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In this study, we established a label free and ultrasensitive electrochemical sensor based on graphitic nitride
nanosheets (g-C3N4 NS) for procalcitonin (PCT) detection. Firstly, an easy-to-prepare and well-conducting
g-C3N4 NS was synthesized. Next the g-CsN4 NS was immobilized on the electrode surface by w—m
stacking, and further used to anchor the specific recognition peptide (PP). The surface morphology and
structure after g-CsN4 NS and PP modification was characterized by X-ray photoelectron spectroscopy

(XPS), atomic force microscopy (AFM) and electrochemistry. The sensing property of this sensor was
Received 15th June 2022 luated by differential pulse voltammetry (DPV) and showed a detecti itivity with a dynami
Accepted 3rd August 2022 evaluated by differential pulse voltammetry and showed a detection sensitivity with a dynamic
range from 0.15 to 11.7 fg mL™* with a low limit of detection (LOD) of 0.11 fg mL™% Besides, the

DOI: 10.1035/d2ra03650a electrochemical biosensor was successfully used to detect PCT in human serum samples, and the results
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1 Introduction

Sepsis is a critical whole-body inflammatory response due to
microbial pathogen infection including by viruses, bacteria and
fungi.'” If sepsis is not treated carefully, it may cause a systemic
inflammatory response, in severe cases leading to organ
dysfunction and ultimately death.® Currently, sepsis is the main
cause of death in Intensive Care Units (ICU) and its incidence is
increasing worldwide with a mortality rate between 40 and 50%
in developed countries and is responsible for more deaths than
lung, breast and colon cancer combined.>* Thus, there is an
urgent need for rapid, reliable and simple methods for diag-
nosis of the origin of sepsis to enhance survival rate and patient
outcomes.’

Currently, some biomarkers such as C-reactive protein
(CRP), serum decoy receptor3 (DCR3), interleykin-6 (IL-6),
tumor necrosis factor-o. (TNF-o) and procalcitontin (PCT) have
been investigated for the rapid identification of the origin of
sepsis,®” and these biomarkers have received the most attention
in work focusing on sensor development. In comparison, PCT is
generally accepted as the most promising biomarker because of
its uniqueness and better sensitivity and selectivity.®*** In
general, all of the PCT formed in C-cells and no PCT can enters
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suggest its potential use in clinical application.

the circulation, so its level in healthy subjects is below the
detection level. However, the PCT levels will be raised after the
patients were infected with bacterial sepsis."*** So far, there are
diverse screening methods available for identifying the pres-
ence of infections including enzyme-linked immunosorbent
assays (ELISA), blood cultures (BC),"*** molecular diagnostic
techniques,” chemiluminescence immunoassay,'® micro-
fluidics immunoassays and fluorescence immunoassay. Due to
the expensive and complicated instruments, tedious sample
treatment, time-consuming in the detection system,'”'® these
methods can't meet the current needs for efficient and rapid
detection of PCT. Hence, developing a sensitive and reliable
method for PCT detection are required. Electrochemical
methods with high sensitivity, selective, rapid response and
portability have recently become burgeoning and powerful
analytical methods.”>" The sensitivity of electrochemical
sensor is mostly related to the choice of electrode materials.
Thus, the researchers are focused on electrode modification
and have studied a lot of materials for the electrochemical
detection of biomaterials.>

Recently, graphitic carbon nitride (g-C3N,) with its graphite-
like structure and commendable stability under ambient
conditions, has received extensive attention due to its high
stability, nontoxicity, facile and low-cost synthesis, appropriate
band gap in the visible spectral.>*** In addition, as the most
stable allotrope of carbon nitride semiconductor, it has become
a promising material in photocatalysis, gas and fluorescent
sensors, field emitter, electrode for fuel cells, and hydrogen
storage for its abundant nitrogen active sites and unique
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superior catalytic activity.>**” However, it is worth mentioning
that as synthesized bulk g-C;N, has poor conductivity, large
band gap and low specific area, so it is not suitable for direct use
in electrochemical sensing applications.

To conquer this problem, researchers have proposed various
approaches (including the design of nanostructure, semi-
conductor composite, metal and non-metal mixtures) to
enhance the electrochemical performance of g-C3N,.>**
Although modifying or doping methods have been proved
effective on utilizing pure g-C;N, for electrochemical sensing,
new methods to change its own structural defects to enhance
the electrochemical sensing are still necessary. Recently, g-C3N,
nanosheets (g-C3N, NS) directly prepared by ultrasonication-
assisted liquid exfoliation of bulk g-C;N, provide an attractive
option for bioprobes and bioimaging applications.** Like
graphic or its derivatives, the graphite layer structure of g-C;N,
NS has higher specific surface area and provide more active
sites. More importantly, some studies have shown that
compared with the bulk g-C3N4, the g-C;N, NS have better
electrochemical activity and stability, suggesting that exfoliated
ultrathin g-C3N,; NS are a promising candidate material for
sensing application.***

Therefore, in this work, a novel and highly sensitive elec-
trochemical sensor based on a g-C;N, NS modified glass carbon
electrode for the detection of PCT has been developed. The
fabricated process of the sensor was presented in Scheme 1.
Firstly, the g-C;N, was synthesized and exfoliated by the ultra-
sonication and then directly drop-casting on the electrode
surfaces (g-C3;N, NS/GCE), which could effectively promote the
electrochemical signal due to the increase in surface area and
deduction of the surface activation energy after the g-C3N, NS
modification. Subsequently, the probe peptide (PP) was linked
onto the electrode surface via the w—m stacking between the g-
C;N,; NS and phenylalanine at the end of the polypeptide,
providing an effective electrochemical strategy for the sensitive
determination of PCT. Otherwise, this sensor also exhibits
excellent detection performance of PCT in real samples,
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Scheme 1 Schematic representation for the fabrication of the PCT
electrochemical biosensor.
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showing promising application in clinical test and disease
diagnosis.

2 Experimental
2.1 Reagents and materials

Urea, sodium chloride (NaCl), potassium ferricyanide
(K3Fe(CN),) were obtained from Sinopharm Chemical Reagent
Company (Shanghai, China). 1 M Tris-HCl, Bovine Serum
Albumin (BSA) were supplied by Solarbio Company (Beijing,
China). PCT, C-reaction protein and Interleukin-6 were
purchased from Cusag Company (Wuhan, China). The
capturing peptide powder was synthesized from Top-peptide
Company (Shanghai, China), and the sequence of capturing
peptide was displayed as follows:**

PP: TSCNGHTCTRPNF.

All experimental water was ultrapure water by Mill-Q water
purification (18.2 MQ).

2.2 Instrumentations

The morphology of electrode surface and the surface potential
were observed by atomic force microscope (AFM, Asylum MFP-
3D origin+, Oxford). The function groups and the structure of
the g-C3N, NS was characterized by Fourier Transform Infrared
Spectrometer (FI-RT, Nicolet Impact 400D spectrometer) and X-
ray diffraction spectrometer (XRD, Malvern Panalytical). All
electrochemical measurements were performed using a multi-
channel potentiostat (interface 1010, Gamry) via EC-lab soft-
ware version. X-ray photoelectron spectroscopy (XPS) was con-
ducted on an ESCALAB 250 spectrometer using AlKa radiation
as the X-ray source (1486.7 eV) with the pass energy of 30 eV.

2.3 Preparation of ultrathin g-C;N, nanosheets (NS)

The ultrathin g-C3;N, nanosheets (NS) were prepared with
ultrasonication exfoliated method.*+¢ The detailed procedure is
summarized as follows. The g-C3N, bulk was produced by
heating urea at 550 °C with a ramp rate of 5 °C min~' and
maintained at this temperature for another 3 h in argon envi-
ronment, the yellow-colored power g-C;N, was obtained.

To fabricate the g-C3N, NS, 0.01 g bulk g-C;N, power was
added to 2 mL ethanol and ultrasonication for 1 h, afterward,
the solution was allowed to stand undisturbed for overnight at
room temperature to allow unexfoliated bulk g-C;N, particles to
settle at the bottom of the container.”” The supernatant liquid (a
homogenized dispersion) of exfoliated g-C3N, NS was collected
and used for further studies.

2.4 Fabrication of electrochemical biosensor

Prior to modification, the bare GCE was polished with 0.3 um
alumina slurry, then washed with water and ethanol repeti-
tiously under ultrasonic treatment and dried with nitrogen gas.
Next, 20 puL g-C3N,; NS suspension was dropped on the GCE
surface (0.3 cm) and incubated for 3 h. After washed with Milli-
Q water, 50 pL of 500 uM PP was dripped onto the surface of the
modified electrode at 4 °C for 5 h, rinsed with Tris-HCI buffer.
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The nonspecified binding sites were covered with 20 uL of BSA
(2%, W/V).

2.5 General characterization

All electrochemical testing measurements were performed in
a Tris-HCl solution containing 5 mM K;Fe(CN)e/K,Fe(CN)s.
Three electrode consist of a bare or a modified GCE was used as
working electrode, an Ag/AgCl (in 3.3 M KCl) as reference elec-
trode and a Pt wire as counter electrode. The function groups of
bulk g-C;N, NS were characterized by FT-IR in the wavenumber
range of 2400-400 cm ™ ". The crystal structure of g-C;N, NS were
measured by using XRD in the 26 range of 20° to 100° with CuKa
radiation (A = 0.15406). The surface morphologies of each
fabrication steps were analysed by atomic force microscopy
(AFM). All images were taken with a scan rate of 1 Hz at a scan
range of 500 nm x 500 nm and XPS spectrometer which
equipped with the AIKa radiation source and the takeoff angle
of the photoelectron analyser was 90° respectively. The potential
change of electrode surface was verified through AFM by the
Scanning Kelvin Probe Microscopy (SKPM) mode.

2.6 PCT sensing

The PCT in range from 1 ag mL™ " to 10 ng mL ™" in Tris-HCI (pH
7.0) was measured by DPV (pulse time = 1) at room tempera-
ture. For the detection in serum sample, the human blood
serum samples from healthy individuals were supplied by
Affiliated Hospital of Inner Mongolia Minzu University under
permission of the ethical committee of the university. And
Informed consents were obtained from human participants of
this study. The samples were centrifuged at 5000 rpm for
20 min, then filtered with 0.22 membrane, and the supernatant
was used for the subsequent tests. In the recovery test, the
collected serum was diluted 100 times using Tris-HCI buffer,
and then PCT was added to obtain the final concentration. The
recoveries were calculated from three concentrations of PCT
spiked human serum samples. The mean and standard devia-
tion were obtained from three independent tests.

3 Results and discussion

3.1 The morphology and structural information of the
electrode surface

XPS was selected to identified the detail information of the g-
C;N,4 nanosheets. As shown in Fig. 1A, the peak for C, N, O can
be seen. To locally enlarger view, the C1 peak can be deconvo-
luted to four peaks, which originate from the graphitic (284.3
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Fig. 1 XPS survey spectrum of g-CszN4 (A) and the related high-
resolution spectra of Cls (B) and N1s(C) binding energy regions.
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Fig. 2 (A) XRD pattern and (B) FT-IR spectrum of synthesized g-C3N4
NS.

eV), C-N/C-O bindings (285.2 eV), cyanide/cyanoquione (287.5
eV), and heptazine typed carbons (292.6 eV) respectively
(Fig. 1B). For the N1s spectrum, the heptazine N (397.97 eV),
pyrrolic N (399.3 eV), graphitic N (400.3 eV) and oxidic N (403.6
eV) can be deconvoluted respectively (Fig. 1C). All the charac-
teristic peaks were in good agreement with the earlier reports of
synthesized g-C;N, NS.*

XRD patten and FT-IR spectrum were selected to determine
the structure and the surface functional groups of the g-C;N,
nanosheets. For the XRD pattern, there were two distinct
diffraction peaks can be found (Fig. 2A). The strongest peak at
27.62° is due to the stacking of the conjugated aromatic system,
which is indexed for graphitic materials as the (002) peak and
corresponding well to the interlayer d-spacing (0.336 nm) of the
g-C3Ny, indicating the formation of g-C;N,. The weak diffraction
peak at 13.04° was assigned to the (100). The intensities of the
diffraction peak at 13.04° become weaker with increasing
heating temperatures, which indicate that the (100) crystal
plane of g-C3N, is slightly destroyed and the structure defects
are formed when treated at high temperatures.®

Furthermore, for the FT-IR spectrum, the peaks at
1234 em™ Y, 1311 em™ Y, 1416 em ™Y, 1554 em ™ * and 1635 cm ™t
correspond to the typical stretching vibration modes of C=N
and C-N heterocycles.?® The small peak located at 810 cm ™! is
a signature of the characteristic breathing vibration mode of the
triazine rings present in g-C3N4. The absorption feature at
889 cm™ " was associated to a deformation mode of cross-linked
heptazine (Fig. 2B). All the characteristic peaks were good
agreement with the prior reports on synthesized g-C3;N,.

3.2 Characterization of the electrode

The morphological characterization of GCE surface was carried
out by AFM. As shown in Fig. S1A,T the bare GCE surface was
a relatively homogeneous flat structure, however, the electrode
morphology changes significantly after the deposition of g-C3N,
NS and PP solution through the m-m stacking effect. The
increased bright spots and the height indicate the successful
modification of the electrode surface (Fig. S1B and Ct).

XPS was used to obtain the detail information on the
elemental and structural composition of the modified electrode
surface. Based on the XPS survey scan results, the narrow scan
spectrum of bare GCE shows a strong carbon (C1s) signal and
tiny nitrogen (N1s) and sulfur (S2p) contribution (Fig. 3A-C).
The N contribution increased significantly, and the S remains

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS results following electrode modification. (A) Wide scan and
narrow scan for (B) (N1s), and (C) (S2p) of the GCE. (D) Wide scan and
narrow scan for (E) (N1s), and (F) (S2p) of the GCE surface after the g-
C3N4 modified (g-C3N4/GCE). (G) Wide scan and narrow scan for (H)
(N1s), and (1) (S2p) of the g-CsN4/GCE modified by peptide probe.

unchanged after the g-C;N, NS modified (Fig. 3D-F). The results
indicate that the g-C;N, NS has been stacked on the electrode
surface. After drop-casting the PP, the narrow scan spectrum
shows clear peaks of S2p compared to the bare GCE and g-C3N,
NS/GCE (Fig. 3G-I), indicating the probe peptide can success-
fully anchor on the electrode surface through the - stacking
forces. Otherwise, the changes in the content of N and S
elements on the electrode surface also further prove the success
of the electrode modifications (Table S17).

The cyclic voltammetry (CV), differential pulse voltammetry
(DPV) and electrochemical impedance spectroscopy (EIS) were
used to demonstrate the stepwise modification of the electrode
surface. In the terms of EIS, [Fe(CN)s]> /[Fe(CN)q]*~ was utilized
as the redox probe and the semicircle diameter was equal to
electro-transfer resistance. In 5 mM [Fe(CN)¢]>/*~, bare

A
<
g
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Fig. 4 (A) CVs of different electrodes. (B) DPV responses of different

electrodes. (C) EIS response to different electrodes. (D) Charge transfer
resistance (R.) for the different electrodes. Inset: corresponding
equivalent circuit and modelling. The data are shown as the mean +
SD (n = 3).
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electrode exhibited almost a straight line (Fig. 4C), which was
characteristic of a mass diffusion limiting step of the electro-
transfer process. When the g-C;N, NS and PP was self-
assembled on to the electrode through the w-m stacking, the
impedance increased, this can be attributed to g-C;N, NS and
PP can blocked the diffusion of the redox probe of [Fe(CN)q]>
*~ and increased the interface electron transfer resistance.* The
charge transfer resistance of each electrode was shown in
Fig. 4D. These results were in good agreement with the obtained
from CV and DPV measurements (Fig. 4A and B). Those results
demonstrated that the sensing interface has been successfully
fabricated.

3.3 Effect of scan rate

To study the controlled factor of the electrochemical process on
the electrode surface, the impact of scan rates on the electro-
chemical behavior of 1 mM PCT at PP/g-C;N, NS/GCE in 20 mM
Tris-HCI was explored through the CV methods. As shown in
Fig. 5A, the reduction peak currents of the sensor were observed
to increase in linear correlation to the scan rate in the range of
10-100 mV s '. A linear dependency of the reduction peak
currents on the scan rates was also obtained for the sensor in
the presence of target PCT (Fig. 5B and C), which indicated that
the electron transfer process of the modified electrode is
diffusion-controlled.** The equation expressing the relationship
can be written as follows:

Ipa (RA) = 0.000004v"> + 7.5 x 107, R* = 0.99

In“%) = 0.39 In™ — 2.12, R* = 0.99

3.4 Detection performance of the electrochemical biosensor

The performance of the PCT activity assay was carried out by
exposing the substrate peptide probe on the biosensor to
different concentrations of PCT under the same experimental
conditions. Fig. 6A showed the DPV response of biosensor with
different concentrations of PCT, the pulse time of DVP is 0.1 s
(in Fig S2t). With increasing PCT concentration within the
range of 0.15 fg mL™" to 11.7 fg mL™", the electrochemical
oxidation peak current decreased gradually, which attributed to
the larger size PP-PCT complex hindered the diffusion of redox
probe towards electrode surface and increased the electrode
transfer resistance. Moreover, there was a linear relationship
between DPV signal and In(PCT) concentrations. The linear

w
aQ

301 La(Ipa)=039Lu(v)-2.12

R2=0.99

0.

00 03 06 09

Ewe/Vvs. Ag/AgCl an’Vs’; 7 vi2vst

Fig. 5 (A) CVs of 1 mM PCT in 1 mL 20 mM Tris—HCl at various scan
rates (10-100 mV). (B) and (C) are the calibration plot of the redox
currents vs. scan rate. The data are shown as the mean + SD (n = 3).
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Fig. 6 Electrochemical detection of PCT using PP/g-CsN4 NS/GCE.
(A) Changes in the DPV signals for the PP/g-C3N4 NS/GCE electrode at
varying concentrations of PCT in 1 mL 20 mM Tris—HCL (B) A plot of
current change versus concentration of PCT. The data are shown as
the mean + SD (n = 3).

equation for PCT was described as I (pA) = 3.02 In(C) + 12.88 (R
= 0.99) and the detection limit were estimated to be 0.11 fg
mL " (S/N = 3). Compared with other electrochemical methods,
SPR biosensors and electrochemiluminescent immunosensor
as list in Table S2,t our results present competitive detection
limit. This result indicates that our devices can be used to detect
the PCT and showed a better sensitivity compared with other
reported methods.

For better understanding the mechanics of the higher
detection sensitivity, SKPM measurements was performed. As
shown in Fig. 7, the surface potential was increased about 0.3 V
(from 0.9 V to 1.2 V) after the g-C;N, NS was modified, which
can promote the oxidation reaction due to the decrease in
activation energy.*

In addition, we also calculated the electrode surface area
after g-C3N, NS modified. To calculated the electrochemically
active surface areas, the CV of KiFe(CN)¢/K,Fe(CN)s was
analyzed by the Randles-Sevcik equation (eqn (1)):**™*

I, = (2.69 x 10°n¥*4C*D"*y'"> (1)

where I, refers to the anodic peak current in amperes, 7 is the
total number of electrons transferred (n = 1), A is the effective
surface area of the electrons in ecm?, D is the diffusion coeffi-
cient for K3Fe(CN)o/K4Fe(CN)g = 7.6 x 10~ ° em® s™, C* is the
concentration of KzFe(CN)s/K4Fe(CN)s in M em ™ and v is the
scan rate in V s '. The effective surface areas of various elec-
trodes were calculated from the slope of the I, versus v*2 plot.
The surface area of the GCE (0.07 cm?) is less than the surface
area of modified with g-C;N, NS (0.09 cm?). Which can expose
more active sites and can bind more PP probes.***” So, the larger
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Fig. 7 SKPM image of the GCE surfaces. (A) Surface potential of GCE.
(B) Surface potential of g-CsN4 NS/GCE.
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Fig. 8 The specificity and selectivity of the PP/g-CsN, NS/GCE
biosensor. The data are shown as the mean £ SD (n = 3).

surface area and the lower activation energy promote electro-
chemistry to display higher detection sensitivity.

3.5 Sensor specificity and real samples test

To evaluate the selectivity of the fabricated biosensor, several
kinds of interference biomarkers were selected, including C-
reaction protein (CRP), Interleukin-6 (IL-6). CRP is
a biomarker of inflammation for the tissue damage and the IL-6
is related to multiple diseases such as diabetes osteoarthrosis,
asthma and inflammatory bowel disease.*® The concentration of
PCT was 1 pg mL ', and the concentration of each interference
biomarker was 10 fg mL™". Fig. 7 shows the DPV value for the
samples spiked with each interference biomarker, PCT and the
mixture with or without PCT individually. As shown in Fig. 8,
the DPV value for each interference biomarker was very weak
and similar to that of the control sample, however, the DPV
value response of this sensor for the mixture of the PCT and
each interference biomarker was same with that of PCT, this
result demonstrate that the interference biomarker has no
effect on the detection of the PCT, and inferred that the elec-
trochemical sensor has highly specificity and selectivity.

To evaluate the practical application of PP/g-C;N, NS elec-
trochemical biosensors in blood sample, the concentration of
PCT in human blood serum sample was analysed. Through the

Table 1 Determination of PCT in human serum samples

Added Found Recovery
Samples (fg mL ™) (fg mL™) (%) RSD* (%)
1 1 0.94 94 2.56
2 5 4.76 95.2 1.75
3 10 10.1 101 2.05

% RSD (%) was calculated from triple parallel experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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linear relationship established for the PP/g-C3N,/CGE PCT
sensor, the recovery of the spiked PCT (1 fg mL™", 5 fg mL™", 10
fg mL ") range from 94 to 101.3% (in Table 1), indicating that
the immune sensor based on PP/g-C;N, NS/CGE had great
potential for the analysis of PCT in real clinical samples.

4 Conclusions

A novel and sample electrochemical biosensor based on PP/g-
C;3N, NS/GCE was developed and successfully used to detect the
PCT. The larger surface area and lower active energy after g-
C;N, NS modified giving the electrochemical biosensor higher
sensing capability. XPS, FT-IT, XRD were used to identified the
structure and function groups of the g-C;N, NS. AFM, CV, DPV
and EIS measurements were used to identified the modification
steps and the electrochemical performance. After that, a linear
current response of PCT in the concentration range of 0.15 fg
mL ™" to 11.7 fg mL™" (R* = 0.99) and the LOD of 0.11 fg mL ™"
(S/N = 3) could be obtained. This sensitivity of our system was
found to be comparable to that existing detection methods.
Furthermore, PP/g-C;N, NS/GCE produce good selectivity and
better recovery in the real clinic samples. Those results indi-
cated that the PCT biosensor designed by this work has the
potential to solve the clinical rapid diagnosis and treatment of
sepsis diseases worldwide.
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