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ARTICLE INFO ABSTRACT

A simple, facile and sensitive photoelectrochemical (PEC) bioassay protocol for metronidazole (MNZ) detection
in common oral medicine samples has been proposed under visible-light irradiation, where novel hierarchical
coral-like g-C3N, nanoarchitectures (cg-C3N4) have been first explored as PEC sensing platform. Featured with
the unique nanostructures (e.g., interlaced porous network architecture, and open boundaries), the as-formed cg-
C3N, nanoarchitectures not only efficiently inhibit the recombination of photogenerated electron-hole but also
enable the immobilization of capture antibodies as well as the antibody-antigen binding efficiency fluently, thus
amplifying the photocurrent response. This newly constructed PEC immunoassay displays excellent performance
for MNZ determination with high sensitivity and selectivity. Under the optimal condition, this bioassay protocol
exhibits a linear range of 0.01-100 uM with a detection limit of 0.005 uM at signal to noise ratio of 3. The
resulting PEC immunoassay has been proved to be applicable for sensing MNZ in common oral medicine sam-
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1. Introduction

Metronidazole (MNZ, 1-(2-hydroxyethyl)-2-methyl-5-ni-
troimidazole) has been widely used as antibacterial and antiprotozoa
medicine (Chen et al., 2013; Mahrouse and Elkady, 2011). Generally, it
is used in the treatment of anti-anaerobic infections, follicle worms,
amebiasis, giardiasis, tichomoniasis and periodontal disease. However,
MNZ has been evidenced to have genotoxic, carcinogenic and muta-
genic side effects (Mehrzad-Samarin et al., 2017; Thompson et al.,
2009). Hence, the determination of trace residues of MNZ in different
matrixes has aroused much concern. Several methods, including high-
performance liquid chromatography (HPLC) (Ardsoongnearn et al.,
2014; Schkarpetkin et al., 2016; Wang et al., 2012), thin-layer chro-
matography (TLC) (Moussa et al., 2017), spectrophotometry (Korany
et al., 2015; Zheltvai et al., 2013) and electrochemical sensor (Song
et al., 2016) have been utilized for MNZ determination. However, most
of these methods are often subjected to deficiency in simplicity, cost-
effectiveness and portability. Therefore, to develop a facile and sensi-
tive protocol for rapid detection of MNZ is urgent.

In recent years, with outstanding advantages of high sensitivity, cost
efficiency, ease of operation, and inherent miniaturization, photoelec-
trochemical (PEC) immunoassays have attracted great attention with
intrinsic separation for the excitation source / detection signal (Dai
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et al., 2016; Shen et al., 2015; Shu et al., 2016). Nowadays, great efforts
have been made on improving the sensitivity for PEC detection of low-
abundance biomarker proteins (Ge et al., 2014; Li et al., 2017; X. Li
et al., 2018; Zhao et al., 2012). Most reported PEC assays mainly fo-
cused on nanoarchitectured designing the photoactive materials-based
sensing platform with excellent photon-to-electron conversion effi-
ciency, good electrical conductivity, and high surface area (Gao et al.,
2017; Wang et al., 2017).

Recently, graphitic-like carbon nitride (g-C3N4) has aroused wide-
spread attention due to its appealing electronic band structure, earth-
abundant nature, high stability, and visible-light absorption ability
(Liao et al., 2012; Wang et al., 2015; Zheng et al., 2014). It has been
used on catalysis (Hou et al., 2013; Lu et al., 2017; S. Yang et al., 2013;
Yu et al., 2014), degradation (Liu et al., 2018; Xie et al., 2018; Y. Yang
et al., 2013; Yue et al., 2018), and sensing probes (Chen et al., 2015;
Duan et al., 2018; Fang et al., 2016; Liu et al., 2016). Nevertheless,
some intrinsic nature (e.g. the rapid recombination speed of photo-
generated h*-e pair, low quantum efficiency and surface area) strongly
hampered its practical applications. Thus, to overcome these problems,
several attempts have been made, including nanostructure synthesis
(Hou et al., 2013; Ma et al., 2014), doping foreign elements (Fan et al.,
2018; Han et al., 2018), and coupling with typical semiconductors to
form heterojunctions (H. Li et al., 2018; Sun et al., 2015). In particular,
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nanostructure synthesis, i.e. manipulation of nanostructured g-C3N4
with controllable morphologies have been proven to be an efficient
protocol to improve the properties of original g-CsN,4 (Hou et al., 2013;
Ma et al., 2014). For example, recently, a soft-templating approach
using hydrogen-bonded-based supramolecular network precursor has
been found to be feasible to tailor g-C3N4 nanostructures, including g-
C3N,4 hollow nanospheres (Jun et al., 2013), nanofibers (Xie et al.,
2016) and nanowires (Xie et al., 2016) with enhanced photoactivity.
Inspired by this, herein, novel hierarchical coral-like g-C3N4 na-
noarchitectures (cg-C3N,) are first prepared via a soft-templating ap-
proach using a cyanuric chloride-melamine (CCM) supramolecular
precursor and their applications are further explored as PEC im-
munosensing platform for sensing MNZ. Benefitting from the unique
nanostructures, such as interlaced porous network architecture and
high surface area, the obtained cg-C3N, nanoarchitectures facilitate the
separation of the photogenerated electron-hole pair and enable the
immobilization of capture antibodies as well as the antibody-antigen
binding efficiency fluently, thus amplifying the photocurrent response.
Such a newly constructed PEC immunoassay displays excellent perfor-
mance for MNZ determination with high sensitivity and selectivity. The
obtained detection limit is 0.005 uM (S/N = 3), which is significantly
lower than those reported using HPLC (5.85 uM) (Wang et al., 2012),
spectrophotometry (2.4 uM) (Korany et al., 2015), capillary electro-
phoresis (0.4uM) (Jin et al, 2000), and electrochemical sensor
(0.016 uM) (Chen et al., 2013). To the best of our knowledge, there is
no report on developing hierarchical cg-C3N4 nanoarchitectures for PEC
sensing MNZ before. The resulting PEC immunoassay is applicable for
sensing MNZ in common oral medicine samples.

2. Experimental section
2.1. Materials and apparatus

All chemicals and related instruments used in the experiments have
been described in Supporting information.

2.2. Synthesis of coral-like g-C3N manoarchitectures

Coral-like g-Cs;Nynanoarchitectures were synthesized by soft-tem-
plate hydrothermal method. Typically, cyanuric chloride (2.7675g)
and melamine (0.9460 g) were firstly dissolved in acetonitrile (60 mL)
to prepare the complex precursor cyanuric chloride-melamine (CCM)
and then kept stirring overnight. Through rotary evaporation at 80 °C in
a fuming hood, the generated white CCM precursors were redispersed
in acetonitrile (80mL). After stirring for 30 min, the mixture was
transferred into a Teflon-lined autoclave (100 mL), and heated at 180 °C
for 24 h. Followed that, the obtained samples were cleaned sufficiently
with absolute alcohol, heated at 80 °C for overnight, then placed in a
porcelain boat with a 5cm X 6 cm ceramic chip covered and heated to
500 °C (10 °C per min) for 1h under nitrogen atmosphere. Finally, the
resulting coral-like g-C3N4, powders were obtained by grinding. By
contrast, the bulk g-C3N, was also prepared as in our previous work
(Chen et al., 2015; Fang et al., 2016).

2.3. PEC immunoassay fabrication

The basal FTO substrate (with the surface area = 1.5cm?) was
firstly washed by ultrasonicating in water and alcohol, respectively.
Then, a certain amount of cg-CsN, dispersion (10.0mgmL™!) was
precasted on the cleaned FTO surface and stored at room temperature
till dry. After that, the cg-C3N4/FTO surface was coated with 20 pL of
CS solution (0.1 wt%) and dried at room temperature. Then, 20 pL of
GLD solution (1%), a typical covalent binding agent, was further
modified onto the surface of cg-C3N4/FTO electrode and remained for
30 min (labeled as GLD-CS/cg-C3N4/FTO). After rinsing, 30 uL. of mAb
(0.1 mg mL™!, in 0.1 M PBS) was incubated on the surface of the
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modified electrode at 4 °C overnight (labeled as Ab/GLD-CS/cg-C3N4/
FTO). To block any nonspecific binding sites, after rinsing, the modified
electrode was further immersed in BSA solution (1%, in pH = 7.4 Tris-
HCI) for 1h. Finally, the resulting immunosensor was rinsed with
washing solution (pH = 7.4 Tri-HCl with 0.05% Tween 20) and re-
mained at 4 °C for further use (designed as BSA/Ab/GLD-CS/cg-C3N4/
FTO). Thorough rinsing with wash solution was required at each as-
sembly step. For comparison, 30 uL. of the bulk g-C3N, dispersion
(10.0 mg mL ™) was also coated on the cleaned surface of FTO under
the same conditions (g-C3N,4/FTO).

2.4. PEC measurements

Photocurrent measurements were accomplished in 0.1 M Tris-HCl
(pH = 7.0) using AA (0.1 M) as hole scavenger before and after the
incubation of BSA/Ab/GLD-CS/cg-C3N4/FTO into MNZ solution for an
optimized time of 30 min (MNZ/BSA/Ab/GLD-CS/cg-C3N4/FTO), re-
spectively. The application potential sets on 0.0V, switch the light
source every 158S.

3. Results and discussion
3.1. Characterization of Coral-like g-C3N4

The SEM image of the obtained cg-C3N4 was presented in Fig. 1A,
displaying a coral-like morphology. The high-magnified SEM image
(inset of Fig. 1A) reveals that the coral-like nanostructures are com-
posed of the randomly oriented and intertwined nanorods with dia-
meter ~40 nm. Obviously, the as-formed specific core-like g-C3N, ar-
rays, featured with interlaced porous nanoarchitecture and open
boundaries with more active sites exposed, are expected to possess
more efficient visible-light activity for the PEC detection (Ong et al.,
2016; Zheng et al., 2014). Fig. 1B displays the typical XRD results of the
bulk g-C3N,4 and cg-C3Ny4. Two peaks at 13.0° and 27.4° are assigned to
the crystal planes of (100) and (002) of g-C3N, (JCPDS 87-1526), re-
spectively (Chen et al., 2015; Fang et al., 2016). Compared with the
bulk g-C3Ny, the peak at ~ 27.4° becomes broader with a decreased
intensity, mainly due to the decreased length of interlayer periodicity of
cg-C3N,. Notably, the interconnected naonostructures of the coral-like
g-C3N4 enable the significant decrement of the correlation length of
interlayer periodicity of tri-s-triazine building blocks, showing good
agreement with the previous reports (Liang et al., 2015). The FTIR
spectra were collected to further characterize the structure of cg-C3Ny.
As illustrated in Fig. 1C, both spectra of cg-C3N4 and g-C3N, display
several typical bands in the range of 1200-1650 cm ™' (curve b), due to
the typical stretching vibration modes of heptazine heterocyclic ring
(CgN>) units (Lu et al., 2015; Yu et al., 2014). In comparison with that
of g-C3N,, the bands within the range of 3000-3500cm™! become
broadened, due to the stretching vibration of NH and NH, groups,
confirming the presence of the amino groups in the cg-C3Ny. In addi-
tion, the band at ~ 808 cm ™! was also investigated, corresponding to
the breathing mode of triazine units (Lu et al., 2015).

In order to further characterize the chemical composition of the
resulting products, XPS measurements were carried out (Fig. 1D). It can
be seen that the cg-CsN, was mainly composed of carbon and nitrogen
(curve a), where the N/C ratio equals to 1.40, very close to the ideal
value (N/C = 1.33) of g-C3N,4 composition (S. Yang et al., 2013). A
small amount of oxygen observed might be aroused from surface ad-
sorption of oxygen. The high contents of carbon and nitrogen elements
confirm high purity of the as-prepared cg-C3N,4. The high-resolution
spectra of C 1s and N 1s were shown in Fig. 1E & F, respectively. The
main peak of C 1s at 285.9eV is corresponded to the sp2C=N bond
contained in s-triazine ring. Another two peaks located at 286.9 eV and
284.3 eV are attributed to a sp2C atom, corresponding to -NH, and
aromatic carbon atoms, respectively. Three peaks, located at 398.7,
399.5 and 403.6eV are resolved from the peak of N 1s (Fig. 1F),
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Fig. 1. (A) SEM image of the cg-C3Ny; (B) XRD patterns,(C) FTIR spectrum and (D) XPS survey spectra of (a) g-C3N4 and (b) cg-C3Ny4; High-resolution XPS spectra of
(E) Cl1s and (F) N1s of the as-prepared cg-C3Ny. Inset of (A): the magnified image of cg-C3Ny.

confirming that there are three kinds of nitrogen states in the resulting
cg-C3Ny product, namely pyridinic, pyrrolic and graphitic nitrogen
(Chen et al., 2015; Lu et al., 2017; Ye et al., 2015).

The UV-vis diffuse reflectance spectroscopy and photoluminescence
(PL) spectrum were adopted to elucidate the optical properties of the
as-prepared of cg-C3N,4 and bulk g-C3N,4. As shown in Fig. 2A, compared
with that of bulk g-C3N,4, an increase light absorption of cg-C3N, is
observed over the entire UV-vis wavelength range. The absorption edge
of cg-C3N, exhibits a remarkable shift from 490 nm (g-C3N,4) to longer
wavelengths of 680nm, demonstrating enhanced absorption ability
toward visible light. The plot (ahv)? versus photo energy (inset of
Fig. 2A) reveals that the band gap of the cg-C3N4 (~ 2.41 eV) has been
narrowed by negative shift of 0.16 eV. During the solvothermal process,
high mobility in the thermal fluid (acetonitrile as solvent) prompts the
planar packing towards J-type aggregation of heptazine building blocks
(Cui et al., 2012; Xie et al., 2016), thus improving the p-electron de-
localization in conjugate system, and finally resulting in the enhance-
ment of the absorption. The PL spectra of cg-C3N4 and bulk g-C3N, are
shown in Fig. 2B, excited by 365nm. The strong emission peak near
440 nm is caused by direct recombination of the photogenerated elec-
tron/hole (Fang et al., 2016; Hou et al., 2013; Ma et al., 2014). The
weaker PL intensity of cg-CsN4 demonstrates that the unique nanos-
tructured cg-C3Ny4 could greatly decelerate the photogenerated charge
carriers recombination. Seen from the photocurrent responses (Fig. 2C),
a stable photocurrent of 956 nA (curve b) is obtained on cg-C3N,4/FTO
electrode, exhibiting substantial improvement compared with that of
bulk g-C3N,4/FTO (~229 nA). This indicates a notable enhancement of
the charge separation at cg-C3Ny4 (curve c), showing agreement with the
PL results.

According to nitrogen adsorption/desorptionisotherms, the BET
surface areas of the present cg-C3N,4 and bulk g-C3N4 were investigated
(Fig. 2D). The cg-C3N, isotherm exhibits type IV behavior with typical
type H1 hysteresis loops, indicating the presence of mesoporous
structure in cg-C3Ny4 (Yang et al., 2013b). While the bulk g-C3N,4 shows
a type H3 hysteresis with a typical descent in the desorption branch.
The BET surface area of cg-C3N4 (~ 49.02m?/g) is found to be much
greater than that of bulk g-CsN, (~ 5.1 m2/g). Obviously, the as-formed
cg-C3Ny4 nanoarchitectures with enlarged surface area not only greatly
facilitate the photogenerated electron-hole separation, but also provide

more active sites for the further surface decoration, thereby favoring
the followed PEC immunoassay applications.

3.2. Characterization of the PEC immunoassay

To verify the successful fabrication of the PEC immunoassay, the
electrochemical impedance spectrum (EIS) measurements and photo-
current responses after each decoration step were conducted. The ty-
pical EIS for the electrodes after each decoration steps were show in
Fig. 3A. At the bare FTO, a characteristic profile of EIS with a semicircle
and a straight line has been observed, featuring a diffusion-limiting step
of the Fe(CN)¢*”>" (curve a). After decoration of cg-C3Ny4 on the FTO
(curve b), a bigger semicircle was observed, indicating a barrier effect
of semiconductor cg-C3N, film on the interfacial charge transfer. The
sequential immobilization of cross-linking agent (curve c), MNZ anti-
body (curve d), BSA (curve e) and MNZ (curve f) led to gradual increase
of the semicircles, indicating the successively increased electron
transfer resistance owing to the nonconductive properties of proteins.
And further increasing the concentration of MNZ, the semicircle of EIS
also gradually increased (curve f-h). The selective entrapment of MNZ
induced the steric hindrances toward the diffusion of [Fe(CN)g]®/[Fe
(CN)6]* to the electrode surface, thus leading to the enhanced electron
transfer resistance. With the loading of cross-linking agent (curve b),
MNZ antibody (curve c), BSA (curve d) and MNZ (0.25uM, curve e)
onto the modified electrode surface, the corresponding photocurrent
responses also gradually diminished with each modification step
(Fig. 3B), consistent with the results of EIS, also indicating the suc-
cessful construction of the present PEC immunoassay.

3.3. Optimization of experimental parameters

During the PEC measurements, the amount of photoactive material
was firstly optimized. The photocurrent initially increases with the
amount of the cg-C3N, dispersion up to 30 uL and then decreases
(Fig. 4A), likely due to the presence of the nanostructured cg-C3N4 on
the electrode. With the presence of more cg-C3N4, more electron-hole
pairs could take part in the PEC process. With the amount of cg-C3N4
further increased, the aggregation of the nanostructures occurred and
the coated thicker film may hinder electron transfer, thus leading to the
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decrease of PEC response. Meanwhile, the thicker film may also be
easily peeled off from the electrode surface (Fang et al., 2016).
Therefore, the optimal amount of cg-C3N, dispersion is 30 pL.

The concentration of the hole sacrificial agent was also closely re-
lated with the PEC response. The photocurrent response increased with
the concentration of AA up to 0.1 M and then remained steady due to
the saturation of AA as electron donor (Fig. 4B). Thus, the optimum
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Because the pH of the detection solution not only affects the PEC
responses of the immunoassay, but also the activity of the immobilized
proteins, the pH effect on the PEC response was investigated within the
range of 5.0-9.0 in the detection solution (in the presence of 0.1 M AA).
A maximum photocurrent response was investigated at pH 7.0
(Fig. 4C). Thus, the optimal pH value of 7.0 was selected in the further
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(CN)e] (1:1) in 0. 1 M PBS. The applied frequency in the range of 0.1 Hz-100 kHz; (B) Corresponding photocurrents of cg-C3N4/FTO after each step decoration with
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Ab/GLD-CS/cg-C3N4/FTO). Supporting electrolyte: 0.1 M pH 7.0 tris-HCL.
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electrolyte: 0.1 M pH 7.0 tris—-HCIL.

study.

As an influential parameter, the dependence of the PEC im-
munoassay on the incubation time was examined (Fig. 4D). With
prolonging incubation time in MNZ solution, the photocurrents in-
creased rapidly up to 30 min, then became smooth and remained stable.
With the incubation time greater than 30 min, the immuno-binding
interactions tended to be saturated. Hence, for the incubation steps, the
optimum time is 30 min.

3.4. Analytical performance of the Present PEC immunoassay

Under the optimized conditions, the photocurrent responses of the
proposed cg-C3Ny-based PEC immunosensor were investigated in the
presence of varied concentrations of MNZ (shown in Fig. 5A). With the
successive entrapment of MNZ, the induced steric hindrance hampered
the diffusion of AA (hole sacrificial agent) to the electrode surface to
capture photogenerated holes. Thus, the produced photocurrent of
sensor decreased successively with the increase of MNZ concentrations
in the immersion solution. The relative change of the photocurrent,
expressed as (ip-1)/ip (where iy, and i correspond to the photocurrent
before and after incubation in MNZ) toward the logarithm value of
MNZ concentrations displays a linear relationship over the linear dy-
namic range of 0.01-100 uM (inset of Fig. 5A). The corresponding
linearization equation is: (ip-i)/ip = 0.195 + 0.491 log c/umol L™ . The
estimated detection limit is calculated to be 0.005 uM at signal to noise
ratio of 3, significantly lower than the previous reports (Table S1).
Thus, such distinguished analytical performance is sufficient to monitor

11

MNZ levels in real sample analysis.

3.5. Selectivity and stability of the PEC sensor

To evaluate the specificity of the present PEC sensor towards MNZ,
several analogs of MNZ (Table S2), were selected as possible inter-
ferents. It can be found that the responses to the interfering agents
alone were close to that of the blank signal (Fig. 5B). In the two-com-
ponent system, including MNZ and each individual interference with
equal concentration of 0.25 uM, the photocurrent of PEC sensor is al-
most unchanged in comparison with that of MNZ alone. Even in the
presence of the interfering compound with 20-fold concentration of
MNZ, all the changes of the photocurrent are less than 11.4%. All
measurement values for each interfering compound show consistence
well with acceptable precision (% RSDs = 1.2-8.1%, n = 3). These
data show that the present PEC biosensor presents high selectivity and
repeatability. Operational stability is also a key factor to be investigated
in practical applications. In the initial 3 days, the photocurrent response
of MNZ was almost unchanged. After 7 days (stored at 4 °C all the time),
the sensor retained about 96.0% of its initial response (Fig. S1), dis-
playing a good stability.

3.6. Analysis of the real oral medicine samples

The practical application of the present PEC sensor was further
studied for the determination of MNZ in actual oral medicine samples.
Two kinds of MNZ tablets with SDA No. H10980058 (labeled to contain
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Fig. 5. (A) PEC profile ofthe present immunoassay toward different concentraitons of MNZ (from bottom to top, 0, 0.01, 0.05, 0.25, 0.5, 1.0, 10, 20, 50 and 100 pM).
Inset: the calibration curve of the PEC inhibition ratio against the concentration of MNZ; (B) The evaluation of specificity of the proposed PEC immunoassay to the
interfering substances: dimetridazole, 1,2-dimethylimidazole, 4-nitroimidazole, ronidazole, and their mixture with different folds concentration to MNZ (0.25 puM).

Supporting electrolyte: 0.1 M pH 7.0 tris-HCl.

Table 1
PEC Determination of MNZ in Different Serum Samples using the Proposed
Method (n = 3).

Sample Concentration Recovery (%)
Taken (ngmL™ D) Found (ng mL™Y)

Sample 1 0.0 0.0178

Sample 1-1 1.00 0.997 99.7

Sample 1-2 5.00 4.477 89.5

Sample 2 0.0 1.207

Sample 2-1 10.0 9.772 97.7

Sample 2-2 50.0 53.21 106.4

3 mg MNZ per tablet) and H41024459 (labeled as 0.2 g MNZ per tablet)
were collected for real sample analysis, respectively. For the prepara-
tion of the stock solutions, each tablet was first grinded into powder and
then transferred into 1000 mL volumetric flask using ultrapure water as
solvent, respectively. Finally, the as-prepared stock solutions were di-
luted 1000 folds with water, and then carried out the measurements
using the present immunoassay (listed in Table 1). The recoveries of
MNZ in the oral medicine samples were found to be in the range of
89.5-106.4%. Using the proposed PEC immunoassay, the original
contents of MNZ in the oral medicine samples were detected to be
0.0178 uM (equivalent to 3.04mg MNZ per tablet) and 1.207 uyM
(equivalent to 0.206g MNZ per tablet), respectively, completely
agreeing well with the labeled values. Obviously, the proposed method
occupies a high degree of sensitivity, accuracy, reproducibility and
applicability for direct analyzing real samples. And moreover, the
analysis progress by the present PEC sensor is simpler, rapider, and
more low-cost.

4. Conclusions

In summary, this work first exploited the use of cg-C3N, in-
corporated with immunoassay technology for PEC sensing MNZ. The
unique coral-like g-C3N4 nanoarchitectures greatly facilitate the pho-
togenerated electron-hole separation and provide more active sites for
grafting capture antibodies, thus amplifying the photocurrent response.
The resulting PEC immunoassay displays excellent performance for
MNZ determination with a linear range of 0.01-100 uM and a detection
limit of 0.005uM (S/N = 3). It has been proved to be applicable for
sensing MNZ in common oral medicine samples. This protocol

12

eliminates the need for sophisticated instruments and high detection
expenses, making it possible to be a reliable alternative in re-
source—constrained regions. The further work is undergoing to explore
the present protocol for real pharmaceutical analysis.
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