of disorder and defects, which were beneficial to
their enhanced nanozyme catalytic activity [50].

To further explore catalytic effects, reaction steady-state kinetic
parameters were determined using NB-GNRs as a catalyst. Accord-
ing to Beer-Lambert’s law, the molar absorbance coefficient of the
oxidation product derived from TMB was 39,000 L mol~! cm™!,
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Fig. 3. (a) UV-vis absorption spectra of TMB + H,0,, TMB + NB-GNRs and
TMB + H,0, + NB-GNRs (from left to right). (b) UV-vis absorption spectra of dif-
ferent nanozymes (from left to right: GONRs, GNRs, N-GNRs, B-GNRs, NB-GNRs).
Photographs (top) of the color-generating reaction of TMB in the presence of H,0,,
and (bottom) their corresponding absorption spectra. (c¢) EPR spectrum of NB-
GNRs + H;0, + DMPO and H,0, + DMPO. (d) Michaelis-Menten kinetics curves
for H,0,. Inset: Lineweaver-Burk plots (The error bars represent the standard devi-
ations from parallel determination of five duplicate assays). (e) Schematic illustra-
tion of the mechanism of enhanced nanozyme activity of NB-GNRs.

and the rate of change of absorbance is converted to the rate
of change of concentration to obtain the reaction rate. The reac-
tion catalyzed by NB-GNRs conformed to Michaelis-Menten kinet-
ics. This equation Vo = Vmax x [S]/(Km + [S]), stated that Vj is
the initial velocity, Vimax is the maximum reaction velocity, Ky is
the Michaelis-Menten constant, and [S] is the substrate concen-
tration. Vpmax and Ky, were calculated from the slope and inter-
cept of the double reciprocal curve (Fig. 3d). Using these calcu-
lations, the Ky of NB-GNRs with H,0, was 0.169 mmol/L, while
the value of Ky, for NB-GNRs to TMB was 0.193 mmol/L (Fig. S7 in
Supporting information). The Ky, is inversely related to the affinity
of the substrate for the enzyme. NB-GNRs nanozymes had higher
Vmax and smaller Ky, than those of N-GNRs and B-GNRs nanozymes
(Figs. S8 and S9 in Supporting information). These results indicated
that NB-GNRs exhibited a stronger affinity for the substrate and
higher peroxidase-like activity. Ky, and Vpax values of NB-GNRs
were also superior to those of natural enzymes and some other
nanozymes (Table S2 in Supporting information). It is proposed
that the synergistic effects of co-doped and edge structures play
a key role in tuning defects and enhancing the intrinsic activity of
active sites, which improve the electron transfer during catalytic
reactions, thereby increasing their nanozyme activity [36,51,52].
These factors contributed to the excellent performance of NB-GNRs
nanozymes (Fig. 3e).

The abnormal expression of IL-6 is detected in multiple
myeloma and leukemia, and is used as a biomarker for leukemia
[53]. IL-6 was detected by conventional sandwich immunoassay
[54], in which the antibody-conjugated NB-GNRs were specifically
bound to IL-6 molecules in samples. By adding H,0, and TMB,
NB-GNRs catalyzed the oxidation of TMB, to produce a blue color.
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Fig. 4. (a) Schematic illustration of NB-GNRs nanozyme-based IL-6 biosensing. (b)
Absorption spectra of the NB-GNRs based immunoassay for IL-6 detection with dif-
ferent concentrations (from A to H: 0, 1, 10, 102, 103, 104, 10° and 10 pg/mL). (c)
The corresponding relationship between peak intensity and IL-6 concentrations. (d)
Possible interferences tested with the NB-GNR-based immunoassay. (e) Comparison
of serum IL-6 levels determined using NB-GNRs-based immunoassay (A) and HRP-
based ELISA method (B).

Therefore, IL-6 could be detected using NB-GNRs as a viable alter-
native to HRP for immunoassays. IL-6 antibodies were easily cou-
pled to the NB-GNRs surface using abundant carboxyl residues. It
was found the antibody-coupled NB-GNRs could effectively retain
its original catalytic activity. The blue color, corresponding to ox-
idized TMB, was rapidly observed in wells containing IL-6. After
a 5 min reaction time, the solution turned from blue to yellow
upon addition of the stop solution, revealing the high potential of
the NB-GNRs-based immunoassay (Fig. 4a). As shown in Fig. 4b,
the absorbance intensity at 450 nm increased with the concentra-
tion of IL-6 increased. A good linear relationship of 0.001 ng/mL
to 1000 ng/mL was observed (Fig. 4c). The linear regression equa-
tion was A = 0.144 + 0.108 1gC (A represents absorbance intensity,
and C is the concentration of IL-6 antigen, pg/mL) with a correla-
tion coefficient of 0.9989. The limit of detection (LOD) (S/N = 3)
was 0.3 pg/mL, which was better than that of the HRP-based ELISA
method. The proposed strategy also showed a wider linear range
and a lower detection limit than those of some other methods (Ta-
ble S3 in Supporting information). It was believed that the favor-
able active sites with enhanced catalytic endurance provided by
the NB-GNRs improve the biosensing performance.

Specificity is an important criterion for any analytical tool.
Other proteins such as carcinoembryonic antigen (CEA), C-reactive
protein (CRP) and alpha-fetoprotein (AFP) were used as interfer-
ence molecules to evaluate assay specificity, by comparing the col-
orimetric responses of 1.0 ng/mL IL-6 solution with the same solu-
tion containing an additional interferential substance of 100 ng/mL.
The colorimetric response changes for CEA, CRP and AFP were 8.5%,
9.0% and 9.1%, respectively (Fig. 4d). These data indicated that our
sensor was highly selective for IL-6, and could be capable of distin-
guishing IL-6 from the interferences in complex samples. The col-
orimetric assay also showed good reproducibility at one IL-6 level
for five replicate measurements with relative standard deviations
(RSD) of 3.8%. When immunosensors were stored at 4 °C for > two
months, the signals retained approximately 93.5% of their colori-
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metric response, indicating the immunosensor had acceptable sta-
bility. The feasibility in clinical applications was also investigated
by analyzing several real samples for IL-6, and then comparing the
data with an HRP-based ELISA assay. As shown in Fig. 4e, the RSD
between NB-GNRs-based immunoassay and the HRP-based ELISA
method ranged from —6.5% to 7.2%. These data indicated no signif-
icant differences between these data, thus our immunoassay may
be an alternative tool for protein detection in clinical laboratories.

Based on the excellent peroxidase-mimicking properties of NB-
GNRs, glucose was also successfully detected by the NB-GNRs-
TMB-GOx system. As the glucose concentration increased from 2
umol/L to 240 pmol/L, the absorbance at 652 nm also increased,
and the color gradually changed to blue (Figs. S10a and b in Sup-
porting information). Accordingly, we observed a strong linear rela-
tionship between the absorbance and glucose concentrations in the
range 2-240 pmol/L. The LOD was as low as 0.22 pmol/L (Fig. S10c
in Supporting information), which was better than other studies
reporting the colorimetric detection of glucose (Table S4 in Sup-
porting information). A series of interference molecules (i.e., fruc-
tose, lactose, mannose, ascorbic acid and dopamine) were used
to assess the anti-interference ability of the biosensor (Fig. S10d
in Supporting information). It was found that the interference
molecules and the blank did not show this absorption peak, in-
dicating the sensor was highly selective and sensitive for glucose.

In summary, NB-GNRs were successfully synthesized using a
simple hydrothermal reaction. The NB-GNRs acted as the novel
carbon-based nanozymes with enhanced peroxidase-like activity
without oxidase activity, avoiding the influence of oxygen. Due to
the synergistic effects of co-doped and edge structures, the cat-
alytic efficiency of NB-GNRs was considerably improved. NB-GNRs
had a good linear range for glucose and IL-6 bioassay with low
LOD. Our work demonstrated the feasibility of using NB-GNRs
to sensitively and easily identify biomolecules. Therefore, due to
their structural characteristics and high peroxidase-like activity,
NB-GNRs hold great promise in the biomedical field.
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