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The conversion of biomass into high-value carbon materials presents significant opportunities for
electrochemical sensing due to their large specific surface area, abundant pore structure as well as
prominent electrical conductivity. In this study, a high-performance electrochemical sensor based on
waste biomass was developed for the rapid detection of ornidazole (ODZ). After systematically screening
various biomass materials, including crab shell, pine nut shell, pig bone, and mandarin orange peel along
with their respective activation methods, it was determined that HzPO4-activated pine nut shell (P-PNS)
served as the optimal precursor. Under a nitrogen atmosphere, the porous biomass derived carbon
material P-PNS-800 was synthesized by heating at a rate of 5 °C min™* to 800 °C and maintaining it for
2 hours. The morphological and structural characteristics of pine nut shell-derived carbon at varying
pyrolysis temperatures were analyzed using SEM, XRD, FT-IR and nitrogen adsorption—desorption
techniques. The results demonstrated that during high-temperature carbonization, the synergistic effects
of lignin decomposition and polyphosphate bond volatilization led to the formation of a highly defective
carbon skeleton with a specific surface area of 1317.84 m? gfl. The material exhibited superior
electrocatalytic performance toward ODZ, obtaining a wide linear range of 0.20-150 pM, a high
sensitivity of 0.48 pA pM™%, and a limit of detection as low as 0.05 uM (S/N = 3). When applied to
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promising application potential of biomass-derived carbon materials in the field of electrochemical
DOI: 10.1039/d52y01065a sensing. This work offers a significative strategy for the utilization of waste resources and the detection

rsc.li/methods of antibiotics.

incidence of total clinical adverse reactions of S-ODZ, while R-
ODZ is prone to neurotoxicity. Ornidazole is widely used to
treat infectious diseases caused by Clostridium difficile, Escher-

1. Introduction

Ornidazole [ODZ, 1-(3-chloro-2-hydroxy) propyl-2-methyl-5-

nitroimidazole)] is a third generation nitroimidazole deriva-
tive newly synthesized following metronidazole and tinidazole,
which has more significant efficacy, shorter duration, and
stronger tolerance and has been increasingly used in clinical
treatment.™” The structure of ODZ contains a chiral carbon
atom with a hydroxyl group, so it has optical activity, and the
racemes are S-ODZ and R-ODZ.* The elimination of S-ODZ is
faster than that of R-ODZ, which significantly reduces the
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ichia coli, Streptococcus aureus and Helicobacter pylori by inter-
fering with DNA synthesis of bacteria to achieve bactericidal
effects.>® However, overuse can also cause side effects such as
abdominal discomfort, vomiting, nausea, and diarrhea.”®
Therefore, it is necessary to build an accurate and efficient ODZ
content detection method in the clinical and pharmaceutical
assay. Over the past few decades, determination of ODZ was
carried out by various traditional methods such as lumines-
cence,” high performance liquid chromatography (HPLC),
fluorescence™ and capillary electrophoresis.*> However, these
methods have been proven to be time-consuming, involving
costly equipment and complex sample preparation protocols,
and technicians are required to complete the operation.****
Compared with other techniques, electrochemical sensing
technology shows unique advantages in the field of drug anal-
ysis, with high sensitivity, strong specificity, a low detection
limit and easy operation."*® In particular, the reaction mech-
anism and pharmacological activity of ODZ can be understood
by electrochemical analysis methods."”
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Generally, electrode materials play a crucial role in deter-
mining the performance of electrochemical detection. The
development of highly efficient electrode materials for the
detection of ODZ is therefore highly desirable. Zhou et al.
developed cobalt-supported nitrogen-doped carbon nanocages
(Co@CN-CNTs) derived from metal-organic frameworks, which
enable sensitive electrochemical detection of ODZ across
a broad range from 60 nM to 45 uM." Similarly, Cao et al.
designed a bimetallic CuFe layered double hydroxide supported
on carbon black as an electrocatalyst for ODZ detection,
achieving an extensive detection range of 0.01-260 pM and
a low detection limit of 7.6 uM.® Although these carbon-based
electrode materials for ODZ electrochemical sensing demon-
strate commendable detection capabilities, their preparation
processes are relatively complex and necessitate the involve-
ment of metal ions. In comparison, biomass is regarded as
a renewable energy source, ranking second only to traditional
energy sources like coal, gasoline, and natural gas in terms of
resource abundance.” Biomass can be converted into many
types of carbon materials through different technical processes,
and their characteristics such as porosity, surface area and
conductivity have significant impacts on electrochemical sensor
performance.****

The one-step high temperature pyrolysis of reproducible
biomass establishes a new approach for the synthesis of porous
carbon nanomaterials.?*** On the one hand, it converts biomass
waste into value-added products, which would reimburse the
expense of waste management or disposal. On the other hand,
when utilizing biomass sources, the biomass materials may
comprise various elements in variable proportions, which can
potentially be employed as dopants or for the synthesis of
composite materials. In addition, as the intrinsic structure of
the biomass precursors significantly influences the micro-
structure and porosity of carbonized products, a diverse range
of carbon nanomaterials with biomimetic microstructures and
morphologies can be obtained through the deliberate selection
of biomass precursors.> Thus, biomass carbon offers notable
advantages in terms of cost-effectiveness and environmental
safety when compared to electrode materials such as metal
oxides and metal-organic frameworks.”® Carbon materials are
the mainstream active components for the electrodes of
electrochemical sensing.

In this study, we systematically selected four representative
biomass wastes: crab shell (CS, serving as a source of chitin/N-
dopant), pine nut shell (PNS, as a source of cellulose or lignin),
pork bone (PB, providing hydroxyapatite), and mandarin orange
peel (MP, acting as a source of pectin and natural heteroatoms).
This selection was based on their abundance, sustainability,
and particularly their diverse chemical compositions. The
biomass source with the optimal detection performance for
ODZ was found to be PNS, and the method of activating pine
nut shell biomass carbon was further optimized. The effect of
carbonation temperature on the composition and morphology
of pine nut shell was systematically discussed. Finally, a new
electrochemical sensor was prepared, utilizing C-PNS-800,
which was synthesized through carbonation at 800 °C, as the
electrocatalyst for the detection of ODZ. This sensor
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demonstrates an extensive linear range and a low detection
limit for ODZ analysis. This research contributes significant
value to expanding the application of green and environmen-
tally friendly materials in the domain of electrochemical
sensing.

2. Experimental
2.1. Pyrolysis and activation of biomass

Four biomass sources were selected including CS, PNS, PB, and
MP. First, the biomasses were cleaned with deionized water,
and dried at 80 °C for 48 hours. Then, the pyrolysis was con-
ducted in a quartz tube furnace at 800 °C with a heating rate of
5°C min " and kept for 2 hours under a nitrogen atmosphere.
After the samples were cooled down, the samples were crushed
into a fine powder, sieved through a 50-mesh, followed by
rinsing with deionized water three times and finally dried in
a vacuum oven at 80 °C overnight. The biomass carbon mate-
rials derived from CS, PNS, PB, and MP were labeled as C-CS, C-
PNS, C-PB, and C-MP, respectively.

For PNS, the activation process is carried out with KOH and
H;PO, as the activating agent, respectively. For KOH-activated
PNS biomass, PNS and KOH (1:3, g g ') were dispersed in
deionized water for 6 h, filtered, and dried in a vacuum oven at
80 °C for 48 h. For H;zPO,-activated PNS biomass, PNS was
dispersed in 60% H;PO, solution (1:3, ¢ mL™") for 6 h and
filtered, and solids were collected, and then dried in an oven at
80 °C for 48 h. The activated PNS was pyrolyzed according to the
above operations, and the biochar materials obtained were
labeled as C-K-PNS and C-P-PNS, respectively. C-P-PNS at
different pyrolysis temperatures can be labeled as C-P-PNS-600,
C-P-PNS-800, and C-P-PNS-1000, respectively.

2.2. Preparation of the ODZ tablet sample

For preparing the ODZ sample, ten compound ODZ tablets were
ground into a fine powder. Then, 25 mg of ODZ powder was
completely dispersed in 100 mL of ethanol and acetonitrile-
water (30:70, V/V), respectively, and adequately sonicated for
20 minutes. The obtained turbid liquid was slowly filtered
through a microporous filtration membrane to remove the
sediment, and the filtrate was collected for subsequent
electrochemical detection and HPLC analysis. Detailed infor-
mation about the reagents and apparatus used in the experi-
ments are provided in the SI.

2.3. Live subject statement

All the urine samples used in the experiment were obtained
from healthy adult volunteers. The collection of urine samples
was carried out in accordance with the Guidelines for the
Collection and Handling of Urine Specimens. All experiments were
conducted in compliance with the relevant laws and guidelines
of the People's Republic of China and were approved by She-
nyang Key Laboratory of Medical Molecular Theranostic Probes
in School of Pharmacy. Furthermore, informed consent was
obtained for any experimentation with human subjects.

This journal is © The Royal Society of Chemistry 2025
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3. Results and discussion

3.1. Electrochemical reduction of ODZ at different
electrodes

The intricate and multifunctional architectures of natural
biomaterials position them as promising candidates for
electrochemical sensing applications. First, we used cyclic vol-
tammetry (CV) curves to compare the electrochemical detection
performance of electrodes modified with different materials for
ODZ. Fig. 1a illustrates the CV responses of 0.1 mM ODZ in 7.0
PBS at the bare GCE, C-PNS/GCE, C-MP/GCE, C-PB/GCE, and C-
CS/GCE. Notably, almost no anodic peaks corresponding to
ODZ were observed at any of the electrodes, indicating that the
reduction reaction is completely irreversible. The electro-
reduction of ODZ at C-PNS/GCE exhibited a significantly
higher peak current compared to that at C-PB/GCE, C-CS/GCE,
and C-MP/GCE. To achieve a highly sensitive current response,
C-PNS was designated as the sensing material for subsequent
electrochemical detection. Furthermore, the electrochemical
reduction performance of activated and unactivated C-PNS
sensing materials towards ODZ was systematically compared.
The comparison encompassed C-K-PNS and C-P-PNS samples.
The CV curves of 0.1 mM ODZ at the bare GCE, C-PNS/GCE, C-K-
PNS/GCE, and C-P-PNS/GCE are presented in Fig. 1b, S1 and S2.
It is evident that C-P-PNS/GCE exhibited the highest reduction
current of 15.16 pA, and a reduction peak potential of —0.574 V.
The current response of C-P-PNS/GCE was 3.85 times higher
than that of C-PNS/GCE, 1.90 times higher than that of C-K-PNS/
GCE, and 2.81 times higher than that of the bare GCE. These
results fully confirm that the reduction of ONZ on the C-P-PNS/
GCE electrode is significantly enhanced.

3.2. Characterization of synthesized materials

The effects of different pyrolysis temperatures on the
morphology of activated carbon materials were examined using
SEM images. As illustrated in Fig. 2a, the surface of C-P-NCS-600
exhibited a significant presence of massive particles, indicative
of incomplete pyrolysis. In contrast, C-P-NCS-800 displayed

(a)
15— GCE
C-PNS/GCE
10— C-MP/GCE
C-PB/GCE
<
3.5
0
5t

08 04 00 -04 -08 -1.2
E/V(vs.Ag/AgCl)

View Article Online

Analytical Methods

a fluffy and flocculent structure with an abundance of pore
formations (Fig. 2b). When the pyrolysis temperature increased
to 1000 °C, the porous structure partially collapsed, and the
flocculent morphology became less pronounced (Fig. 2c).
Through EDS energy spectra analysis and comparison, it can be
known that with the increase in pyrolysis temperature, the
proportion of phosphorus also increases (Fig. S3-S5 and
Scheme 1).

The PXRD patterns of C-P-PNS at various pyrolysis temper-
atures are presented in Fig. 3a. It is evident that C-P-PNS-600, C-
P-PNS-800, and C-P-PNS-1000 exhibit two broad diffraction
peaks at around 26 values of 24° and 43°, which can be attrib-
uted to the 002 and 100 crystal planes of graphite, respectively.>®
These peaks indicate the disordered and amorphous charac-
teristics inherent in all carbon materials. Notably, as the
carbonization temperature increased, the intensity of the
diffraction peak (002) diminished while that of the diffraction
peak (100) intensified, suggesting an increase in internal
defects within C-P-PNS following high-temperature pyrolysis.>”
The FT-IR spectra of C-P-PNS-600, C-P-PNS-800, and C-P-PNS-
1000 are presented in Fig. 3b. The absorption peak observed at
3440 cm ™" corresponds to the O-H stretching vibration.?® The
peak at 1585 cm ™' is attributed to the C=C stretching vibra-
tions found in olefins and aromatics.?” The peak at 1099 cm ™
belongs to the C-O stretching vibrations associated with
phenolic and alcoholic groups.? In the spectra of C-P-PNS-600
and C-P-PNS-800, the absorption peaks near 1120 cm™ ' may
correspond to P=0, C-0O, or P=OOH stretching vibrations.*
Notably, the intensity of the absorption peak in the spectrum of
C-P-PNS-800 is lower than that of C-P-PNS-600 due to poly-
phosphate evaporation during pyrolysis temperature eleva-
tion.** Conversely, it is possible that no distinct absorption peak
is present for C-P-PNS-1000 because excessive pyrolysis
temperatures may lead to evaporation and loss of the carbon-
phosphorus skeleton.** Additionally, the absorption peaks at
937 cm ™' and 720 cm ' belong to out-of-plane bending and
stretching vibrations of C-H bonds within the benzene ring,
which represents new bonds formed during H;PO, activation.*?
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Fig.1 (a) CVs of 100 pM ODZ on the GCE, C-PNS/GCE, C-MP/GCE, C-PB/GCE, and C-CS/GCE in 0.1 M PBS (pH = 7.0) and (b) CVs of 100 uM
ODZ on the GCE, C-PNS/GCE, C-P-PNS/GCE, and C-K-PNS/GCE in 0.1 M PBS (pH = 7.0).

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM images of C-P-PNS-600 (a), C-P-PNS-800 (b) and C-P-PNS-1000 (c).

The N, adsorption-desorption isotherms of C-P-PNS obtained
at three pyrolysis temperatures are shown in Fig. 3c. According
to the TUPAC classification, C-P-PNS-600, C-P-PNS-800, and C-P-
PNS-1000 are all categorized as type IV isotherms.**** When the
relative pressure (P/P,) was less than 0.1, the amount of N,
adsorbed increased steadily, indicating a few micropores within
the porous structure. Conversely, when the relative pressure (P/
P,) exceeded 0.4, the presence of a hysteresis loop suggested an
abundance of mesoporous structures.** As shown in Fig. 3d, the
pore sizes of C-P-PNS-600, C-P-PNS-800, and C-P-PNS-1000 were
calculated according to the density functional theory (DFT)
method to be 1.68, 1.68, and 2.19 nm, respectively. C-P-PNS-800
shows a specific surface area of 1317.84 m”> g, and this result
was much higher than 964.85 m> g~ for C-P-PNS-600 and
1019.93 m” g~ for C-P-PNS-1000 calculated by the Brunauer-
Emmett-Teller (BET) method. The parameters related to pore
structure are summarized in Table S1. Notably, C-P-PNS-800
exhibited the smallest pore diameter, and the largest specific
surface area and pore volume as well as an extensive pore
structure. Additionally, in order to compare the performance
characteristics of C-PNS before and after activation, C-PNS-800
that underwent no activation treatment was also characterized
using XRD, FT-IR, and N, adsorption-desorption techniques

-S>

600 °C

800 °Ca

@

(Fig. S7-510). The characterization results indicate that the P
element content in unactivated C-PNS-800 is low, and its
specific surface area is relatively small. Consequently, there
remains a need for improvement in its electrochemical
performance.

Pine nut shells are primarily composed of lignin, cellulose,
hemicellulose, and inorganic salts. Lignin exhibits greater
thermal stability compared to both hemicellulose and cellulose.
At pyrolysis temperatures exceeding 600 °C, cellulose and
hemicellulose were completely pyrolyzed, which significantly
enhanced the relative proportions of lignin and inorganic salt
components.* Lignin is a three-dimensional polymer formed
from three phenylpropane units linked by C=0 bonds and C-C
bonds. It possesses abundant aromatic ring structures that
facilitate the development of graphite microcrystalline forma-
tions.*® Under appropriate pyrolysis conditions, it can yield
amorphous carbon.”® Inorganic salts possess distinct crystal
structures that contribute to an increased specific surface area
and porosity of the material, thereby offering additional path-
ways for electron transfer. Furthermore, following activation
with phosphoric acid (H3;PO,), polyphosphate groups are
introduced into the pine nut shells; these groups gradually
evaporated as the pyrolysis temperature increased, leading to

H,PO,

@ Polyphosphate bond
® C-P skeleton
eC QP

Scheme 1 Preparation process diagram of C-P-PNS and the effect of pyrolysis temperature on the morphology and composition of the carbon

nanomaterial.
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Fig. 3 (a) PXRD patterns and (b) FT-IR spectra of C-P-PNS-600, C-P-PNS-800 and C-P-PNS-1000; (c) N, adsorption—desorption isotherms,
and (d) pore size distributions of C-P-PNS-600, C-P-PNS-800 and C-P-PNS-1000.

significant enhancements in the surface structure. C-P-PNS-600
primarily comprised lignin and exhibited no distinct crystalline
structure. During the pyrolysis process, the polyphosphate
bonds decomposed, resulting in a material featuring small
specific surface area and pore volume. In contrast, C-P-PNS-800
demonstrated an obvious enhancement in the above aspects.
These improvements were attributed to the evaporation of
polyphosphate during pyrolysis and the condensation of
aromatic rings due to lignin decomposition.?” After pyrolysis at
1000 °C, the lignin degradation resulted in an increase in
inorganic salt content of C-P-PNS-1000, leading to enhanced
crystallinity.*® Concurrently, the C-P framework vaporized,
causing a significant reduction in the pore structure. Ultimately,
the synergistic interaction between lignin, inorganic salts, and
polyphosphate bonds in C-P-PNS-800 leads to an optimized
pore structure and increased specific surface area, facilitating
efficient electron transport. Consequently, C-P-PNS-800 exhibi-
ted superior electrochemical performance, making it an ideal
candidate for electrode materials.

3.3. Electrochemical performance characterization of
modified electrodes

The EIS technique was carried out in a 5 mM K3/K,[Fe(CN)e]
solution containing 0.1 M KCl to explore the interface

This journal is © The Royal Society of Chemistry 2025

characteristics of the bare GCE, C-P-PNS-600, C-P-PNS-800,
and C-P-PNS-1000. The high-frequency semicircular region in
the Nyquist plots (Fig. 4a) is associated with the charge
transfer resistance (R.). Based on the Randles circuit model
(the inset of Fig. 4a), the R, values of the GCE, C-P-PNS-600, C-
P-PNS-800, and C-P-PNS-1000 were calculated to be 130.40,
8.95, 5.74, and 7.67 Q, respectively. It is clear that the R, value
of the bare GCE is the highest, indicating that the electron
transfer rate of [Fe(CN)]s>~/*~ on the surface of the GCE is the
lowest. The high frequency semicircle diameters of the GCE
modified with C-P-PNS materials are obviously reduced, which
indicates that C-P-PNS has excellent electrical conductivity
and has great potential as an electrode modification material.
Among them, C-P-PNS-800 has the lowest R, value, acceler-
ating electron transfer, which is related to its unique pore size
and composition formed at an optimum pyrolysis tempera-
ture. The existence of a small amount of micropores contrib-
utes to increasing the specific surface area and enriching the
adsorption sites for ions. The presence of a significant number
of mesopores facilitates the reduction of ion diffusion
distance, thereby decreasing diffusion resistance. This
enhancement allows ions to access micropores more effec-
tively, which in turn reduces charge transfer resistance and
improves electrical conductivity performance.* Therefore, C-

Anal. Methods, 2025, 17, 8413-8422 | 8417


https://doi.org/10.1039/d5ay01069a

Published on 10 October 2025. Downloaded by Shenyang Medical College on 10/24/2025 1:46:22 AM.

Analytical Methods

() —
o 200 .
g &
3000 o " 300 — ol o
" w
™ 0
a 2000 i ... AA 1ODZI ((:;D 300,
3 o
l\ll o " = C-P-PNS-600
10001 &% o C-P-PNS-800
/ . A C-P-PNS-1004
0 s ca CE
4 <

0 2000 4000 6000
Z'(Q)

8000

View Article Online

Paper
(b) 200
—— C-P-PNS-600
190 +— C-P-PNS-800
—— C-P-PNS-100
< 180 GCE
3
= 170;
160 -

150 T r r . T r :
-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
E/V(vs.Ag/AgCl)

Fig. 4 (a) Nyquist plots of the bare GCE, C-P-PNS-600, C-P-PNS-800, and C-P-PNS-1000 (inset: Randles equivalent circuit model); (b) DPV
curves of the bare GCE, C-P-PNS-600/GCE, C-P-PNS-800/GCE, and C-P-PNS-1000/GCE in pH 7.0 PBS solution containing 100 uM ODZ.

P-PNS-800 is expected to develop into a novel electrochemical
sensing material.

3.4. Investigation of electrochemical behavior for ODZ

The electrochemical reduction reactions of the GCE, C-P-PNS-
600/GCE, C-P-PNS-800/GCE, and C-P-PNS-1000/GCE for 100 uM
ODZ were analyzed using the differential pulse voltammetry
(DPV) method. As illustrated in Fig. 4b, the GCE exhibited
a weak response current of 15.60 pA, indicating a slow electron
transfer rate on its surface. In contrast to the GCE, C-P-PNS-600/
GCE, C-P-PNS-800/GCE, and C-P-PNS-1000/GCE electrodes

11 uA

08 04 00 -04 08 -1.2
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-150 |
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demonstrated significantly higher response signals of 19.79,
31.99, and 28.87 pA, respectively. This suggests that C-P-PNS
biomass carbon possesses excellent electrocatalytic activity for
ODZ reduction. Furthermore, the C-P-NCS-800/GCE electrode
displayed the highest reduction current because of its larger
specific surface area and increased number of active sites.
Consequently, C-P-NCS-800 was selected as the optimal elec-
trode material for subsequent experimental studies for detect-
ing ODZ.

20 40 60 80 100 120 140
v (mV/s)

Fig.5 (a) CV graphs of 100 pM ODZ on the C-P-PNS-800/GCE electrode at various pH levels (4.0-8.0) in 0.1 M PBS; (b) the plots of /,c and Ec
with pH; (c) CV curves of C-P-PNS-800/GCE at various scanning rates (ranging from 20 mV s~ to 140 mV s™%) in 0.1 M PBS (pH = 7.0) including

100 uM ODZ; (d) the relationship between /,c and v.
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Fig. 6 (a) DPV response of C-P-PNS-800/GCE with increasing of ODZ from 0.2-150 uM; (b) corresponding linear plots of ODZ concentration

vs. current response.

3.5. Optimization of ODZ detection parameters

3.5.1. Effect of pH and scan rate. For the C-P-PNS-800/GCE
system, electrochemical investigations of ODZ redox behavior
were conducted in PBS buffer solution with varying pH values
(4.0 to 8.0) using the CV technique. As presented in Fig. 5a, the
oxidation and reduction peak current values progressively
increased as the pH values of the buffer solution increased from
4.0 to 7.0. Conversely, the oxidation and reduction peak
currents decreased as the pH value increased from 7.0 to 8.0.
The strongest current responses appeared at pH 7.0, leading to
the PBS buffer solution with pH 7.0 being used for subsequent
electrochemical detection. Moreover, the cathode peak poten-
tial (Ep.) shifted negatively as the pH value increased (Fig. 5b),
indicating that ODZ protonated at the electrode-electrolyte
interface. A linear correlation between Ej,. and pH was estab-
lished, and expressed by using the equation of E,. = —0.04 pH +
0.32 (R* = 0.9911). Based on this relationship, the m/n ratio
during the reduction process was calculated to be approxi-
mately 0.5. As shown in Fig. 5c, the electrochemical kinetics of
C-P-PNS-800/GCE was studied using CV at a scanning rate of
20~140 mV s '. The results show that the reduction current
(Ipc) of ODZ increased linearly with the increase in the scanning
rate (v). As can be seen from Fig. 5d, the peak current intensity is
proportional to the scanning rate, and its linear equation is I,
(MA) = 0.403 v (mV s 1) + 18.563 (R> = 0.9965), indicating that
the electrode surface has adsorption control kinetics for ODZ.
The possible electrochemical reaction mechanism of ODZ on
a modified sensor is discussed in the SI.

3.5.2. Influence of accumulation potential and accumula-
tion time. In a PBS buffer solution (pH 7.0) containing 100 uM
ODZ, DPV technology was employed to systematically investi-
gate and optimize the accumulation potential and accumula-
tion time for enhancing the sensing performance of the C-P-
PNS-800/GCE electrode. Fig. S13a illustrates the effect of accu-
mulation potential on the reduction peak current of ODZ. The
results indicate that the accumulation potential of —0.3 V ach-
ieved the highest current response, which may be due to its
proximity to the reduction potential of ODZ. Consequently,
—0.3 V was selected as the optimal accumulation potential.

This journal is © The Royal Society of Chemistry 2025

Furthermore, Fig. S13b demonstrates the variation of ODZ
reduction peak current with accumulation time on the C-P-PNS-
800/GCE electrode. Over 240 seconds, no significant changes in
the current response were observed, suggesting that adsorption
equilibrium had been reached. In order to obtain higher
detection sensitivity, subsequent experiments utilized an accu-
mulation time of 240 s at an accumulation potential of —0.3 V.

3.6. Quantitative detection of ODZ

The DPV method with high sensitivity was employed to evaluate
the quantitative detection capability of the C-P-PNS-800/GCE
electrochemical sensor for ODZ. In a 0.1 M PBS solution at pH
7.0, the reduction peak current demonstrated a consistent
increase with increasing ODZ concentration within the range of
0.2 to 150 pM, presenting two linear relationships (Fig. 6a and
b). The calibration equations are I, (LA) = 0.48 + 0.28 C (0.2-50
uM, R* = 0.9999) and I, (HA) = 0.15 + 16.46 C (50—150 uM, R* =
0.9913). Based on these equations, the limit of detection (LOD)
and limit of quantitation (LOQ) for ODZ were calculated to be
0.05 and 0.16 puM, respectively. Table 1 lists the performance of
the C-P-PNS-800/GCE sensor compared with other electro-
chemical sensors used for ODZ detection.*>**** It is evident that
the C-P-PNS-800/GCE sensor has the characteristics of simple
operation, high efficiency, and environmental friendliness,
which is well-suited for the quantitative detection of ODZ.

Table 1 Comparison of the reported ODZ sensor with different
electrocatalysts and methods

Linear range  Detection limit

Electrodes (M) (nM) Ref.
DTU-67 and T-PPY 0-250.4 0.25 15
Pp-ABSA/GCE 0.8-50.0 0.10 40
dsDNA/GCE 2.5-37.5 0.80 41
Polyfurfural-rGO/GCE 1-50.0 0.25 42
Au-AuNR/AE 3.0-500.0 0.18 43
C0504/Sn0,/GCE 0.2-1185.8 0.06 44
C-P-PNS-800/GCE 0.2-150.0 0.05 This work
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3.7. Repeatability, stability, anti-interference, and cycling
performance

In a PBS buffer solution containing 100 uM ODZ (pH = 7.0),
DPV was employed to evaluate the repeatability, stability, anti-
interference capability, and cycling performance of the C-P-
PNS-800/GCE electrode. Five identical C-P-PNS-800/GCE elec-
trodes were utilized to measure the current responses, yielding
a relative standard deviation (RSD) of 2.4% (Fig. 7a and b).
Additionally, the RSD of the same electrode was 0.94% after 6
consecutive detections (Fig. 7c and d). To assess the stability of
the electrode material, the current responses were measured
every three days with the same electrode over a 21-day period.

View Article Online
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After this duration, the reduction peak current remained at 95%
of the initial value (Fig. 7e). Therefore, the above experiments
verify that C-P-PNS-800/GCE displays excellent repeatability and
stability. The current signals of the ODZ solution in the pres-
ence of various inorganic salt ions (100 times K', Na*, CI~,
PO,*", and SO,>7), organic molecules in body fluids (50 times
glucose, lysine, sucrose, citric acid, and ascorbic acid), as well as
structural analogs (equal concentrations of nitrofurazone and
metronidazole) are illustrated in Fig. 7f. The relative errors in
the current responses were less than 5%, indicating high
selectivity for ODZ detection in the presence of interfering
substances. Finally, the cycling performance of the electrode

(a) (b)
110 30
—— Electrode 1
ol Electrode 2 251
+— Electrode 3 204 H
<« —— Electrode 4 <
; 901 Electrode 5 ; 15
104
804
5
70 0
10 08 06 -04 -0.2 1 2 3 4 5
E/V(vs.Ag/AgCl) Electrode
(c) (d)
351
190+ 304 ’!l ]
254
<1180- §_20-
~ 170 = 13
104
160+ 51
0
-1.0 -0.8 -0.6 -0.4 -0.2 1 2 3 4 5 6
E/V(vs.AgAgCl) Number
(€ (f
28 100 TS T8 © o
-— o 0 [T} 3
244 11019 G, S5- ®§N
8035 & T 0 2358Lr8
20+ = 105{8 o 2 s 2 8¢
> o (S, oglllgggs
316- 60§ gmo.og . o > :g’gg
g el A ENIIRAS
400 o 955 = M H
84 o O T
200 O
4 5
0 ——r 0 0
2 0 2 4 6 8 10 12 14 16 Interference

Time (Day)

Fig. 7 (a and b) Reproducibility study of 100 uM ODZ detected by five different C-P-PNS-800/GCE electrodes; (c and d) repeatability study of
100 pM ODZ for six tests conducted on the same C-P-PNS-800/GCE electrode; (e) the stability study of the C-P-PNS-800/GCE electrode; (f) the
anti-interference ability of the C-P-PNS-800/GCE electrode in the presence of different interfering substances.
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Table 2 The results of ODZ content in actual samples by using the C-
P-PNS-800/GCE sensor

C-P-PNS-800/GCE

Real sample Added (uM) Found (uM) Recovery (%) RSD (n = 3)

Ornidazole tablets 0.00 55.26 — 0.64
20.00 76.00 103.70 2.52
30.00 86.12 102.87 1.21
40.00 95.19 99.83 0.65

Human urine 0.00 0.00 — —
20.00 19.32 96.60 2.54
30.00 31.27 104.23 1.95
40.00 40.58 101.45 2.72

was evaluated. It can be seen that the current response of the C-
P-PNS-800/GCE electrode decreased to 95% of the initial current
after 32 consecutive cycles in the ODZ solution, confirming its
reusability for multiple cycles (Fig. S14).

3.8. Application of actual samples

To assess the practicality of the C-P-PNS-800/GCE electrode, the
content of ODZ in ornidazole tablets and human urine was
detected by DPV analysis using the standard addition method.
As displayed in Table 2, the recovery values of the electro-
chemical methods are between 96.60% and 104.23% with the
RSD less than 3%. Concurrently, the content of ODZ in tablets
was determined by HPLC for evaluating the accuracy of the
determination results by using the C-P-PNS-800/GCE sensor.
Under the external standard method, the test results obtained
by the two methods are exhibited in Table S2. The independent
sample T-test reveals no significant difference (P > 0.05), which
signifies that the electrochemical sensor based on C-P-PNS-800/
GCE can realize the accurate detection of ODZ.

4. Conclusions

In summary, a novel strategy was successfully exploited for
synthesizing waste biomass-derived porous carbon materials.
Pine nut shells were utilized as the raw material source, H;PO,
served as the activator, and a carbonization temperature of 800 °©
C was employed. This material was subsequently applied to the
electrochemical detection of ODZ with remarkable success. The
synthesized C-P-PNS-800 exhibits a specific surface area of
1317.84 m”> g~ ', a pore volume of 0.92 cm® g™, and an average
pore size of 1.68 nm, which significantly enhances electron
conductivity. When used to modify glassy carbon electrodes, C-
P-PNS-800 demonstrated excellent electrochemical responses,
characterized by an excellent sensitivity (0.48 pA pM ™), a broad
detection range (0.2-150 pM), as well as an ultralow detection
limit (0.05 uM). Furthermore, the C-P-PNS-800/GCE system
showed satisfactory reproducibility, repeatability, stability,
selectivity, and recyclability in the detection of ODZ. It was
reasonably used for analyzing ODZ in ornidazole tablets and
human urine, yielding results which were not significantly
different from those obtained by HPLC. This research not only

This journal is © The Royal Society of Chemistry 2025
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provides a feasible approach for designing efficient electro-
chemical sensing systems based on waste plant-derived
biomass but also opens new avenues for ODZ detection in
pharmaceutical applications.
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