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ABSTRACT: Graphitic carbon nitride (g-C3N4) as a metal-free nanozyme
has attracted huge attention for catalytic applications. However, the catalytic
activity of pure g-C3N4 causes very moderate H2O2 activation. Herein, a novel
three-dimensional (3D) branched carbon nitride nanoneedle (3DBC-C3N4)
nanozyme has been proposed to overcome such shortcoming. This unique 3D
branched structure of 3DBC-C3N4 facilitated effective mass transfer during
catalytic reaction and induced a lightning rodlike effect to accelerate electron
collection at the tip area for H2O2 activation. With improved H2O2 activation
for hydroxyl radical (•OH) generation, 3DBC-C3N4 showed excellent
peroxidase-like activity toward 3,3′,5,5′-tetramethylbenzidine oxidation in
the presence of H2O2. As for H2O2, the Vmax value of 3DBC-C3N4 was found
to be 20 times higher than that of natural horseradish peroxidase. Moreover,
the 3D branched structure of 3DBC-C3N4 offered large interface for the reversible conjugation of single-stranded DNA, which
enhanced the colorimetric sensitivity. Moreover, 3DBC-C3N4 exhibited high sensitivity toward oxytetracycline detection, with
the detection limit and quantitative limit of 1 and 50 μg/L, respectively.
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■ INTRODUCTION

Natural enzymes are made up of protein molecules that are
considered to be highly selective toward their substrates. This
highly selective nature of enzymes makes them suitable for
multiple scientific applications.1 However, inherent instability
toward external environment, limited resources, and high cost
of processing limit the extended applications of enzymes in
various fields. To overcome this, nanozymes nanomaterials are
considered as interesting alternatives that possess natural-
enzyme-like activity. In recent times, nanozymes have
withdrawn considerable attention as biosensors due to their
low fabrication cost, high resistance to biodegradation, and
bulk preparation schemes.2,3 For instance, Fe3O4 nanoparticles
were discovered as nanozymes, which possessed intrinsic
peroxidase-like activity to oxidize substrates in the presence of
H2O2 to form colored reaction products.4 Furthermore, a
number of nanozymes such as quantum dots,5−7 noble metals,8

metal oxide nanoparticles,9,10 and carbon nanomaterials11,12

have been extensively employed for the development of
colorimetric biosensors that possess peroxidase-like activity.
However, the catalytic efficiency of most of the artificial
enzymes is still unsatisfied when compared to that of natural
enzymes. Although the core of nanozyme is active, the catalytic
reactions merely take place at the surface of nanozymes. Thus,
the catalytic performance of nanozymes is strictly affected by
the density and reactivity of the active sites at the surface and

also by their poor electronic transport properties.13 Therefore,
engineering the surface to proliferate the number of active sites
is highly essential to enhance the number of active sites and
thus their catalytic efficiency.
Graphitic carbon nitride (g-C3N4) is considered as one of

most abundant carbon nanomaterials that has been potentially
explored in the field of photocatalysis,14−17 electrochemical
catalysis,18−21 and biosensors22−25 due to its good water
hydrophilic performance and high thermal and chemical
stability.26 Reportedly, Sun et al. found that g-C3N4 possessed
intrinsic peroxidase-like activity.27 Consequently, g-C3N4 has
been employed as colorimetric biosensor for H2O2 and
glucose28,29 in the past few years. Similar to other carbon
nanomaterials,30−34 g-C3N4 has demonstrated to absorb single-
stranded DNA (ssDNA) rather than double-stranded DNA.
The high affinity between g-C3N4 and ssDNA has enabled
specific recognition of targets molecules using g-C3N4/DNA-
sensing platforms.35 However, most of the reported g-C3N4-
based nanozymes are in the form of nanosheets, which
undergo aggregation and pore deformation, leading to the loss
of active sites during sensing applications.36 Further, presence
of defects at the surface of g-C3N4 nanozymes blocks the

Received: March 10, 2019
Accepted: April 25, 2019
Published: April 25, 2019

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2019, 11, 17467−17474

© 2019 American Chemical Society 17467 DOI: 10.1021/acsami.9b04320
ACS Appl. Mater. Interfaces 2019, 11, 17467−17474

D
ow

nl
oa

de
d 

vi
a 

M
IA

M
I 

U
N

IV
 o

n 
O

ct
ob

er
 2

2,
 2

01
9 

at
 0

3:
44

:2
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b04320
http://dx.doi.org/10.1021/acsami.9b04320


electron-transport properties along the in-plane directions.37

Moreover, structural agglomerates retard the mass transfer
efficiency of g-C3N4 nanozymes during catalytic reactions.
Therefore, breakthrough in structure adjustment is of utmost
significance to overcome the above said shortcomings.
In this regard, preparation of three-dimensional (3D)

branched morphology of nanomaterials has been proved to
be highly promising for various catalytic applications. Such 3D
branched nanostructures have been successfully applied in
Raman scattering,38 H2O2 decomposition,39 and CO2 reduc-
tion40 reactions. For example, Kelley et al. prepared sharp-tip
nanoneedle structures possessing high local electric field for
efficient CO2 reduction.40 The 3D branched nanostructures
possess highly effective surface area, which facilitates large
number of active sites to absorb more target molecules for
catalytic reactions. Thus, fabricating 3D branched g-C3N4 with
a sharp-tip nanostructure can be considered as an effective
strategy for improving its enzyme-like performance.
The present paper reports the design and preparation of a

novel 3D g-C3N4 with appreciably increased density of one-
dimensional (1D) crystal nitride nanoneedles (3DBC-C3N4)
as an artificial enzyme. Based on Lineweaver−Burk equation,
the intrinsic catalytic activity performance of 3DBC-C3N4 was
employed in the presence of H2O2-containing peroxidase
substrate 3,3′,5,5′-tetramethylbenzidine (TMB). The mecha-
nism for high peroxidase-like activity performance of 3DBC-
C3N4 was discussed together with 3D finite-difference time-
domain (FDTD) calculation. Furthermore, the conjugation
effect of ssDNA on peroxidase-like activity performance of

3DBC-C3N4 was investigated for developing a sensitive and
selective colorimetric method for oxytetracycline (OTC)
detection.

■ RESULTS AND DISCUSSION

Structural Characterization. In this present work, the 3D
branched crystalline carbon nitride with nanoneedles was
fabricated via a modified ionothermal synthetic process.41 The
structural morphology of the prepared 3DBC-C3N4 was
characterized by scanning electron microscopy (SEM). Figures
1a and S1 clearly present the typical 3D branched crystal
structures of 3DBC-C3N4 composed of 1D nanoneedles. The
3D branched morphology is also an important factor to inhibit
material aggregation,42,43 which further could induce weak van
der Waals force interactions between the interface to prevent
aggregation compared to g-C3N4 (Figure S2). Based on the
acquired transmission electron microscopy (TEM) images
(Figure 1b), nanoneedles of 3DBC-C3N4 were found to be
packed uniformly and tightly. The morphologies of the
nanoneedles were radially formed from large diameters to
small diameters and finally terminated at high-curvature tips.
Further, high-magnification TEM (HRTEM) image shows the
lattice fringes of 3DBC-C3N4 with an interplane distance of 0.3
nm (Figure 1c). This corresponded to the (002) plane of
carbon nitride and was found to be consistent with the
previous reports44 demonstrating similar crystalline nature of
3DBC-C3N4 as that of bulk g-C3N4. The crystal structure of
3DBC-C3N4 was further confirmed by X-ray diffraction (XRD)
studies. As demonstrated in Figure 1d, pure g-C3N4 and

Figure 1. SEM (a), TEM (b), and HRTEM (c) images of 3DBC-C3N4. XRD pattern (d) of 3DBC-C3N4 and g-C3N4. EDX mapping images (e) of
elemental C and N in the selected area.
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3DBC-C3N4 both show two characterized peaks but are
located in different places. For g-C3N4, the characteristic peaks
at 2θ of 13.1 and 27.4° were attributed to the in-plane
repeating motif of (100) plane and the intralayer stacking
motif indexed (002) plane, respectively.41,45,46 Compared to g-
C3N4, the (100) plane of 3DBC-C3N4 shifted from 13.1 to 8.0°
due to the more stretched in-plane structure. The more
stretched in-plane structure resulted in improved in-plane
periodic nature and therefore an improved intralayer stacking
shown by the (002) plane, which shifted from 27.4 to 28.2°.
The energy-dispersive X-ray spectroscopy (EDX) elemental
mappings (Figure 1e) of C and N elements reveal that carbon
and nitrogen have similar shape and location dispersed in the
sample, indicating that C and N elements are well dispersed
over the nanomaterials.
Both surface area and porosity of 3DBC-C3N4 and g-C3N4

were investigated by nitrogen adsorption−desorption iso-
therms, as shown in Figures 2a and S3, respectively. 3DBC-
C3N4 and g-C3N4 both gave rise to H1-type nitrogen gas
sorption. The surface area of 3DBC-C3N4 was 73.183 m2/g,
which was 5 times higher than that of g-C3N4 with surface area
of 14.529 m2/g. The enhanced surface area was ascribed to
abundant mesopores and 3D nanostructural morphology of
3DBC-C3N4. The results suggested the high efficiency of
3DBC-C3N4 to provide large number of active sites for

substrate absorption. Furthermore, the hydrophilic nature of
the nonstructural surface helped in interacting with the
surrounding water environment. To specify the wettability of
3DBC-C3N4, the water contact angles of 3DBC-C3N4 (16.88°)
and g-C3N4 (33.19°) were also measured as shown in Figure
2b,c, respectively. A hydrophilic surface with a lower water
contact angle of 3DBC-C3N4 was obtained owing to strong
O−H stretches of 3DBC-C3N4 at 3000−3500 cm−1 (Figure
S4). The results suggested that the prepared 3DBC-C3N4
possessed a water-favorable wetting performance, offering a
good opportunity to be applied as nanozyme in aqueous
environment.

Peroxidase-Like Enzyme Mimetic Properties and
Possible Catalytic Mechanism of 3DBC-C3N4. To evaluate
the peroxidase-like activity of the prepared 3DBC-C3N4, the
catalytic oxidation of TMB substrate was tested in the presence
of H2O2. Under similar optimal experimental condition, the
synergistic catalytic property of 3DBC-C3N4 and g-C3N4 has
been presented in Figure 3a, which shows an enhanced
peroxidase-like activity of 3DBC-C3N4 compared to that of g-
C3N4. To understand the mechanism of catalytic activity of
3DBC-C3N4, steady-state kinetic parameters were determined
for a comparative analysis of peroxidase-like catalytic activities
of 3DBC-C3N4, g-C3N4, and HRP toward TMB and H2O2.
Michaelis−Menten constant (Km) and maximal velocity (Vmax)

Figure 2. Nitrogen gas adsorption/desorption isotherms (a) and water contact angle of 3DBC-C3N4 (b) and g-C3N4 (c).

Figure 3. UV−vis absorption spectra of different reaction systems (a). EPR spectra of 3DBC-C3N4 and g-C3N4 with 5,5-dimethyl-1-pyrroline-N-
oxide-OH (b). Electric field distribution of 3BDC-C3N4 nanoneedles (c). SEM image of 3BDC-C3N4 nanoneedles with deposited Au particles (d).
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of 3DBC-C3N4, g-C3N4, and horse reddish peroxidase (HRP)
was calculated by Lineweaver−Burk equation (Table 1).
Compared to that of g-C3N4, the Km value of 3DBC-C3N4
was found to be lower, indicating a stronger affinity of 3DBC-
C3N4 toward TMB. This further helped in achieving a higher
Vmax toward TMB. Notably, the Km value of 3DBC-C3N4
toward H2O2 was much lower than that of g-C3N4,
demonstrating the higher affinity of 3DBC-C3N4 toward
H2O2 substrate compared to that of g-C3N4. Further, as for
H2O2, the apparent Vmax value of 3DBC-C3N4 was found to be
higher than that of g-C3N4. In addition, the Vmax value of
3DBC-C3N4 for H2O2 and TMB was observed to be 20 times
higher than that of HRP. Electron paramagnetic resonance
(EPR) was further investigated for confirming the mechanism
of catalytic activity of 3DBC-C3N4. As shown in Figure 3b, the
signal intensity of •OH generated by the deposition of H2O2
was dramatically high with the addition of 3DBC-C3N4
compared to g-C3N4. This demonstrated that the massive
•OH production was induced by the activation of H2O2 in the
presence of 3DBC-C3N4.
Apart from the combined advantages of high crystallinity,

large surface area, and hydrophilic interaction, the directional
confinement inevitable for charge separation and rapid
electronic transmission are other key factors for H2O2
activation. Nanoneedles with high local electric field at the
sharp tips can concentrate substrate molecules near the active
catalytic surface for catalysis applications.40 To investigate the
effect of sharpness on H2O2 catalysis, FDTD calculation was

carried out to stimulate the prospects of tip-enhanced
nanometer-scale electric field intensification. Figure 3c shows
the unsymmetric electric field distribution on the nanorods.
Electric field intensity increased gradually from large diameters
to intermediate diameters and finally to the high-curvature
nanoneedles. The highest curvature area of the tip of 3DBC-
C3N4 possesses the maximum electric field intensity, which is
originated from the locally concentrated free-electron leaded
via the electrostatic repulsion. The local concentrated electric
field at the tips of 3DBC-C3N4 accelerates the H2O2 deposition
for further catalysis due to accelerating charge collection and
separation. The enhanced charge collection at the tip area of
3DBC-C3N4 was further verified via in situ photodeposition of
Au nanoparticles. After the deposition, the SEM image of
Figure 3d clearly exhibits that most of the Au nanoparticles are
located on the tips of the 3DBC-C3N4 nanoneedles. It is
favorable for the free electrostatic migrates of 3DBC-C3N4 at
sharpest curvature regions as a consequence in accordance
with FDTD calculated results in above. The result further
indicated that a lower tip radius at the 3DBC-C3N4 needle tips
generated a higher electric field concentration that accumu-
lated H2O2 concentration to enhance the production of •OH.
Remarkably, the prepared 3DBC-C3N4 exhibited greatly
improved catalytic performance, which could be ascribed to
its high crystallinity, large surface area, and high hydrophilcity.
More importantly, the catalytic reaction was highly associated
with charge separation and high electron concentration of
nanoneedles for H2O2 activation.

Table 1. Comparison of Km and Vmax of 3DBC-C3N4 with ssDNA, 3DBC-C3N4, g-C3N4, and HRP

peroxidase mimics substrate Km (mM) Vmax (10
−7 M s−1) reference

3DBC-C3N4 with ssDNA TMB 0.0286 25.2 this work
H2O2 0.0712 33.5

3DBC-C3N4 TMB 0.0442 20.5 this work
H2O2 0.0781 31.8

g-C3N4 TMB 0.0768 19.3 this work
H2O2 0.184 19.3

HRP TMB 0.210 0.800 47
H2O2 4.57 1.40

Figure 4. ζ-Potential of 3DBC-C3N4 with or without ssDNA at pH 4 (a). The effect of ssDNA concentration (b), ssDNA composition (c), and
ssDNA length (d) on the peroxidase-like activity of 3DBC-C3N4.
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ssDNA-Regulated Peroxidase-Like Activity of 3DBC-
C3N4 Assays. Previous reports have shown that the peroxidase
activity of various traditional nanomaterials such as graphene
and carbon nanotubes can be regulated by ssDNA owing to the
interaction between ssDNA and nanomaterials. This property
has successfully led to the development of various colorimetric
biosensor platform in the past few years.12,48 Next, ssDNA,
taking aptamer of OTC as an example,49 regulating the
peroxidase catalytic activity of 3DBC-C3N4 was investigated to
explore potential application. After adding ssDNA aptamer of
OTC, peroxidase catalytic activity of 3DBC-C3N4 was
investigated in Figure 3a. The peroxidase-like activity of
3DBC-C3N4 was found to be dependent on the incubation
time (a), pH (b), TMB concentration, (c) and temperature
(d) as shown in Figure S5. A concentration of 5 mM for TMB
and 50 mM for H2O2, 30 min as incubation time, 25−28 °C as
room temperature, and pH 4 were chosen optimum
experimental conditions. Interestingly, after adding ssDNA,
the higher UV−vis absorbance was observed compared to bare
3DBC-C3N4 (Figure 3a), which indicated that ssDNA
upregulated the peroxidase catalytic activity of 3DBC-C3N4.
To evaluate the multiplexing effect of ssDNA on the
peroxidase-like catalytic activities of 3DBC-C3N4, the values
of Km and Vmax toward H2O2 or TMB were first determined by
Lineweaver−Burk equation, which has been summarized in
Table 1. Te Km value of 3DBC-C3N4 with ssDNA toward
TMB was found to be much lower than that of 3DBC-C3N4,
which clearly indicated that ssDNA increased the affinity to
3DBC-C3N4. Recent reports demonstrate that DNA can
accelerate Fe3O4 for TMB absorption via electrostatic
interaction at pH 4.50 The ζ-potential was measured for
exploring the importance of electrostatic interaction between
3DBC-C3N4, ssDNA, and TMB. After adsorbing ssDNA, ζ-
potential value was observed to be more negatively charged
(−30.15) than that of 3DBC-C3N4 (−23.15) at pH 4 (Figure
4a). The nonoxidized TMB (pKa 4.2) was found to be partially
positively charged in the operation condition (pH = 4), which
contributed to the affinity to ssDNA-functionalized 3DBC-
C3N4 for further oxidation due to electrostatic incorporation.
As a result, the Vmax value of 3DBC-C3N4 with ssDNA toward
TMB was found to be much higher than that of 3DBC-C3N4.
The Km value and Vmax value of 3DBC-C3N4 with ssDNA
showed no obvious differences when compared to those of
3DBC-C3N4 without ssDNA. This revealed that the enhanced
peroxidase-like activity of 3DBC-C3N4 with ssDNA was not
derived from accelerating H2O2 decomposition.
To further evaluate the effect of ssDNA on TMB oxidation,

ssDNA concentration, ssDNA composition, and ssDNA length

on 3DBC-C3N4 toward TMB oxidation were tested. The TMB
oxidation using 3DBC-C3N4 with ssDNA gradually enhanced
with increasing concentration of ssDNA from 0 to 3 μM
(Figure 4b), which further illustrated the effect of ssDNA for
TMB adsorption for oxidation via aromatic stacking such as
hydrogen bonding and π−π stacking. The order of peroxidase-
like activity of 3DBC-C3N4 with 22-mer homo DNAs (A22,
T22, C22, and G22) sequence was poly C > poly G > poly A >
poly T > no ssDNA (Figure 4c), which was ascribed to the
secondary structure and electrostatic incorporation of ssDNA
producing different interactions. Parts of ssDNA was
protonated at pH 4, especially for cytosine, due to pKa values
of adenine (4.2), thymine (9.9), cytosine (3.5), and guanine
(2.1 and 9.2). Therefore, a large fraction of protonated ssDNA
neutralized some charge on the surface of 3DBC-C3N4 and
weakened the repulsion among ssDNA. This resulted in more
ssDNA adsorption to 3DBC-C3N4 surface and accelerated
TMB oxidation. Varied length of poly C was used to estimate
the ssDNA length impact on the peroxidase-like activity of
3DBC-C3N4 under the same total nucleotide concentrations
(e.g., the concentration of the C80 is 16 times lower than that
of C5). On the whole, the activity of TMB oxidation is
positively related to the length of ssDNA (Figure 4d). Even
though the molar concentration of C80 was the lowest, 3DBC-
C3N4 with C80 exhibited the most enhanced peroxidase-like
activity. Longer ssDNA likely provided higher affinity to
3DBC-C3N4 due to large number of exposed binding sites,
such as polyvalent binding effect.51 This further indicated that
the peroxidase-like activity was likely derived from the
interfacial effect after 3DBC-C3N4 was bound to ssDNA.
Aforementioned finding reveals that ssDNA-functionalized

3DBC-C3N4 facilitates the TMB affinity for oxidation via
electrostatic incorporation. To evaluate the conjecture, 2,2′-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) was
employed as a negatively charged substrate that possessed dual
sulfate anions. In the presence of ssDNA, the oxidation of
ABTS was inhibited due to charge repulsion between the
surface of 3DBC-C3N4 with ssDNA and ABTS (Figure 5a). To
further verify the mechanism of electrostatic incorporation, the
oxidation of ABTS was tested in different NaCl concentrations.
After increasing the NaCl concentration, the oxidation
performance of ABTS recovered gradually by screening charge
repulsion between the surface of 3DBC-C3N4 with ssDNA and
ABTS, which accelerated the ABTS affinity for oxidation.
Besides negatively charged backbone, ssDNA possesses π−π
interactions and hydrogen bonding via DNA bases. In order to
understand the effect in the presence of DNA bases on the
TMB substrate binding, varied negatively charged polymers,

Figure 5. Oxidation of ABTS (a) at various NaCl concentration for 3DBC-C3N4 with or without ssDNA. TMB oxidation enhancement of 3DBC-
C3N4 coated with various negatively charged polymer (b). pH values of 3DBC-C3N4 with or without ssDNA on the TMB oxidation catalysis (c).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b04320
ACS Appl. Mater. Interfaces 2019, 11, 17467−17474

17471

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b04320/suppl_file/am9b04320_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b04320


polystyrene sulfonate (PSS), poly(acrylic acid) (PAA), and
deoxy-ribonucleoside triphosphate (dNTP) functionalized
3DBC-C3N4 was applied for TMB oxidation. Compared to
bare 3DBC-C3N4, all modified 3DBC-C3N4 exhibited
enhanced activity (Figure 5b). PSS, PAA, and dNTP exhibited
similar but not obvious enhancement. Even though PAA with a
benzene ring structure accelerated the π−π interaction with
3DBC-C3N4, the ssDNA-functionalized 3DBC-C3N4 exhibited
obvious enhancement. We further proposed that π−π
interaction and hydrogen bonding provided by ssDNA bases
also attracted TMB oxidation to some extent. The findings
showed that pH affected the peroxidase-like activity of 3DBC-
C3N4 and also affected the ssDNA and TMB adsorption. To
further illustrate the inferences, TMB oxidation on 3DBC-
C3N4 and 3DBC-C3N4 with ssDNA at different pH was tested
(Figure 5c). Trend of pH-dependent activity of 3DBC-C3N4
with ssDNA remained similar with 3DBC-C3N4. The two
reactions were found to be more effective at lower pH. Adding
ssDNA enhanced the peroxidase-like activity of 3DBC-C3N4 at
each pH, which further facilitated TMB adsorption. In other
words, 3DBC-C3N4 with ssDNA can be applied for expanded
applications over a broader range.
Application for OTC Detection and Bioimaging. After

evaluating the mechanism of ssDNA effect on catalytic activity
of 3DBC-C3N4, it can be concluded that the effect of OTC
aptamer adsorption on enhancing the peroxidase-like activity
of 3DBC-C3N4 ascribed to both electrostatic attraction and
aromatic stacking with TMB substrate. As illustrated in Figure
4b, the amount of TMB oxidation product generated under a
fixed reaction condition is positively related to the concen-
tration of OTC aptamer in the system and reaches maximum
at 3 μM OTC aptamer, which may be changed by the presence
of OTC. We next studied the colorimetric biosensor using 3
μM OTC aptamer as the probe for OTC detection.
Colorimetric biosensing was performed for OTC detection

using OTC aptamer as the probe. Upon addition of OTC, the
adsorption was found to be gradually decreased (Figure 6a). As
OTC altered the interaction between aptamer and 3DBC-
C3N4 in its presence, OTC aptamers were desorbed from
3DBC-C3N4 to bind with OTC. The corresponding
quantification limit and detection limit were calculated as 50
and 1 μg/L (N = 3), respectively, in the linear detection range
from 50 to 2000 μg/L. The regression equation was obtained
as Abs = −0.00014COTC (μg/L) + 0.84 with a correction
coefficient (R2) of 0.998 (Figure 6b), which was comparable to
or even better than those of previous strategies (Table S2).
The results indicated that a facile colorimetric aptasensor
platform based on 3DBC-C3N4 nanozyme was successfully
established for OTC detection. To elucidate potential risks
associated with 3DBC-C3N4 for organisms, the cytotoxicity
test of HepG2 cells was assessed via standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Figure 6c). As a result, the 3DBC-C3N4 was
found to be nontoxic and possess good biocompatibility for the
organism. Moreover, on the basis of an intensive blue
fluorescence of 3DBC-C3N4 (Figure S6), it was explored for
bioimaging applications in living organisms (Figure 6d) via
confocal fluorescence microscopy. The bright blue was clearly
observed in HepG2 cells, which suggested 3DBC-C3N4 as a
promising candidate for intracellular ROS scavenging with
bioimaging performance.

■ CONCLUSIONS

In summary, the 3D branched crystal g-C3N4 with one-
dimensional nanoneedles was successfully fabricated with a
surface area of 73.183 m2/g and used as nanozymes. The
unique sharp edge morphology improved the crystallinity of
carbon nitride. The nanoneedles of the prepared 3DBC-C3N4
with high curvature on the tip induced accelerated charge
collection and separation for H2O2 activation. Further, the

Figure 6. Oxidation of TMB at various OTC concentrations by 3DBC-C3N4 with OTC aptamer (a, b). MTT cytotoxicity assay (c) and image of
HepG2 cells (d) incubated with 3DBC-C3N4.
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prepared 3DBC-C3N4 exhibited excellent peroxidase-like
activity in the presence of H2O2 and containing TMB
substrate. Moreover, the peroxidase-like activity of 3DBC-
C3N4 was flexibly regulated by ssDNA molecules. The effect
mechanism of ssDNA on 3DBC-C3N4 was mainly dependent
on both electrostatic interaction and aromatic stacking toward
chromogenic substrates. Subsequently, a highly sensitive and
specific colorimetric aptasensor was successfully constructed
for OTC detection. The synergistic effects of 3DBC-C3N4 and
OTC aptamer enhanced the sensing performance of aptasensor
toward OTC. Moreover, 3DBC-C3N4 showed high biocompat-
ibility and nontoxicity to HepG2 cells, which suggested its
promising implications in intracellular ROS scavenging with
bioimaging performance.
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