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Diterpenoids such as totarolone exhibit significant bioactivity, making their accurate quantification in plant
extracts essential for pharmacological studies and quality control. Conventional analytical methods are
often time-consuming, costly, or environmentally demanding, highlighting the need for rapid, sensitive,
and eco-friendly alternatives. In this work, we report the electrochemical quantification of totarolone,
a bioactive diterpenoid, in Tetraclinis articulata extract using a carbon paste electrode modified with
green-synthesized zinc oxide (bio-ZnO) nanoparticles. Bio-ZnO was prepared via a plant-mediated route
using Calamintha nepeta extract, providing a sustainable and eco-friendly alternative to conventional
chemical synthesis. XRD analysis revealed that the bio-ZnO nanoparticles possess a hexagonal wurtzite
structure with an average crystallite size of ~10 nm. The modified electrode exhibited enhanced

sensitivity and stability, enabling the effective detection of totarolone by cyclic voltammetry (CV) and
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Accepted 28th August 2025 square wave voltammetry (SWV). A linear analytical response was obtained, with a LOD of 119 uM,

a LOQ of 3.98 uM and a measured concentration of 0.133 mM in the plant extract. These findings
highlight the potential of green nanomaterial-based electrochemical sensors for the reliable and
sustainable analysis of bioactive compounds.
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Sustainability spotlight

The detection and quantification of bioactive molecules from medicinal plants are essential for ensuring their safe, effective, and standardized use in phar-
maceutical and nutraceutical applications. However, traditional analytical approaches and nanoparticle synthesis methods often rely on toxic chemicals and
energy-intensive processes. In this work, we present a sustainable alternative by using Calamintha nepeta extract to synthesize ZnO nanoparticles, which are then
used to fabricate a sensitive electrochemical sensor for totarolone determination. This green methodology minimizes environmental impact, aligns with the
principles of green chemistry, and supports responsible innovation. The study directly contributes to UN SDG 3 (good health and well-being) and SDG 12
(responsible consumption and production) by promoting eco-friendly sensor development and safe natural product analysis.

articulata, an evergreen tree native to the Mediterranean region,
stands out for its remarkable adaptability to harsh climatic
conditions. Traditionally, this species has been widely utilized
in herbal medicine for its therapeutic benefits.* Scientific
studies have confirmed the diverse biological activities of T.
articulata extracts and essential oils, demonstrating antioxi-
dant, antimicrobial, insecticidal, cytotoxic, and anti-
inflammatory properties.>® These findings underscore its
potential for various medicinal applications and highlight the
need for further exploration of its bioactive constituents.

One such constituent, totarolone, is a naturally occurring
diterpenoid that exhibits notable pharmacological activities,

1. Introduction

Aromatic and medicinal plants have long served as valuable
sources of bioactive compounds for traditional remedies and
modern pharmacological applications.”” While significant
attention has been devoted to widely used species, forest plants,
particularly those from the Cupressaceae family, remain
comparatively underexplored.®* Among them, Tetraclinis
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such as anti-lymphangiogenic effects, making it a candidate for
therapeutic development in cancer research.”® Beyond its
medicinal potential, its bioactive nature makes it an interesting
subject for green chemistry approaches, where plant-derived
molecules are explored as sustainable alternatives to synthetic
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compounds. Since totarolone's bioactive properties are essen-
tial for its therapeutic and medicinal effects, its reliable quan-
tification in natural matrices is essential not only to ensure
consistency in medicinal formulations, but also to support
quality control and sustainable utilization of plant-based
resources.

Conventionally, techniques such as high-performance liquid
chromatography (HPLC) are employed for the quantification of
plant-derived bioactive compounds. However, these methods
are resource-intensive, requiring organic solvents, extensive
sample preparation, and energy-consuming instrumenta-
tion,>*° thus posing challenges from a green chemistry stand-
point. As environmental sustainability becomes a priority in
analytical science, there is a pressing need for eco-friendly, low-
cost, and efficient alternatives. In this context, electrochemical
methods have emerged as promising green analytical tools.
They offer several advantages, including minimal solvent use,
low E-factor and low energy requirements, and rapid analysis
times, making them well suited for sustainable phytochemical
detection."** Furthermore, the performance of electrochemical
sensors can be significantly enhanced through the use of
nanomaterial-based electrode modifiers.**

Zinc oxide nanoparticles (ZnO NPs) are particularly attractive
in this regard due to their high surface area, catalytic properties,
and electrical conductivity.">'® However, traditional synthesis
routes for ZnO NPs such as chemical reduction, sol-gel, and
laser ablation'” typically involve toxic reagents and hazardous
conditions, contradicting the principles of green chemistry.*® In
response to these concerns, there is growing interest in devel-
oping green methods including plant extracts that are non-
toxic, environmentally friendly, ecological, simple and cost-
effective.’

This study employs a green synthesis approach to produce
ZnO NPs using an aqueous extract of Calamintha nepeta leaves.
This plant extract, rich in phytochemicals such as saponins,
phenols, flavonoids, and tannins, serves as both reducing and
stabilizing nanoparticles,”*" eliminating the need for
hazardous chemicals and energy-intensive steps.

The resulting bio-ZnO nanoparticles were used to modify
a carbon paste electrode (CPE), an economical and reusable
sensing platform, to enhance its electrochemical performance.
The modified electrode was then applied to the electrochemical
investigation of totarolone using cyclic voltammetry (CV) for
redox behavior assessment*” and square wave voltammetry
(SWV) for precise quantification. SWV, known for its high
sensitivity and resolution,* enabled rapid and accurate deter-
mination of totarolone in T. articulata extracts, offering
a promising green alternative to conventional chromatographic
methods.

This work contributes to the development of sustainable
electrochemical sensors by combining green nanotechnology
and phytochemical analysis. The proposed platform offers
a non-toxic, cost-effective, and environmentally friendly method
for the detection of high-value bioactive compounds in plant
matrices, aligning with the principles of green chemistry and
the United Nations Sustainable Development Goals (SDGs),
particularly SDG 3 (good health and well-being), SDG 9
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(industry, innovation and infrastructure), and SDG 12 (respon-
sible consumption and production).**

2. Experimental

2.1. Reagents

Every chemical utilized was of analytical grade and did not
require any additional purification. Zinc chloride (ZnCl,),
sodium chloride (NaCl) and graphite were obtained from Sigma
Aldrich.

2.2. Apparatus

The surface morphology of the material was examined using
a field emission scanning electron microscope (FE-SEM, model
FEG 450).

The spectra of ZnO nanoparticles obtained using FT-IR
analyses were recorded using a JASCO FT/IR-4600 spectrom-
eter equipped with an ATR accessory. The ATR-FTIR spectra
were recorded in the 4000-600 cm ™' range with a resolution of
4 cm ™' and an accumulation of 16 scans.

2.3. Bio synthesis of ZnO NPs

2.3.1. Preparation of the extract. Calamintha nepeta was
collected from El Bassatine, Meknes, Morocco, in April. The
plant leaves were washed to eliminate dust and dried for 15 days
in shade at room temperature (25-27 °C). The dried leaves were
crushed into powder using a blender.

A mixture of 10 g of plant powder and 100 mL of distilled
water was heated at 100 °C for 15 minutes. The solution was
filtered once it had cooled and retained for the synthesis of bio-
ZnO nanoparticles.”

2.3.2. Synthesis of bio-ZnO NPs. 50 mL of the Calamintha
nepeta leaf extract was boiled at 60-80 °C. When the tempera-
ture reached 70 °C; 5 g of ZnCl, was added to the extract. The
solution was then continuously heated until the mixture
transformed into a brownish paste, a sign that zinc chloride had
been reduced. The mixture was centrifuged and then dried for
12 hours at 100 °C. The powder obtained was washed several
times with distilled water and methanol before being calcined
for 3 h at 400 °C.*®

2.4. Preparation of the bare CPE and modified CPE

Using a mortar and pestle, 0.08 g of bio-ZnO nanoparticles and
0.8 g of graphite powder were manually mixed to create the
modified CPE. The aforesaid mixture was then combined with
paraffin and mixed for 30 minutes to create a consistently wet
paste. The paste was then put into a syringe tube that had
a 2 mm internal radius. To establish electrical contact, a copper
wire was pushed inside the tube. An identical method was
utilized to manufacture an unmodified CPE, without adding
ZnO nanoparticles.”®

2.5. Tetraclinis articulata extract preparation

A total of 500 g of Tetraclinis articulata sawdust was subjected to
continuous extraction in a Soxhlet apparatus for 24 hours. After

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00477b

Open Access Article. Published on 29 srpna 2025. Downloaded on 16.10.2025 1:13:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
100 A
90
g 024 1670
g . 1361
2
£ 704
w
c
o
F 604 2922
3273
50 A
1027
40 -7

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

100

1529
1632 2171
95 3260

o0 862

85

Transmittance (%)

80+
616

505

754

1076
T T T T T T T T

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber (cm™)

Fig. 1 FTIR spectra of (A) Calamintha nepeta extract and (B) bio-
synthesized ZnO nanoparticles.

the extraction, the crude residue was recovered by evaporation
under reduced pressure. This extract, which contains the
bioactive compounds, was stored at 4 °C in the dark for
subsequent electrochemical analysis of totarolone content.””

2.6. Electrochemical detection protocol

All experiments were conducted using a potentiostat OrigaStat
100 equipped with Origamaster5 software. A conventional
three-electrode system was employed, comprising bio-ZnO/CPE
as the working electrode, a platinum wire as the counter
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Fig. 2 XRD analysis of bio-synthesized ZnO nanoparticles.
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Fig. 3 SEM coupled with EDX analysis of CPE.

electrode, and a saturated calomel electrode (SCE) as the
reference. Cyclic voltammetry (CV) was performed to detect
pure totarolone in a 0.1 M NacCl supporting electrolyte (pH 4.5)
at a concentration of 2 mM and a potential range from 1 Vto1V

.

i
X/

SE_ LVD 3.0 0.50 mbar

2000
1500
1000
S00
0 za m
0 v v v v v v A ¥ M A
° 1 2 3 4 ) 6 7 W 9 10
v

Fig. 4 SEM coupled with EDX analysis of bio-NPs-ZnO/CPE.
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at a rate of 100 mV s~ . Square-wave voltammetry (SWV) was
performed for the direct detection of totarolone in 1 g of plant
extract dissolved in 25 mL of 0.1 M NaCl solution, using
a potential window from —1.5 V to 1.5 V with a step potential of
5 mV and an amplitude of 25 mV.

3. Results and discussion

3.1. Characterization of ZnO-NP synthesis

The FTIR analysis of the plant extract (Fig. 1A) reveals charac-
teristic absorption bands of bioactive organic compounds at
3273, 2922, 1670, 1361, 1027, and 924 cm ', corresponding to
O-H stretching of phenolic compounds, C-H vibrations,*® C=C
stretching of an alkene,” C=O0 stretching in polyphenol,** C-N
stretching,* and out-of-plane =C-H deformations, respectively.
Upon bio-synthesis of ZnO nanoparticles (Fig. 1B), significant
spectral changes occur, including the appearance of character-
istic ZnO absorption peaks at 616 and 505 cm ', confirming
successful nanoparticle formation.** Additionally, new bands
emerge at 2171 cm~ ' (C=C stretching) and 1529 cm ™' (C=0
vibrations),** while several bands shift to different frequencies,
indicating direct interactions between plant metabolites and
zinc ions. These spectral changes indicate that the plant extract
components act as both reducing and stabilizing agents for Zn>*
ions, leading to the formation of bio-ZnO nanoparticles.

The XRD pattern shown in Fig. 2 confirms the crystalline
nature of the bio-ZnO nanoparticles. The diffraction peaks
observed at 26 values of 31.0°, 34.4°, 36.1°, 47.0°, 56.0°, 63.0°,
and 69.0° are indexed to the (100), (002), (101), (102), (110),
(103), and (201) planes, respectively, which are characteristic of
the hexagonal wurtzite structure of ZnO (JCPDS card no. 01-076-
0704). Furthermore, the average crystallite size, calculated using
the Scherrer equation (D = KA/Bcosf),*® was found to be
approximately 10 nm, demonstrating the nanoscale dimension
of the obtained ZnO particles. These results are consistent with
previous literature reports.>*¢

SEM images reveal that the bare CPE surface (Fig. 3) exhibits
a relatively smooth yet irregular morphology with minimal
aggregation. In contrast, the ZnO-modified CPE (Fig. 4) displays
a more porous, heterogeneous surface, composed of highly
irregular particles with a pronounced tendency to aggregate.
These morphological features are consistent with previous liter-
ature reports.*”?® The successful incorporation of ZnO is further
confirmed by the detection of Zn and O peaks in the EDX spectra.
After 20 minutes of preconcentration in a 2 mM totarolone solu-
tion (Fig. 5), the ZnO-modified electrode surface shows notable
densification and smoothing, along with the formation of small
clusters, likely corresponding to ZnO-totarolone complexes.
These clusters are clearly distinct from those observed on the bare
CPE and the ZnO-modified CPE (Fig. 4), confirming the effective
interaction between totarolone and the ZnO-modified electrode.*

3.2. Electrochemical behavior of totarolone on the CPE and
bio-NPs-ZnO/CPE

Electrochemical interaction between totarolone and ZnO NPs in
0.1 M NaCl solution was studied by CV. Fig. 6 shows CV of the
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Fig. 5 SEM coupled with EDX analysis of bio-NPs-ZnO/CPE after
20 min of preconcentration in 2 mM of totarolone.

CPE and bio-NPs-ZnO/CPE with 2 mmol L™ of totarolone at
a scan rate of 100 mV s~ ' in a potential range of —1.0 to +1.0 V.
While the CPE shows only a very small oxidation peak,
a significantly larger oxidation peak is observed at 231.52 pA for
bio-NPs-ZnO/CPE. This enhancement indicates the superior
electrochemical performance of the modified electrode, which
can be attributed to the increased number of active sites on its
surface. These sites facilitate greater accessibility and adsorp-
tion of totarolone, likely due to the expanded internal surface
area of the nanomaterial. Consequently, the bio-NPs-ZnO/CPE
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Fig. 6 CV measurements for both the CPE and bio-NPs-ZnO/CPE in
2 mM totarolone dissolved in 0.1 M NaCl, at a scan rate of 100 mV s~*
and a start potential of —1.0 V vs. Hg/Hg,Cl,, KClsat.
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demonstrates strong potential as a sensitive electrochemical
sensor for totarolone detection.*®

3.3. Optimization of experimental variable

3.3.1. Scan rate. To analyze the reaction kinetics of
totarolone at the modified CPE, the effect of the scan rate (50—
250 mV s~ ') on the oxidation peak current (I,,,) was investigated.
As shown in Fig. 7A, I, increased steadily with increasing scan
rate. Fig. 7B shows that the curve of the scan rate vs. anodic
current was more linear than the plot of the square root of the
scan rate vs. the anodic current (Fig. 7C), revealing that mass
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Fig. 7 (A) Bio-NPs-ZnO/CPE CVs in 0.1 M NaCl solution (pH = 4.5)
with 2 mM of totarolone at various SRs and a start potential of —1.0 V
vs. Hg/Hg,Cly, KClsat. (B) Plot of I, versus v. (C) Plot of I, versus vV,
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transfer of totarolone on the bio-ZnO/CPE surface was mainly
controlled by adsorption instead of diffusion.***

3.3.2. pH effect. The influence of pH on the electrode
response was investigated over a pH range from 3.5 to 6.5. The
pH-dependent behavior (Fig. 8A) can be rationalized by
a balance between adsorption and electron-transfer kinetics.
From pH 3.5 to 4.5, hydrogen bonding between totarolone and
hydroxylated bio-ZnO enhances adsorption, increasing the peak
current. At pH 5.5, partial deprotonation to phenolate reduces
hydrogen bonding and introduces electrostatic repulsion with
the bio-ZnO surface, leading to a transient decrease. At pH 6.5,
the predominance of the phenolate form of totarolone—more
electroactive—improves electron-transfer kinetics enough to
overcome the reduced adsorption, resulting in a slightly higher
current.”

Furthermore, information regarding the number of proton(s)
and electron(s) involved in the redox process can be used to
determine the structural evolution of totarolone after the
electrooxidation reaction on bio-ZnO-NPs/CPE using eqn (1):**

mRT
E, = 2. ——pH 1
P 303 nF p (1)

where E, is the redox potential (mV), R is the gas constant (J
mol " K1), T is the temperature (K), F is the Faraday constant

250

. A
200 4
| ]
é 150
=
e
8 100 4
50
=
L
3.5 4,0 45 5,0 55 6,0 6,5
pH
-0,10
-
-0,12 ®)
-0,14 4
Epa=-0.0282 pH - 0.027
S R?= 0.887
@ -0,16 -
Q
w
-0,18
-0,20
L]
0,22 +— T T T T T T

35 4,0 45 50 55 6,0 65
pH

Fig. 8 (A) Influence of solution pH on the oxidation peak current of
totarolone recorded at bio-NPs-ZnO/CPE in 0.1 M NaCl, at a scan rate
of 100 mV s~ and a start potential of —1.0 V vs. Hg/Hg,Cl,, KClsat, and
(B) linear plot of £y, vs. pH.
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Fig. 9 Effect of accumulation time on the peak current of totarolone
at the bio-NPs-ZnO/CPE electrode in 0.1 M NaCl solution (pH 4.5), at
a scan rate of 100 mV s~ and a start potential of —1.0 V vs. Hg/Hg,Cl,
KClsat.

(C mol™), and m/n is the slope, which represents the ratio of
proton(s) and electron(s). The slope of the corresponding linear
plot of E,,, vs. pH (Fig. 8B) is 28.2 mV pH ', which is close to the
theoretical Nernstian value (29.50 mV) for a two-electron and
one-proton transfer redox process.*>*® Therefore, a plausible
redox reaction for totarolone oxidation can be proposed as

di [mA/cm?]

T
15 -1,0 0,5 0,0 0,5 1,0 1,5
Potential (V)

1= 0.030 [C] + 0.878
R2= 0.989

2 4 6 8 10 12 14
[C] (mM)

Fig. 10 (A) SW voltammograms of bio-NPs-ZnO/CPE for the deter-
mination of totarolone in 0.1 M NaCl solution (pH 4.5); amplitude:
20 mV; potential step: 5 mV; start potential: —1.5 V vs. Hg/Hg,Cl,,
KClsat. (B) Calibration graph corresponding to the peak of totarolone
obtained from various concentrations in the range of 2 to 12.3 mM.
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Totarolone—(OH),, (adsorbed on ZnO) —
Totarolone—(0°%), + nH* + 2ne™  (2)

3.3.3. Accumulation time effect. The effect of accumulation
time (AT) on the detection of totarolone was investigated over
a range of 0 to 4 minutes in a 0.1 M NacCl solution (pH 4.5)
containing 2 mM totarolone. As shown in Fig. 9, the peak
current decreased with increasing accumulation time, indi-
cating that the modified electrode enables rapid detection of
totarolone.” The decrease in the oxidation peak current
observed with increasing accumulation time can be explained
by the saturation of active sites on the surface of bio-ZnO/CPE.
During the accumulation step, a negative potential of —0.4 V
was applied, which promotes the adsorption of totarolone onto
the ZnO-modified electrode surface. Initially, the adsorption is
rapid, leading to a measurable current increase; however, as the
accumulation time extends, the electrode surface becomes
progressively saturated. This saturation reduces the availability
of free active sites for further electron transfer, resulting in
a gradual decrease of the oxidation peak current over time.**

Fig. 5 provides complementary evidence for this behavior.
After 20 minutes of preconcentration, the SEM image shows the
formation of small clusters on the bio-ZnO/CPE surface. These
clusters correspond to complexes formed between bio-ZnO and
totarolone. The presence of these clusters supports the notion
that the decrease in current with longer accumulation times
arises from the formation of an adsorbed layer, which limits the
electron transfer efficiency.

3.3.4. Concentration effect. The SWV voltammograms at
different totarolone concentrations (Fig. 10A) show that the
current intensity increased with the increase of the concentra-
tion. This demonstrates the linear relationship (R*> = 0.989)
from 2 mM to 12.3 mM illustrated in Fig. 10B. The sensor's
sensitivity was validated by the calculation of the detection limit
(LOD = 3Sp/S) and the quantification limit (LOQ = 10Sy/S). Sy, is
the standard deviation of seven measurements and S is the
slope of the calibration plot.**** The findings obtained are
illustrated in Table 1.

A calibration curve equation (I = 0.03 [C] + 0.878) was ob-
tained from the standard curve of current as a function of
concentration. This equation is then used to quantify totarolone
in the extract.

3.3.5. Quantification of totarolone in the extract. To quantify
the concentration of totarolone in the extract, a solution was
prepared by dissolving 1 g of the extract in 25 mL of a 0.1 M
NacCl solution, ensuring optimal solubilization of totarolone.
The analysis was performed using square wave voltammetry
(SWV) over a potential range from —1.5 V to 1.5 V. Fig. 11 shows

Table1 LOD and LOQ values for totarolone at bio-NPs-ZnO/CPE

Concentration range LOD LOQ

2-12.3 mM 1.19 uyM 3.98 uM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Evaluation of the reproducibility of bio-NPs-ZnO/CPE;
amplitude: 20 mV; potential step: 5 mV; start potential: —1.5 V vs.
Hg/Hg,Cl,, KClsat.

a current peak of 0.882 mA at a potential of —0.5 V, attributed to
totarolone, confirming its presence in the sample. Using the
previously obtained calibration curve equation, the concentra-
tion of totarolone in 1 g of extract was determined to be
0.133 mM. This value provides an estimate of totarolone's
content in the extract and helps assess the efficiency of the
extraction process.

3.3.6. Reproducibility. To evaluate the repeatability of bio-
ZnO-NPs/CPE in the quantification of totarolone, three
consecutive measurements were performed. As shown in
Fig. 12, the results demonstrate consistent sensor performance,
confirming the method's reliability and reproducibility in
detecting the molecule within the extract solution.*

3.3.7. Stability. The stability of bio-NPs-ZnO/CPE was evalu-
ated after two months of storage. The electrode retained
approximately 98% of its original response, as shown in Fig. 13,
demonstrating its excellent long-term stability for the quanti-
fication of totarolone.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Bio-NPs-ZnO/CPE stability; amplitude: 20 mV; potential step:
5 mV; start potential: —1.5 V vs. Hg/Hg,Cl,, KClsat.

(Totarolone)

Fig. 14 Proposed mechanism of totarolone detection on bio-NPs-
ZnO/CPE.

3.4. Proposed electrochemical sensing mechanism

The surface of biosynthesized ZnO (Fig. 14), enriched with
hydroxyl groups (OH), along with residual organic groups from
the plant extract (C=0, C=C, and C-N), provides abundant
active sites for the adsorption of totarolone. The molecule
interacts primarily via hydrogen bonding with the hydroxyl
groups of ZnO, while the residual organic groups contribute
secondary polar interactions, stabilizing the molecule on the
surface. This adsorption facilitates a proton-coupled electron-
transfer (PCET) process, allowing efficient transfer of elec-
trons from totarolone to the electrode. The ZnO nanoparticles
not only provide a high surface area for adsorption but also
promote electron transfer between totarolone and the electrode
surface, thereby enhancing the oxidation current. This mecha-
nism explains the well-defined anodic peak observed during
voltammetric measurements.

4. Conclusions

This study reports the first quantification of totarolone using
bio-ZnO nanoparticles synthesized via Calamintha nepeta
extract. FTIR analyses confirmed the successful formation of
ZnO nanoparticles, while XRD revealed a hexagonal wurtzite
structure with an average crystallite size of ~10 nm. SEM-EDX
validated the incorporation of ZnO into the CPE matrix and

RSC Sustainability, 2025, 3, 4825-4833 | 4831


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00477b

Open Access Article. Published on 29 srpna 2025. Downloaded on 16.10.2025 1:13:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

demonstrated effective interactions with totarolone. CV indi-
cated that the electrochemical process of totarolone on the bio-
ZnO/CPE surface is adsorption-controlled, involving a two-
electron/one-proton transfer. The sensor exhibited high sensi-
tivity, a low detection limit (1.19 pM), and excellent stability and
reproducibility. Finally, the totarolone content in 1 g of extract
was determined to be 0.133 mM. These findings highlight the
potential of green nanotechnology to advance analytical plat-
forms for natural product research and open new avenues for
environmentally responsible applications in pharmacology and
the food industry.
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