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Abstract
In this work, (S,N)-co-doped reduced graphene oxide ((S,N)-rGO) was successfully synthesized via thermal treatment and thor-
oughly characterized by X-ray diffraction, high-resolution transmission electron microscopy, elemental mapping, photolumines-
cence, and Raman spectroscopy, confirming the successful incorporation of nitrogen and sulfur into the graphene framework. The
obtained (S,N)-rGO was used to modify a glassy carbon electrode for the electrochemical determination of sildenafil (SDN). The
modified electrode exhibited enhanced electrocatalytic activity toward SDN oxidation, providing a well-defined current response.
Under optimized conditions, the sensor showed a good linear relationship between peak current and SDN concentration in the range
of 0.25–4.98 µM, with a low limit of detection of 0.24 µM and a limit of quantification of 0.78 µM. The proposed sensor demon-
strated satisfactory repeatability, reproducibility, and stability, as well as good selectivity in the presence of potential interfering
substances. The applicability of the method was validated by the determination of SDN in pharmaceutical samples. The results were
in good agreement with those from high-performance liquid chromatography, indicating that the proposed electrochemical method
is reliable and suitable for practical analysis.
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Introduction
Sildenafil (SDN) is a widely prescribed phosphodiesterase
type 5 (PDE-5) inhibitor used for the treatment of erectile
dysfunction and pulmonary arterial hypertension. Its phar-
macological activity is based on the selective inhibition
of PDE-5, which increases the intracellular level of cyclic
guanosine monophosphate (cGMP), resulting in smooth
muscle relaxation and vasodilation. Phosphodiesterase-5
inhibitors, including SDN, are considered first-line thera-
peutic agents and have demonstrated significant efficacy in im-
proving vascular function and clinical outcomes [1]. Further-
more, these agents enhance nitric oxide-mediated signaling
pathways, thereby promoting increased blood flow in vascular
tissues [2]. The widespread clinical use of SDN has led
to a substantial increase in global consumption, which is
accompanied by growing concerns regarding its misuse and
illegal adulteration. Recent studies have reported that PDE-5 in-
hibitors are frequently detected as undeclared active ingredients
in dietary supplements and counterfeit pharmaceutical products
marketed as “natural” remedies [3]. This situation poses a
serious public health risk as such products often evade regula-
tory control and may contain unpredictable or excessive
dosages.

To date, various analytical techniques have been developed
for the determination of SDN. Conventional methods
such as gas chromatography/mass spectrometry (GC/MS)
[4], liquid chromatography–tandem mass spectrometry
(LC–MS/MS) [5], and high-performance liquid chro-
matography (HPLC) [6,7] are widely employed because
of their high accuracy and sensitivity. In addition, advanced
spectroscopic and hybrid approaches, including surface-en-
hanced Raman scattering (SERS) using Ag/UiO-66-decorated
porous structures [8], thin-layer chromatography coupled
with UV–SERS detection (TLC–UV–SERS) [9], dual-labeled
probe time-resolved fluorescence immunochromatography
assay [10], and fluorescence-based methods [11], have also
been reported. Despite their excellent analytical performance,
these techniques generally require sophisticated instrumenta-
tion, complex sample preparation, and relatively long analysis
time.

In this context, electrochemical sensing has emerged as a prom-
ising alternative for SDN determination due to its inherent
advantages, including operational simplicity, rapid response,
low cost, and high sensitivity [12,13]. These features make elec-
trochemical methods particularly suitable for on-site monitor-
ing and routine analysis [14,15]. Importantly, the electrochemi-
cal oxidation of SDN can be effectively enhanced by tailoring
the electrode surface with functional nanomaterials, thereby im-
proving both sensitivity and selectivity.

Among various nanomaterials, graphene-based materials, espe-
cially reduced graphene oxide (rGO), have attracted consider-
able attention as electrode modifiers due to their excellent elec-
trical conductivity, large specific surface area, and favorable
electrocatalytic properties [16,17]. However, pristine rGO still
suffers from a limited number of active sites and insufficient
selectivity toward specific analytes. To overcome these limita-
tions, heteroatom doping has been proposed as an effective
strategy to modulate the electronic structure and enhance
catalytic activity [18,19]. In particular, nitrogen and sulfur
co-doping has been demonstrated to significantly improve elec-
trochemical performance by introducing defects, redistributing
charge density, and facilitating electron transfer processes
[20,21].

In our previous study [22], nitrogen- and sulfur-doped reduced
graphene oxide ((S,N)-rGO) was explored as a potential elec-
trode modifier for the electrochemical detection of SDN,
showing promising electrocatalytic behavior. However, that
work was mainly limited to a proof-of-concept study and lacked
a systematic investigation of the sensing mechanism, optimiza-
tion of experimental conditions, and a comprehensive evalua-
tion of analytical performance. Although various electrochemi-
cal sensors have been reported for SDN determination, many of
them rely on multicomponent nanocomposites, noble-metal
nanoparticles, or relatively complicated fabrication procedures.
In contrast, the proposed (S,N)-rGO-modified electrode is pre-
pared through a simple and facile synthesis strategy while pro-
viding enhanced electrocatalytic activity arising from the syner-
gistic effects of nitrogen and sulfur co-doping. Together with its
satisfactory analytical performance and successful application
to pharmaceutical formulations, these features constitute the
main novelty and practical advantage of the present work. To
address these limitations, the present study builds on our
previous findings and develops a more systematic electrochemi-
cal sensing strategy. In this work, (S,N)-co-doped reduced
graphene oxide ((S,N)-rGO) was synthesized via a facile ther-
mal treatment using ammonium persulfate as a dual heteroatom
precursor. Incorporating nitrogen and sulfur heteroatoms is ex-
pected to generate abundant active sites, enhance electron
transfer kinetics, and improve adsorption affinity for SDN mol-
ecules. The synthesized material was used to modify a glassy
carbon electrode (GCE) for electrochemical detection. The
fabricated (S,N)-rGO/GCE sensor exhibited significantly en-
hanced electrocatalytic activity toward the oxidation of SDN,
resulting in improved sensitivity and selectivity compared with
the bare electrode. The effects of key experimental parameters,
including pH, scan rate, and accumulation conditions, were
systematically investigated to elucidate the sensing mechanism.
Furthermore, the analytical performance of the proposed sensor
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was thoroughly evaluated in terms of linear range, limit of
detection, reproducibility, and stability. Finally, the practical
applicability of the method was demonstrated by determining
SDN in real pharmaceutical samples, with satisfactory accu-
racy and recovery.

Experimental
Chemicals
Graphite powder, phosphoric acid (H3PO4, 85%), sulfuric acid
(H2SO4, 98%), hydrochloric acid (HCl, 37%), potassium
permanganate (KMnO4, 99%), thiourea (CH4N2S, 99%), and
hydrogen peroxide (H2O2, 30%) were obtained from Merck.
Boric acid (H3BO3, 99.5%), phosphoric acid (H3PO4, 85%),
acetic acid (CH3COOH, 99.8%), and sodium hydroxide (NaOH,
98%) were purchased from Sigma-Aldrich and used for the
preparation of Britton–Robinson (BR) buffer solutions with
various pH values for electrochemical measurements. SDN
citrate standard (C28H38N6O11S, 99%) was supplied by the
National Institute of Drug Quality Control, Vietnam. All chemi-
cals and reagents used throughout the study were of analytical
grade and utilized without any further purification.

Apparatus
A conventional three-electrode system was used, consisting of a
modified GCE as the working electrode, a platinum wire as the
counter electrode, and an Ag/AgCl electrode as the reference
electrode (CPA–HH5 Computerized Polarography Analyzer,
Vietnam). Morphological and structural characterizations were
performed using transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDX) mapping (JEM-
2100, Jeol-Japan) at 200 kV, X-ray diffraction (XRD) (Bruker
D8 Advance, Germany), Raman spectroscopy (XploRA™
PLUS, Horiba, Japan), FTIR (Shimadzu Prestige-21, Japan),
and photoluminescence (PL) (Horiba Fluorolog 3 FL3-22 fluo-
rometer).

Synthesis of graphene oxide
Graphene oxide (GO) was synthesized following a modified
procedure based on the method reported by Diego C. Marcano
and coworkers [23]. Briefly, 3 g of graphite powder was gradu-
ally added to a mixed acid solution containing 360 mL of
concentrated H2SO4 and 40 mL of concentrated H3PO4 under
continuous stirring. Subsequently, 18 g of KMnO4 was slowly
introduced into the mixture, resulting in a mildly exothermic
reaction. The suspension was maintained under stirring for 72 h
to allow for complete oxidation. Afterward, 17 mL of 30%
H2O2 was added dropwise to terminate the reaction, and the
mixture was allowed to cool to room temperature. The result-
ing product was separated by centrifugation at 5000 rpm
for 15 min, and the supernatant was discarded to obtain a
brownish-yellow solid. The solid was washed several times

with 0.1 M HCl solution and deionized water to remove
residual ions and impurities, followed by centrifugation. The
purified material was then dried at 60 °C for 48 h to yield
graphite oxide. This product was subsequently exfoliated by
ultrasonic treatment in distilled water for 4 h. After centrifuga-
tion and drying at 60 °C for an additional 48 h, GO was ob-
tained as a black solid.

Synthesis of (S,N)-doped graphene oxide
((S,N)-GO)
The synthesis of nitrogen and sulfur co-doped graphene oxide
((S,N)-GO) was carried out using a procedure similar to that de-
scribed above. The key difference lies in the oxidation stage,
where 1.5 g of thiourea was introduced into the reaction mix-
ture immediately after the addition of KMnO4, serving as a
heteroatom dopant source.

Synthesis of (S,N)-doped reduced graphene
oxide
To obtain reduced (S,N)-doped graphene oxide ((S,N)-rGO),
0.3 g of (S,N)-GO was dispersed in a mixture of 50 mL distilled
water and 30 mL ethanol. The suspension was ultrasonicated for
60 min to ensure uniform dispersion, then transferred into a
Teflon-lined autoclave. The hydrothermal reduction was con-
ducted at 180 °C for 12 h. After naturally cooling to room tem-
perature, the resulting black solid was collected by centrifuga-
tion, washed thoroughly with distilled water, and dried at 80 °C
for 24 h. The final product was ground into a fine powder to
obtain (S,N)-rGO.

Fabrication of the (S,N)-rGO-modified
electrode
Prior to modification, the GCE surface was polished with an
alumina slurry, thoroughly rinsed with deionized water, and
sonicated sequentially in ethanol and water. A suspension of
(S,N)-rGO (1 mg·mL−1) was prepared by dispersing the materi-
al in water with ultrasonication. A defined volume of the
suspension (5 µL) was drop-cast onto the cleaned GCE surface
and dried at room temperature (≈30 min) to obtain the (S,N)-
rGO/GCE.

Electrochemical measurements
The electrochemical behavior of SDN was investigated using
cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) in a Britton–Robinson buffer solution at various pH
values. Key experimental parameters, including accumulation
potential, accumulation time, pulse amplitude, and scan rate,
were optimized to achieve the best analytical performance. Cali-
bration curves were constructed by measuring the peak current
response at different concentrations of SDN. The limit of detec-
tion (LOD) and the limit of quantification (LOQ) were calcu-
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lated based on the residual standard deviation of the calibration
curve and its slope.

Sample preparation and analysis
Sample preparation
Ten SDN tablets were accurately weighed and the average
tablet mass was determined. The tablets were then finely ground
to obtain a homogeneous powder. An accurately weighed
portion of the powder, equivalent to one tablet, was transferred
into a 100 mL volumetric flask. Approximately 50 mL of
distilled water was added, and the mixture was sonicated for
30 min to ensure complete extraction of SDN. The solution was
then diluted to the mark with distilled water, thoroughly mixed,
and filtered to obtain the stock sample solution. The obtained
solution was further diluted with distilled water to an appro-
priate concentration depending on the SDN content in the phar-
maceutical formulation (solution 1). An aliquot of solution 1
was then diluted with distilled water and Britton–Robinson
buffer (0.1 M, pH 4.0) in the electrochemical cell to obtain a
final SDN concentration of approximately 4.2 µM. The SDN
content was determined using DPV with the standard addition
technique.

Recovery study
For recovery evaluation, the prepared sample solution was
diluted under the same conditions as described above. Subse-
quently, 20 µL of a 0.001 M SDN standard solution was added
into a 20 mL electrochemical cell. The total SDN concentration
was determined by DPV using the standard addition method.
The original SDN content in the sample was subtracted, and the
recovery was calculated by comparing the measured increase
with the known added amount. All measurements were per-
formed in triplicate. The recovery (%) was calculated accord-
ing to the following equation:

The relative standard deviation (RSD, %) was used to evaluate
precision:

Results and Discussion
Characterization of materials
Figure 1 presents the characterization results for the obtained
materials. The GO sample exhibits a characteristic diffraction
peak at around 2θ ≈ 8.7°, corresponding to the (001) plane, indi-
cating the presence of oxygen-containing functional groups and
enlarged interlayer spacing [24]. After (S,N)-doping, the peak

becomes broader and slightly shifted, suggesting partial disrup-
tion of the layered structure. For (S,N)-rGO, the disappearance
of the GO peak and the emergence of a broad peak at ≈24.7°
(002 plane) confirm the successful reduction process and partial
restoration of graphitic domains [24]. The textural parameters in
Table 1 and Figure 1b reveal a clear evolution of pore structure
after doping and reduction. Pristine GO exhibits a very low
BET surface area (6.93 m2·g−1) with no detectable microporosi-
ty, indicating a highly stacked structure with limited accessible
surface. Upon (S,N)-co-doping, (S,N)-GO shows a significant
increase in surface area (63.81 m2·g−1), mainly contributed by
mesopores, suggesting that the introduction of heteroatoms and
gas evolution during oxidation promotes exfoliation and pore
formation. After reduction, rGO presents a hierarchical pore
structure with both micropores (16.5 m2·g−1) and mesopores
(43.8 m2·g−1). The formation of micropores can be attributed to
the removal of oxygen-containing functional groups, which
generates vacancy defects and creates nanoscale pores within
the graphene sheets. Meanwhile, mesopores originate from the
partial restacking and wrinkling of graphene layers. In contrast,
(S,N)-rGO shows reduced microporous (13.1 m2·g−1) and
mesoporous (29.6 m2·g−1) contributions compared to rGO.
This decrease may result from structural rearrangement or
partial pore collapse during hydrothermal treatment, as well as
the occupation of pore sites by doped nitrogen and sulfur
species.

The FTIR spectra (Figure 1c) confirm the successful oxidation
and subsequent modification of GO. The broad band at
≈3400 cm−1 corresponds to O–H stretching vibrations, while
peaks at ≈1728 cm−1 (C=O), ≈1619 cm−1 (C=C), and
1224–1053 cm−1 (C–O) are characteristic of oxygen-containing
functional groups in GO [25]. After doping and reduction, the
intensity of oxygen-related peaks decreases, indicating partial
removal of oxygen functionalities [24]. New features observed
at ≈1555 cm−1 and ≈1159 cm−1 suggest the incorporation of
nitrogen- and sulfur-containing groups, confirming successful
heteroatom. The Raman spectra (Figure 1d) display the typical
D and G bands of graphene-based materials [26]. The ID/IG
ratio increases from 0.82 (GO) to 1.21 ((S,N)-rGO), indicating
an increase in structural defects and disorder after doping and
reduction [27]. This increase is commonly attributed to the for-
mation of smaller sp2 domains and the introduction of defects
by N and S heteroatoms. Such defects are beneficial for electro-
chemical applications, as they enhance electron transfer and
provide more active sites. The combined results confirm that
(S,N)-co-doping and reduction effectively modify the structural,
textural, and electronic properties of GO, leading to enhanced
electrochemical activity. These structural and surface modifica-
tions are expected to significantly improve the electrochemical
performance of the (S,N)-rGO-modified electrode.
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Figure 1: (a) XRD patterns, (b) nitrogen adsorption/desorption isotherms, (c) FTIR spectra, (d) Raman spectra, and (e) photoluminescence (PL) spec-
tra of GO, (S,N)-GO, rGO and (S,N)-rGO.

Table 1: Textural properties and Raman intensity ratios (ID/IG) of GO, (S,N)-GO, rGO, and (S,N)-rGO.

Sample BET (m2·g−1) Micropores (m2·g−1) Mesopores (m2·g−1) ID/IG

GO 6.93 – 6.9 0.82
(S,N)-GO 63.81 – 63.8 0.98
rGO 60.31 16.5 43.8 1.05
(S,N)-rGO 42.63 13.1 29.6 1.21
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Figure 2: HRTEM observation of (S,N)-GO (a) and (S,N)-rGO (b).

The PL spectra of GO, (S,N)-GO, rGO, and (S,N)-rGO are
shown in Figure 1e. All samples exhibit a broad emission band
centered around 440–460 nm, which is commonly attributed to
radiative recombination associated with oxygen-containing
functional groups and defect states in graphene oxide-based ma-
terials. GO exhibits the highest PL intensity, indicating a high
density of oxygenated defects that act as recombination centers
for electron–hole pairs. After reduction and heteroatom doping,
the PL intensity decreases significantly, especially for (S,N)-
rGO. This quenching effect suggests the partial restoration of
the conjugated sp2 carbon network and improved charge
mobility after removal of oxygen-containing groups. The
reduced PL intensity of (S,N)-rGO indicates a lower recombina-
tion rate of charge carriers and more efficient electron transport
capability. In addition, the incorporation of nitrogen and sulfur
atoms can modify the electronic structure of graphene and intro-
duce new electronic states, thereby facilitating charge-transfer
processes. The PL results therefore further confirm the success-
ful reduction and heteroatom functionalization of GO, in agree-
ment with the XRD, FTIR, BET, and Raman analyses.

High-resolution transmission electron microscopy (HRTEM)
images of (S,N)-GO and (S,N)-rGO are presented in Figure 2a
and Figure 2b, respectively. The (S,N)-GO sample exhibits thin,
transparent, and relatively smooth layered nanosheets with a
typical wrinkled morphology characteristic of graphene oxide-
based materials. The translucent appearance indicates the for-
mation of few-layer graphene sheets with high exfoliation
degree. After the reduction process, the morphology of (S,N)-
rGO becomes more crumpled and corrugated, accompanied by

partial restacking of graphene layers. The increased wrinkling
and folding observed in Figure 2b can be attributed to the
removal of oxygen-containing functional groups during reduc-
tion, which induces structural distortion and decreases electro-
static repulsion between graphene sheets. Such morphological
changes are commonly observed in reduced graphene materials
and indicate the partial restoration of the conjugated carbon
network. Moreover, the highly wrinkled and defective structure
of (S,N)-rGO is advantageous for electrochemical applications
because it can prevent severe agglomeration of graphene sheets,
expose more electroactive surface area, and facilitate elec-
trolyte diffusion. The formation of folded nanosheet structures
also creates abundant edge-plane-like defects and active sites,
which are beneficial for electron-transfer reactions and analyte
adsorption during electrochemical sensing.

The elemental mapping images and EDX spectrum of (S,N)-
rGO are presented in Figure 3. The mapping results reveal the
distribution of C, O, N, and S throughout the graphene frame-
work, confirming the successful heteroatom functionalization of
the reduced graphene oxide sheets. The strong carbon signal
originates from the graphene backbone, while the oxygen signal
indicates that a small amount of residual oxygen-containing
functional groups remains after the reduction process. Notably,
although the quantitative EDX analysis shows an extremely low
nitrogen content (close to 0 atom %), the elemental mapping
image still exhibits detectable N-related signals distributed over
the graphene surface. This discrepancy can be attributed to the
inherent limitation of EDX spectroscopy in quantitatively
detecting light elements at ultralow concentrations. Because



Beilstein J. Nanotechnol. 2026, 17, 1087–1102.

1093

Figure 3: EDX mapping of (S,N)-rGO.

nitrogen has a low atomic number and weak X-ray emission in-
tensity, its signal can easily fall below the reliable quantitative
detection threshold, particularly in carbon-rich materials such as
graphene derivatives [28,29]. Nevertheless, the mapping image
qualitatively suggests the presence of trace nitrogen species dis-
tributed over the graphene surface. However, owing to the

limited sensitivity of EDX for the quantitative analysis of light
elements, particularly nitrogen in carbon-rich materials, this ob-
servation should be regarded as qualitative evidence rather than
definitive proof of nitrogen incorporation. Therefore, the pres-
ence of nitrogen-containing species is suggested but cannot be
conclusively confirmed by EDX alone. In contrast, sulfur
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Figure 4: (a) Cyclic voltammograms (CVs) recorded at different electrodes (GCE, GO/GCE, (S,N)-GO/GCE, rGO/GCE and (S,N)-rGO/GCE) in 0.1 M
BR buffer (pH 3.0) containing 20 µM SDN at a scan rate of 0.2 V·s−1; (b) corresponding peak currents obtained at different electrodes (n = 3).

signals are more clearly observed and uniformly distributed
across the graphene sheets, indicating more effective sulfur in-
corporation into the carbon framework.

Determination of SDN using a (S,N)-rGO
modified electrode
Electrochemical behavior of SDN on different
electrode
The electrochemical responses of SDN at different electrodes
are presented in Figure 4a. The bare GCE exhibits a relatively
weak oxidation current, indicating limited electron transfer
kinetics. Upon modification with GO, the peak current in-
creases slightly due to the larger surface area and presence of
oxygen-containing functional groups. A more pronounced en-
hancement is observed for the (S,N)-GO/GCE, suggesting that
heteroatom doping improves the electrical conductivity and
introduces additional active sites for electron transfer. Notably,
the (S,N)-rGO/GCE shows the highest current response, which
can be attributed to the synergistic effect of (S,N)-co-doping
and reduction. The reduction process restores the π-conjugated
structure, facilitating faster electron transfer, while heteroatoms
create defect sites that enhance electrocatalytic activity. As
summarized in Figure 2b, the peak current increases in the
order: GCE < GO/GCE < (S,N)-GO/GCE < rGO < (S,N)-rGO/
GCE, confirming that the (S,N)-rGO-modified electrode exhib-
its the best electrochemical performance toward SDN detection.

The enhanced electrochemical response of the (S,N)-rGO/GCE
can be attributed to the synergistic effects of reduced graphene
oxide and nitrogen/sulfur heteroatom doping. The hydrother-
mal reduction restores the conjugated sp2 carbon network, re-
sulting in improved electrical conductivity and accelerated elec-

tron-transfer kinetics. Meanwhile, the incorporation of nitrogen
and sulfur atoms introduces structural defects and heterogen-
eous electronic states, which act as additional electroactive sites
for the oxidation of SDN. Nitrogen dopants increase the elec-
tron density of adjacent carbon atoms, whereas sulfur dopants
induce charge polarization and further modulate the local elec-
tronic structure. These heteroatom-induced effects facilitate
charge transfer across the electrode/electrolyte interface and
lower the activation energy for the oxidation reaction. Further-
more, the aromatic structure of SDN can interact with the
π-conjugated graphene surface through π–π stacking interac-
tions, while residual oxygen-containing functional groups and
heteroatom sites may promote adsorption through hydrogen
bonding and electrostatic interactions. Consequently, the combi-
nation of improved conductivity, increased density of active
sites, and enhanced adsorption affinity results in the significant-
ly higher oxidation current observed at the (S,N)-rGO-modified
electrode.

Effect of the pH value
The effect of pH on the electrochemical response of SDN at the
(S,N)-rGO/GCE was investigated over the pH range of 2.0–8.0
(Figure 5a). The oxidation peak current initially increased with
increasing pH, reached a maximum at pH 4.0, and then gradu-
ally decreased at higher pH values (Figure 5b). The oxidation
peak current initially increased with increasing pH, reached a
maximum at pH 4.0, and then gradually decreased at higher pH
values (Figure 5b). During the pH study, only a single oxida-
tion peak of SDN was observed in the pH range of 2.0–5.0.
However, at pH 6.0–8.0, an additional oxidation peak appeared
adjacent to the main SDN oxidation peak, which is likely asso-
ciated with the formation of oxidation and/or degradation prod-



Beilstein J. Nanotechnol. 2026, 17, 1087–1102.

1095

Figure 5: (a) CVs of (S,N)-rGO/GCE in 0.1 M Britton–Robinson buffer at different pH values (2.0–8.0) containing 20 µM SDN at a scan rate of
0.2 V·s−1; (b) variation of anodic peak current with pH; (c) dependence of peak potential (Ep) on pH.

ucts. Consequently, the CV curves in Figure 5a represent the
overall anodic response, whereas the quantitative values shown
in Figure 5b were obtained by integrating only the main SDN
oxidation peak using Origin software. The contribution of the
additional oxidation peak was intentionally excluded from the
quantitative analysis. Therefore, although the overall anodic
current appears higher at pH 6.0–8.0, the current corresponding
solely to the main SDN oxidation peak decreases, resulting in
lower peak currents than those observed at pH 4.0 and 5.0.
These results indicate that proton participation plays an impor-
tant role in the electrochemical oxidation of SDN, and there-
fore pH 4.0 was selected as the optimum supporting electrolyte
for subsequent experiments.

As shown in Figure 5c, the oxidation peak potential shifted
linearly toward less positive values with increasing pH,
following the equation:

The slope of 0.0317 V·pH−1 is close to half of the theoretical
Nernstian value of 0.059 V·pH−1, suggesting that the number of
protons involved in the electrochemical oxidation process is
lower than the number of transferred electrons. Based on the
Nernst relationship, the proton-to-electron ratio can be esti-
mated to be approximately 0.5, indicating that the number of
electrons participating in the oxidation process is likely twice
that of protons. However, it should be noted that the reported
pH dependence for SDN oxidation varies considerably in the
literature. A study [30] has reported slopes close to the theoreti-
cal Nernstian value of 0.059 V·pH−1, indicating an equal num-
ber of protons and electrons participating in the reaction, where-
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Figure 6: (a) CVs of (S,N)-rGO/GCE in 0.1 M Britton–Robinson buffer (pH 4.0) containing 20 µM SDN at different scan rates (0.07–0.40 V s−1);
(b) linear relationship between peak current (Ip) and the square root of scan rate (v1/2); (c) linear plot of log Ip versus log v; (d) dependence of peak
potential (Ep) on ln v.

as other [31] has described slopes near half of this theoretical
value, corresponding to a proton-to-electron ratio of approxi-
mately 1:2. These discrepancies may arise from differences in
electrode materials, surface interactions, and oxidation mecha-
nisms. In the present study, the observed deviation may be attri-
buted to the strong electronic interaction between SDN and the
conductive (S,N)-rGO surface, together with possible adsorp-
tion effects and multistep oxidation pathways occurring at the
electrode interface.

Scan rate effect
The effect of scan rate on the electrochemical behavior of SDN
at the (S,N)-rGO/GCE was investigated in the range of
0.07–0.40·V s−1 (Figure 6a). The oxidation peak current in-
creased with increasing scan rate, indicating enhanced mass
transport toward the electrode surface. As shown in Figure 6b,
the peak current exhibited a good linear relationship with the
square root of scan rate:

This result indicates that the electrochemical oxidation process
is predominantly diffusion-controlled. Further insight was ob-
tained from the log–log relationship (Figure 6c):

The slope value (≈0.49) is very close to the theoretical value of
0.5 expected for a diffusion-controlled process, further
confirming that diffusion is the dominant transport mechanism.
Nevertheless, considering the high surface area and π-electron-
rich structure of (S,N)-rGO, surface interaction and partial
adsorption of SDN on the electrode surface may also contribute
to the overall electrochemical response.
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Figure 7: (a) Molecular structures, (b) CVs, and (c) DPVs of SDN, ciprofloxacin, and ofloxacin with concentration of 5.0 µM in 0.1 M BR buffer
(pH 4.0).

For an irreversible electrochemical process, the relationship be-
tween peak potential and scan rate is described by the Laviron
equation (Figure 6d):

According to Laviron theory [32]:

(R: molar gas constant (8.314 J·mol−1·K−1); T: the absolute
temperature (K); α: the electron-transfer coefficient; n: the
number of transferred electrons; F: the Faraday constant
(96485 C·mol−1). At 25 °C (RT/F ≈ 25.7 mV), the slope value
of 0.0312 V gives: αn = 0.0257/0.0312 ≈ 0.823.

Assuming a typical transfer coefficient of α ≈ 0.5 for an irre-
versible process [33]:

Thus, the electrooxidation of SDN involves approximately two
electrons. Although the exact molecular oxidation mechanism
of SDN could not be conclusively established in the present

work, the combined pH dependence, scan-rate investigation,
and Laviron analysis consistently indicate the participation of
approximately two electrons and one proton in the overall irre-
versible oxidation process. In addition, the cyclic voltammetric
responses of SDN were compared with those of ciprofloxacin
and ofloxacin (Figure 7), which are also nitrogen-containing
heterocyclic pharmaceuticals. Ciprofloxacin and ofloxacin
exhibited relatively sharp and well-defined oxidation peaks,
whereas SDN showed a broader anodic response with less-
defined peak characteristics. These observations suggest that the
electrooxidation of SDN at the (S,N)-rGO/GCE may involve
multistep electron-transfer reactions and/or adsorbed intermedi-
ates rather than a simple proton-coupled electron-transfer
process. Furthermore, the presence of tertiary nitrogen centers
and a flexible heterocyclic framework in SDN may promote
strong interaction with the π-conjugated conductive surface,
thereby altering the apparent proton participation during oxida-
tion and contributing to the lower Ep–pH slope observed experi-
mentally. Based on the Ep–pH relationship and Laviron analy-
sis, the electrooxidation of SDN is hypothesized to involve an
apparent two-electron/one-proton (2e−/1H+) transfer process.
However, this interpretation should be considered a plausible
hypothesis rather than a definitive reaction mechanism, as the
oxidation of SDN is known to involve complex multistep elec-
tron-transfer reactions. Moreover, adsorption of SDN and/or its
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Figure 8: (a) DPV curves of (S,N)-rGO/GCE in 0.1 M Britton–Robinson buffer (pH 4.0) for different concentrations of CSDN (0.25–19.61 µM); (b) cor-
responding calibration plot of peak current versus SDN concentration.

Table 2: Comparison of the analytical performance of electrochemical sensors for the determination of SDN.

Electrode Method Linear range (µM) LOD (µM) Application Ref.

SPGCE SWV 1.0–14.0 0.055 pharmaceutical and urine samples [36]
SPCE SWV 1.0–20.0 0.20 commercial and adulterated tablets [37]
BDDE DPV 0.730–7.3 0.64 pharmaceutical formulations [38]
ABPUE-AgNP DPV 1.0–10.0 0.89 pharmaceutical formulations and synthetic urine [31]
Paraff-GE SWV 25–250 9.0 pharmaceutical formulations [39]
RuQT DPV 12.5–500.0 10.7 pharmaceutical formulations [40]
(S,N)-rGO/GCE DPV 0.25–19.61 0.24 pharmaceutical formulations this work

oxidation intermediates on the (S,N)-rGO surface may influ-
ence the electrochemical response and the apparent kinetic pa-
rameters. Therefore, further mechanistic investigations, includ-
ing in situ spectroelectrochemical measurements or identifica-
tion of oxidation products, would be valuable for elucidating the
detailed oxidation mechanism.

Optimizing operational parameters
The experimental parameters were optimized to achieve the best
analytical performance (Supporting Information File 1, Figures
S1–S4). The optimal conditions were determined as follows:
accumulation potential of 0.4 V, accumulation time of 40 s,
pulse amplitude of 0.10 V, and potential step of 0.007 V.

Linear range and limit of detection
The analytical performance of the proposed sensor was evalu-
ated using DPV under the optimized conditions. As shown in
Figure 8a, the oxidation peak current increases progressively
with increasing SDN concentration from 0.25 to 19.61 µM. A
good linear relationship between peak current and SDN concen-

tration was obtained over this range (Figure 8b), described by
the following equation:

The LOD and the LOQ, calculated according to the criteria of
3S/b and 10S/b, respectively [34,35] were determined to be 0.49
and 1.61 µM. To further improve sensitivity at low concentra-
tions, a narrower linear range (0.25–4.98 µM) was considered
using eight concentration points near the origin. In this range,
LOD and LOQ were significantly improved to 0.24 and
0.78 µM, respectively, demonstrating the enhanced detection
capability of the sensor at trace levels.

As summarized in Table 2, the proposed (S,N)-rGO/GCE
sensor exhibits a lower detection limit than most previously re-
ported electrochemical sensors for SDN determination, while
providing a wide linear range and satisfactory applicability for
the analysis of pharmaceutical formulations.
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Figure 9: (a) Variation of peak current (Ip) for SDN at four concentrations (1.0, 2.0, 13.8, and 19.6 µM) recorded at the (S,N)-rGO/GCE in 0.1 M
Britton–Robinson buffer (pH 4.0); (b) repeatability of the peak current at a fixed concentration (CSDN = 13.8 µM) measured over seven successive de-
terminations using the same electrode preparation procedure; (c) long-term stability of the sensor evaluated over seven consecutive days; (d) relative
error (RE%) caused by interfering substances at different concentration ratios.

Repeatability, reproducibility, and long-term stability
Intra-day repeatability (within-electrode precision) of the
proposed electrochemical method was evaluated at four repre-
sentative concentration levels (1.0, 2.0, 13.8, and 19.6 µM)
using replicate measurements (n = 3) (Figure 9a and Support-
ing Information File 1, Figure S5). At 1.0 µM, the peak
current was 0.9585 ± 0.0469 µA, corresponding to an RSD
of 4.90%, which is lower than the acceptable criterion of
0.5RSDHorwitz = 8.50%. Similarly, at 2.0 µM, the peak current
was 1.6990 ± 0.0732 µA with an RSD of 4.31%, also below the
threshold (0.5RSDHorwitz = 7.66%). At higher concentrations,
improved precision was observed, with RSD values of 1.30%
and 1.02% for 13.8 and 19.6 µM, respectively, both significant-
ly lower than the corresponding 0.5RSDHorwitz values (5.73%
and 5.43%) [41]. The electrode-to-electrode reproducibility of
the sensor was further assessed using seven independently

prepared electrodes at a fixed concentration of 13.8 µM
(Figure 9b). The peak current was 7.9800 ± 0.1716 µA with an
RSD of 2.15%, indicating good fabrication reproducibility. In
addition, the long-term stability of the modified electrode was
evaluated over seven consecutive days (Figure 9c). The aver-
age peak current was 7.8657 ± 0.1828 µA with an RSD of
2.32%, and the signal decreased by only 5.06% after seven
days, demonstrating good storage stability. Overall, these
results confirm that the proposed (S,N)-rGO/GCE sensor
provides good precision, reproducibility, and stability, making it
suitable for reliable electrochemical analysis.

Selectivity
The selectivity of the proposed electrochemical sensor was
evaluated by investigating the effect of common inorganic ions
and organic substances that may coexist with SDN (Supporting
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Table 3: Determination of SDN in commercial pharmaceutical samples using the proposed DPV method and comparison with the HPLC method.

Sample name Found
(µM)a ± SD (µM)

SDN
(mg per unit, DPV)

SDN
(mg per unit, HPLC)

Added
(µM)

Found after spiking
(µM) ± SDa (µM)

Recovery
(%)

1 4.07 ± 0.07 48.4 51.5 1.00 5.06 ± 0.06 98.1
2 4.22 ± 0.08 102.5 102.0 5.36 ± 0.14 103.5
3 4.05 ± 0.08 47.6 48.7 5.06 ± 0.06 97.6

aConcentration calculated in the electrochemical cell.

Information File 1, Table S1). Various potential interferents, in-
cluding Mg2+, Na+, K+, Al3+, Zn2+, and Ca2+, as well as
organic compounds such as ascorbic acid (ASC), glutamic acid
(GLA), glucose (GLU), sucrose (SUC), and ʟ-cysteine (CYS),
were evaluated at concentration ratios ranging from 0 to
100-fold relative to SDN, except for Na+ and sucrose (SUC),
which were investigated up to 80-fold (Figure 9d). As shown in
Figure 9d, the presence of these interfering species caused only
minor variations in the peak current of SDN. The relative error
(RE) values were generally within ±5%, even at high inter-
ferent-to-analyte ratios (up to 100). In particular, most inorgan-
ic ions exhibited negligible interference, with RE values typi-
cally below ±3%. Organic compounds such as glucose and
sucrose showed slight positive deviations, while ascorbic acid
and ʟ-cysteine resulted in small negative deviations, which can
be attributed to their electroactive nature. However, these
effects remained within acceptable analytical limits. According
to commonly accepted criteria (|RE| ≤ 5%), these results
demonstrate that the proposed (S,N)-rGO/GCE sensor pos-
sesses good selectivity for the determination of CSDN in the
presence of potential interfering substances. The high selec-
tivity of the sensor suggests its strong potential for application
in complex real samples.

Analysis of real sample
The applicability of the proposed (S,N)-rGO/GCE sensor was
evaluated by determining SDN in commercial pharmaceutical
samples using the DPV method. Three different products were
analyzed, and the results are summarized in Table 3. The
measured concentrations of CSDN in the electrochemical cell
were found to be 4.07 ± 0.07, 4.22 ± 0.08, and 4.05 ± 0.08 µM
for samples 1–3, respectively. These values were converted to
the corresponding SDN content per dosage unit, yielding 48.4,
102.5, and 47.6 mg, respectively. The analytical accuracy of the
proposed sensor was evaluated using two complementary ap-
proaches. First, recovery experiments were carried out by the
standard addition method, yielding satisfactory recoveries
ranging from 97.6% to 103.5%. Second, the results obtained by
the proposed DPV method were compared with those obtained
using the reference HPLC method. No statistically significant
difference was observed between the two methods, confirming

the accuracy, reliability, and practical applicability of the de-
veloped electrochemical sensor for the determination of SDN in
pharmaceutical formulations.

Although the developed (S,N)-rGO/GCE sensor demonstrated
excellent analytical performance for the determination of SDN
in pharmaceutical formulations, several limitations should be
acknowledged. The present study focused exclusively on phar-
maceutical samples, and therefore additional validation in more
complex biological and environmental matrices is still required.
Furthermore, while satisfactory stability was observed over a
seven-day period, longer-term operational stability under
routine analytical conditions remains to be investigated. The
simple drop-casting fabrication procedure may also introduce
slight variations in the modified film between independently
prepared electrodes. In addition, although the sensor exhibited
good selectivity toward the investigated interferents, struc-
turally related electroactive compounds at relatively high con-
centrations could potentially influence the analytical response.
Future work will focus on improving electrode fabrication
reproducibility, extending the sensor lifetime, and evaluating its
applicability in complex real-world samples.

Conclusion
In this study, an efficient electrochemical sensor based on a
glassy carbon electrode modified with (S,N)-doped reduced
graphene oxide ((S,N)-rGO) was successfully developed for the
determination of SDN. The successful incorporation of nitrogen
and sulfur into the graphene structure was confirmed by
multiple characterization techniques, resulting in enhanced
structural defects and improved electrochemical properties. The
(S,N)-rGO/GCE exhibited excellent electrocatalytic activity
toward SDN oxidation, enabling sensitive detection with a wide
linear range (0.25–4.98 µM), a low limit of detection
(0.24 µM), and a limit of quantification of 0.78 µM. The sensor
also demonstrated good repeatability, reproducibility, and long-
term stability, together with high selectivity in the presence of
potential interfering species. Importantly, the proposed method
was successfully applied to the analysis of pharmaceutical sam-
ples, and the results were in good agreement with those ob-
tained by HPLC, confirming its accuracy and reliability. These
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findings indicate that the (S,N)-rGO-based electrochemical
sensor provides a simple, cost-effective, and reliable alternative
for the routine determination of SDN in real samples.

The proposed (S,N)-rGO-functionalized sensing platform offers
several advantages, including a simple and low-cost fabrication
process, enhanced electron-transfer capability, high electrocat-
alytic activity, satisfactory selectivity, and reliable determina-
tion of SDN in pharmaceutical formulations. Compared with
conventional chromatographic techniques, the proposed electro-
chemical sensor provides rapid analysis with minimal sample
preparation and lower instrumentation cost. Nevertheless, the
current study is limited to pharmaceutical samples, and further
investigations are required to evaluate long-term operational
stability and its applicability to more complex biological and
environmental matrices.
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Abstract
In this work, a green and sustainable hydrothermal approach was employed to synthesize nitrogen-doped carbon dots (NCDs) using
lemon juice as a natural precursor. The as-prepared NCDs served as eco-friendly reducing agents and stabilizing scaffolds for the
subsequent in situ synthesis of gold nanoparticles (Au@NCDs). The structural and optical properties of the nanocomposite were
comprehensively characterized using various analytical techniques. The intrinsic fluorescence of NCDs was significantly quenched
upon formation of the composite, mainly due to non-radiative energy transfer processes. Interestingly, the quenched fluorescence
could be efficiently restored upon the addition of N-acetylcysteine (NAC), enabling the development of an “off-on” fluorescent
sensing platform. The sensing mechanism was systematically elucidated through a combination of spectroscopic studies and densi-
ty functional theory calculations, revealing that fluorescence recovery originates from a ligand exchange process driven by the
stronger binding affinity of NAC toward the gold surface, particularly via Au–S interactions. Under optimized conditions, the assay
exhibited a robust linear response for NAC concentrations ranging from 4.0 to 20.0 mg/L, with a detection limit of 0.863 mg/L.
These results demonstrate that the Au@NCDs system can function as a sensitive and selective OFF–ON fluorescent probe for NAC
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detection. This study provides a cost-effective and eco-friendly sensing platform with significant potential for analytical applica-
tions in pharmaceutical monitoring.
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Introduction
N-acetylcysteine (NAC) has been widely employed for over
four decades as an antidote in the treatment of paracetamol
(acetaminophen) overdose [1-3] and as a mucolytic agent for
chronic obstructive pulmonary disease (COPD) [4]. Careful
dosage control of NAC is crucial to ensure effective treatment
and prevent side effects. Several analytical methods have been
conventionally used to determine NAC levels in biological or
pharmaceutical samples, including chromatography [5,6] and
spectroscopy [7-9]. Currently, electrochemical and optical
sensors are gaining prominence in clinical analysis due to their
simplicity, requirement for small sample volumes, cost-effec-
tiveness, high specificity, and selectivity [10-16].

Carbon quantum dots (CQDs or CDs) have garnered significant
attention due to their strong fluorescence and exhibit signifi-
cant potential in applications such as photocatalysis, bio-
imaging, bioanalytical sensing, and pharmaceutical testing [17].
CDs can be synthesized from diverse precursors, including
citric acid, carbohydrates, and organic molecules through two
distinct methodologies, that are, bottom-up and top-down
methods [18,19]. In recent years, carbon dots derived from
natural sources have increasingly attracted interest as a sustain-
able and environmentally friendly approach [20-22]. Natural
precursor sources, including plant extracts, fruits, and vegeta-
bles (e.g., orange juice [23], turmeric [24], lemon juice [25],
mango leaves [26], and guava leaves [27]), are abundant, inex-
pensive, and renewable carbon sources. Furthermore, they
contain various organic compounds with hydroxy, carboxyl,
and amino groups. Consequently, natural-product-derived car-
bon dots frequently demonstrate high hydrophilicity, excellent
biocompatibility, and a broader spectrum of surface functional
groups compared with CDs synthesised from chemical precur-
sors [28-30].

Among the various strategies aimed at improving the physico-
chemical properties of CDs, heteroatomic doping has been ex-
tensively studied [31]. Nitrogen-doped carbon dots (NCDs) are
formed by introducing nitrogen atoms into carbon frameworks
or functional groups on the surface. Nitrogen doping alters the
electronic structure of the carbon core and creates surface func-
tional groups such as amine and pyridinic groups. Compared
with undoped carbon dots, NCDs featured excellent robust fluo-
rescence stability and chemical resistance [32].

Fluorescent probes are powerful analytical tools favored for
their rapid response, high sensitivity, simplicity, low cost, and

real-time detection capabilities. To overcome the inherent limi-
tations of organic dyes, nanomaterial-based sensing platforms
have attracted considerable research interest. In particular, gold-
based composite nanoparticles stand out as promising candi-
dates for advanced fluorescent probes, owing to their excep-
tional optical properties, large specific surface area, excellent
biocompatibility, and ease of surface functionalization [33]. A
key feature of gold nanoparticles is their surface plasmon reso-
nance, which generates strong light–matter interactions, ampli-
fies optical signals, and underpins their extensive application in
optical sensing [34].

This study developed an OFF–ON fluorescent sensor based
on gold nanoparticles and nitrogen-doped carbon dots
(Au@NCDs) for the determination of NAC. NCDs, possessing
strong luminescence properties, served as both reducing agent
and stabilizing agent for the synthesis of Au@NCDs [35]. Upon
excitation of the NCDs, the energy was transferred to the gold
nanoparticles, resulting in fluorescent quenching. With the addi-
tion of NAC, a ligand exchange occurred between the thiol
groups of NAC and the NCDs on the gold nanoparticles sur-
face, resulting in the formation of a stronger Au–S bond and the
subsequent recovery of the fluorescent signal. The restored
fluorescence intensity exhibited a proportional relationship with
the concentration of the added NAC.

In addition to experimental characterization, density functional
theory (DFT) calculations have emerged as a powerful ap-
proach for elucidating the molecular-level mechanisms
governing the performance of nanomaterial-based fluorescent
sensors [36-38]. DFT provides valuable insights into adsorp-
tion configurations, binding energies, charge redistribution, and
electronic structures, thereby enabling the interpretation of
analyte–nanomaterial interactions that are often difficult to
resolve experimentally. In particular, for gold nanostructure-
based sensing platforms, DFT has been widely employed to in-
vestigate the formation and stability of Au–S bonds [39,40],
ligand exchange processes [41,42], and the associated elec-
tronic changes responsible for fluorescence quenching and
recovery [43-45]. Therefore, integrating DFT calculations with
experimental studies offers a comprehensive understanding of
the sensing mechanism and facilitates the rational design of
highly sensitive fluorescent nanosensors.

Although carbon dots and gold nanoparticles have been widely
investigated for fluorescence sensing, the development of lime
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juice-synthesized carbon dot-mediated gold nanostructures with
mechanistic insight into their fluorescence response toward
NAC remains limited. In particular, the relationship between the
structural and electronic properties of Au@NCD nanocompos-
ites and their fluorescence sensing behavior has not been fully
understood. Therefore, the novelty of this study lies not only in
using a natural source for synthesis of Au@NCD nanostruc-
tures but also in the combination of experimental and theoreti-
cal approaches to provide mechanistic insights into the fluores-
cence sensing process.

Experimental
Chemicals and instrumentation
Tetrachloroauric(III) acid trihydrate (99.5%), urea (99.5%),
dimethylformamide (DMF, ≥99.8%), acetone (≥99.8%), and
silicagel 60 (0.015–0.040 mm) were purchased from Merck,
USA. N-Acetylcysteine ≥98% and ethanol 95% were supplied
by ThermoFisher, USA. Acetonitrile (ACN, ≥99.9%) was
bought from Fisher Scientific, England. Fresh lime juice was
prepared from limes (Citrus × aurantiifolia) obtained from a
local supermarket in Hanoi, Vietnam. The chemicals were used
as received, and their solutions were prepared in double distilled
water. Fluorescence measurements were carried out using a
Jasco FP-6500 spectrofluorometer (Japan). Absorption spectra
were collected on an Agilent 8453 UV–vis spectrophotometer
(USA). Fourier-transform infrared (FTIR) spectra were re-
corded by a Nicolet iS50 spectrometer from Thermo Scientific
(Japan). Morphologies and sizes of the products were character-
ized using a JEOL JEM-1010 Transmission electron micro-
scope (TEM), and a JEOL JSM-IT800 field emission scanning
electron microscope (FESEM) (Japan). The elemental analysis
was carried out on an Oxford EDX Ultim Max 65 (England)
coupled with the FESEM instrument. Raman spectra of the
samples were taken with an acquisition time of 60 s in two
cycles by using HR 800 spectrometer from Horiba Jobin Yvon
(France). The size distribution was characterized using a
dynamic light scattering (DLS) Instrument (Horiba SZ-100-Z2,
Japan). The glass chromatographic column with 45 cm in length
and 2 cm in diameter was purchased from Duran, Germany.

Synthesis of nitrogen-doped carbon dots
NCDs were synthesized via a modified hydrothermal method
[46]. Typically, a mixture of 20 mL of fresh lemon juice and
0.8 g of urea was stirred, transferred into a 50 mL Teflon-lined
autoclave, and heated at 180 °C for 3 h. Afterward, the auto-
clave was allowed to cool naturally to room temperature. The
resulting mixture was purified by gradient silica gel column
chromatography, using approximately 100 mL acetone fol-
lowed by 250 mL acetone/distilled water mixture (4:1, v/v) as
the mobile phase. The purified CD fractions were identified by
collecting sequential eluates and monitoring their fluorescence

under UV light (365 nm) and PL spectroscopy. Fractions exhib-
iting an intense characteristic fluorescence of CDs were
combined, while non-fluorescent or weakly fluorescent frac-
tions were discarded [47].

Preparation of Au@NCDs composite
The synthesis conditions of Au@NCDs composites were
primarily optimized including NCDs/HAuCl4 ratio, tempera-
ture, and reaction time (see section 2 in Supporting Information
File 1). The Au@NCDs composite was obtained by adding 2.5
mL of a NCD solution (0.15 mg/mL) to 2.5 mL of 0.2 mM
HAuCl4 under continuous stirring and heating at 60 °C. After
5 min, the solution gradually changed in color from yellow to
pink. The mixture was then left at room temperature for 15 min
before use [16,48]. The resulting mixture was centrifuged at
10,000 rpm for 30 min, and the supernatant was discarded. The
precipitate was redispersed in deionized water (DW) and stored
for further use.

Optimization of the organic solvent
composition
The effect of the organic solvent on the fluorescence response
of the Au@NCDs sensing system was investigated using mix-
tures of aqueous and organic solvents. Methanol, ethanol, ace-
tone, ACN, and DMF were individually mixed with DW at a
volume ratio of 25:75 (v/v). NAC standard solutions (25 mg/L)
were prepared in each solvent mixture under identical condi-
tions.

For each experiment, an aliquot of the Au@NCDs probe was
mixed with the corresponding NAC solution, and the fluores-
cence intensity was recorded after incubation under the opti-
mized sensing conditions described in section “Preparation of
Au@NCDs composite”. The fluorescence recovery was evalu-
ated as the change in fluorescence intensity (ΔI), calculated
from the difference between the fluorescence intensity of the
Au@NCDs probe in the presence (I) and absence (I0) of NAC
(ΔI = I − I0). All measurements were performed in triplicate,
and the average values were used for comparison.

After identifying DMF as the most suitable organic solvent, its
proportion in the water/DMF mixture was further optimized.
Water/DMF mixtures containing 5%, 10%, 15%, 20%, and 25%
(v/v) DMF were prepared while maintaining the NAC concen-
tration at 25 mg/L. Fluorescence measurements were carried
out under identical experimental conditions, and the corre-
sponding fluorescence recovery (ΔI) was compared to deter-
mine the optimal solvent composition. Based on these experi-
ments, a water/DMF mixture containing 25% (v/v) DMF was
selected and used for all subsequent fluorescence sensing exper-
iments.
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Figure 1: Optimized structures of (a) Au NPs, (b) NCD, (c) NAC. Color codes: light brown – Au, grey – C, blue – N, red – O, yellow – S, ivory – H. All
key distances are in angstroms, angles are in degrees.

Assay of N-acetylcysteine
Fresh standard NAC solutions were prepared prior to analysis
and only stable Au@NCDs dispersions prepared using the same
synthesis protocol were used for measurements. A mixture of
DW and DMF solvent was used as a blank to zero background
signals. All fluorescence measurements were performed under
identical instrumental conditions and each experiment was con-
ducted in triplicate. A specific amount of DMF solvent was
added to 1 mL of Au@CDs solution, followed by 0.5 mL of
NAC standard solution at concentration ranging from 1.0 to
80.0 mg/L. The resulting mixture was then equilibrated for
5 min. Subsequently, the fluorescent spectra of the prepared
solutions were recorded. All measurements were performed in
triplicate, and the average values were used for calculation. The
analytical linear range and limit of detection were calculated
from the obtained data.

Computational details
All calculations were carried out within the framework of DFT
using the SIESTA package [49]. The exchange–correlation
energy was described by the generalized gradient approxima-
tion with the Perdew–Burke–Ernzerhof functional [50]. Disper-
sion interactions were included using the Grimme DFT-D3
dispersion correction scheme with default parameters [51,52].
Norm-conserving pseudopotentials were used to represent the
ionic cores, and valence states were expanded in a double-ζ plus
polarization (DZP) numerical atomic orbital basis set for all
atoms. The real-space integration grid was defined by a mesh
cutoff of 4761.99 eV, which was verified to ensure conver-
gence of total energies. Electronic occupations were treated
using a Fermi–Dirac distribution at 300 K. Self-consistent field
calculations were performed using the diagonalization method
with Pulay mixing (mixing weight 0.15). Spin-polarized calcu-
lations were employed throughout the study.

The simulated system consisted of a gold nanocluster contain-
ing 249 Au atoms, which serves as a representative model
for metallic Au nanoparticles (Au NPs) [53], interacting
with a NCD model and NAC (Figure 1). The optimized
structure of NAC shows good agreement with experimental
data, with calculated geometric parameters deviating from
reported values by approximately 1.17–3.4% (see Figure S2
and Table S2 in Supporting Information File 1), confirming the
reliability of the computational approach. The NCD structure
was constructed based on reported structural models, incorpo-
rating surface functional groups such as –NH2, –OH, and
–COOH. The model consists of 54 atoms, with edge carbon
atoms hydrogen-passivated to satisfy valence requirements. All
systems were modeled under periodic boundary conditions
using sufficiently large simulation cells to avoid interactions be-
tween periodic images. Owing to the presence of acidic func-
tional groups (–COOH, –SH), the interactions between NAC/
NCD and Au NPs were systematically investigated for both
neutral species (NAC and NCD) and their corresponding depro-
tonated forms (NAC− and NCD−). This approach allowed for a
comprehensive evaluation of binding behavior under different
chemical environments and provides a basis for understanding
the ligand exchange mechanism discussed in subsequent
sections.

Results and Discussion
Structural and morphological analysis
Characteristic functional groups of NCDs such as hydroxy,
amine, carboxyl and carbonyl groups [54-56] are evident in the
FTIR spectrum in Figure 2. Specifically, the broad absorption
band in the 3000 to 3500 cm−1 region can be attributed to the
stretching vibration of –NH/–OH group (υN–H/υO–H). Absorp-
tion peaks around 1635 cm−1 (shoulder) and 1569 cm−1 are
assigned to υC=O, while peaks at 1390 cm−1 correspond to C–N
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Figure 4: TEM images of (a) NCDs and (b) Au@NCDs and (c) DLS size distribution analysis of Au@NCDs.

stretching vibrations. Vibration of –CO/CN/CH groups are re-
sponsible for the absorption peaks around 1078 cm−1. The C–H
stretching vibrations of benzene are represented by the peak at
786 cm−1.

Figure 2: FTIR spectra of NCDs (black line) and Au@NCDs (red line).

Figure 3 shows the Raman spectra of NCDs and Au@NCDs.
The NCD spectrum lacked discernible peaks due to significant
fluorescence interference while Au@NCDs clearly shows the D
band and the G band of carbon at 1360 and 1530 cm−1, respec-
tively [17]. Fluorescence quenching of carbon dots by Au nano-
structures is a well-documented phenomenon where the fluores-
cence intensity of CDs decreases upon the addition of Au3+.
The quenching of the NCDs’ photoluminescence can occur due
to different mechanisms. The quenching can be attributed to a
redox reaction where the Au3+ ions interact with the surface
functional groups of the CDs, leading to a redox reaction,
disrupting the normal radiative decay of the excited state in the
CDs and thus reducing fluorescence [57]. Another mechanism

for quenching is aggregation [58]. Reaction with Au3+ can also
induce aggregation of the CDs, leading to a reduction of sur-
face area and increased non-radiative decay pathways, while
suppressing the fluorescence process. Moreover, the fluores-
cence of CDs might be quenched through fluorescence reso-
nance energy transfer (FRET), a process involving energy
transfer from the CD donor to the AuNP acceptor [59,60].

Figure 3: Raman spectra of NCDs and Au@NCDs.

As can be seen in Figure 4a, NCDs tend to form clusters with an
average size of 30 nm size. In contrast, a mixture of spherical,
polyhedral, triangular, and rod-like Au nanostructures is ob-
served with Au@NCDs (Figure 4b). The diameter of Au NPs
was approximately 35 nm, which is in agreement with dynamic
laser scattering (DLS) analysis (Figure 4c). Indeed, the DLS
results showed that the Au@NCD nanoparticles have sizes from
20 to 90 nm, while the average value is 35 ± 16.4 nm. The re-
corded PDI of 0.35 for the Au@NCDs indicated a highly poly-
dispersed system resulting from a mixture of different struc-
tural Au nanoparticles. In addition, the zeta potential of
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Figure 5: (a) EDX spectrum with elemental weight percentages, (b) SEM image, and elemental mapping of (c) Au and (d) C in Au@NCDs.

−34.8 mV indicated a stable colloidal solution of Au@NCDs in
water.

The element distribution on Au@NCDs and Au@NCDs-NAC
were analyzed by FESEM in combination with energy dispersed
X-ray spectroscopy as shown in Figure 5 and Figure 6, respec-
tively. The spectra indicated that there were Au and C in
Au@NCDs and Au, C, N, and S in Au@NCDs-NAC. The Au
and C mapping images revealed the strong interaction between
Au nanoparticles and NCDs in all samples. The presence of S in
the EDX spectra of Au@NCDs-NAC suggested that the NAC
molecules have interacted closely with NCDs.

Photophysical properties
Figure 7a shows the absorption spectra of NCDs and
Au@NCDs. A distinct peak at 340 nm can be assigned to the
π→π* transition of carbonyl C=O bonds present on the surface
of NCDs. In the absorption spectrum of the Au@NCDs com-
posite, this characteristic peak vanished due to the strong elec-
tronic interactions between the gold nanoparticles and NCDs

[16]. Furthermore, the formation of Au NPs is confirmed by the
presence of a broad surface plasmon resonance band centered
around 550 nm.

Figure 7b presents photoluminescence (PL) spectra of NCDs
and Au@NCDs when excited at 355 nm. It can be seen clearly
that the Au nanoparticles quenched the fluorescence of NCDs,
which is in agreement with the Raman data. Fluorescence
quenching of NCDs can be attributed to several factors. The
fluorescence of NCDs might be quenched through FRET. Such
mechanism is reasonable as evidence by the spectral overlap of
NCDs emission and Au@NCDs absorption.

Application of Au@NCDs as a fluorescent
probe for detection of N-acetylcysteine
Sensing mechanism
The mechanism of NAC detection by the Au@NCDs probe is
schematically illustrated in Figure 8a. In this system, NCDs act
as light-harvesting antennae, efficiently absorbing incident
photons and generating excited electronic states. The calculated
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Figure 6: (a) EDX spectrum with elemental weight percentages, (b) SEM image, and elemental mapping of (c) Au, (d) C, (e) S, and (f) N in
Au@NCDs-NAC.

Figure 7: (a) Absorption and (b) photoluminescence spectra of NCDs and Au@NCDs (λex = 355 nm).

Figure 8: (a) Schematic illustration of the NAC detection mechanism of the Au@NCDs probe, (b, c) spatial distributions of the HOMO and LUMO of
NCDs.
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frontier orbital energies of NCDs show that the HOMO and
LUMO are located at −8.5746 and −8.0600 eV, respectively,
corresponding to a relatively small energy gap (≈0.51 eV),
which facilitates photoexcitation under mild conditions.

The spatial distribution of the frontier orbitals further reveals
that the HOMO is mainly localized on the π‑conjugated carbon
framework, while the LUMO is more delocalized and extends
toward surface functional groups containing heteroatoms such
as oxygen and nitrogen, consistent with previous reports on
heteroatom‑doped carbon dots (Figure 8b,c). This redistribu-
tion of electron density upon excitation suggests a partial intra-
molecular charge transfer character, enhancing the photoactive
nature of NCDs and supporting their role as effective energy
donors [61]. Rather than undergoing direct electron transfer, the
excitation energy is transferred to Au nanoparticles via a non-
radiative energy transfer process, likely mediated by plasmonic
coupling or dipole–metal interactions. Notably, Au NPs exhibit
a near-zero HOMO–LUMO gap, reflecting their metallic elec-
tronic structure and quasi-continuous density of states, which
renders a discrete frontier orbital description inappropriate.
Therefore, Au NPs function as efficient energy acceptors, where
the transferred excitation energy is rapidly dissipated through
non-radiative relaxation pathways, leading to fluorescence
quenching (OFF state).

Upon the introduction of NAC, a ligand exchange process is
proposed to occur, in which NAC molecules displace NCDs
from the Au NPs surface. This behavior can be attributed to the
stronger binding affinity of NAC toward Au. This proposed
mechanism is further supported and rationalized by quantum
chemical calculations. The computed interaction energies for
Au NPs interacting with NCD and NAC provide molecular-
level insight into their relative binding strengths, confirming the
preferential adsorption of NAC on the Au NPs surface. These
results offer a deeper understanding of the microscopic origin of
the ligand exchange process and its role in modulating the fluo-
rescence response of the Au@NCDs probe. The interaction
energy Eint is defined as:

where (E(Au NPs + substrate), E(Au NPs), E(substrate) denote
the total energies of the Au NPs bound to the substrate (NCD,
NAC, NCD−, or NAC−), the isolated Au NPs, and the isolated
substrate molecules (NCD, NAC, NCD−, or NAC−), respective-
ly.

First, the interaction between Au NPs and NCD was evaluated.
Owing to the presence of several functional groups on its sur-

face, Au NPs can interact with NCD at multiple sites, namely,
via the –COOH group (forming AuNCD–COOH), via the –NH2
group (forming AuNCD–NH2), via the –OH group (forming
AuNCD–OH), and through interaction with the deprotonated
NCD− species, assuming proton dissociation from the –COOH
group to form AuNCD–COO−. The optimized structures along
with the corresponding Eint are presented in Figure 9.

Among the considered configurations, the deprotonated
carboxyl group (–COO−) exhibits the strongest interaction
with the Au surface, with an Eint of −4.270 eV, which can be
attributed to enhanced electrostatic attraction and strong
Au–O coordination. The relatively short interaction distances
(2.19–2.25 Å) further support the formation of stable binding in
this configuration. In comparison, the neutral –COOH and
–NH2 groups show moderate interaction strengths, suggesting
coordination interactions through lone pair donation from O or
N atoms to the Au surface. The –OH group exhibits the weakest
interaction (Eint = −1.467 eV). These results demonstrate that
NCDs can bind to Au NPs through multiple functional groups
with varying affinities, depending on their chemical state. Im-
portantly, this moderate and tunable binding suggests that the
NCD layer on Au NPs may be susceptible to displacement by
ligands with stronger binding affinity, which will be further dis-
cussed in comparison with NAC.

Building upon the analysis of Au NPs and NCD interactions, it
is essential to further examine the binding behavior of NAC on
the Au surface in order to understand the ligand exchange
mechanism. The optimized structures, together with their corre-
sponding interaction energies (Figure 10), provide detailed
insight into the binding characteristics of NAC on the Au NPs
surface.

Among these configurations, the thiol group (–SH) plays a
dominant role in anchoring NAC onto Au NPs. Even when the
–COOH group is initially oriented toward the surface, struc-
tural optimization consistently leads to a configuration in which
NAC binds through the thiol group, with an interaction energy
of approximately −2.575 eV. This value is weaker than the con-
figuration in which NAC simultaneously interacts with the Au
surface via both the –SH and –COOH groups, which yields a
stronger interaction energy of −3.306 eV. It is noted that, the
deprotonated thiolate form (–S−) exhibits significantly stronger
binding, with an interaction energy of −6.378 eV, due to en-
hanced electron donation and stronger Au–S coordination, often
accompanied by multipoint bonding interactions with the Au
surface. These results clearly indicate that NAC interacts pre-
dominantly and most strongly with Au NPs through the sulfur
head group. Importantly, when compared with the NCD system,
NAC consistently exhibits more negative interaction energies,
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Figure 9: Optimized structures of the binding modes between Au NPs and NCD, along with the corresponding interaction energies.

indicating a stronger binding affinity toward Au NPs. This
difference provides a thermodynamic driving force for the
ligand exchange process, in which NAC molecules effectively
displace NCDs from the Au surface. As a consequence, the dis-
placement of NCDs disrupts the energy transfer pathway be-
tween NCDs and Au NPs, thereby restoring the fluorescence
signal (ON state) of the sensing system. These results clearly in-
dicate that NAC interacts predominantly and most strongly with
Au NPs through the sulfur head group. Importantly, when com-
pared with the NCD system, NAC consistently exhibits more
negative interaction energies, indicating a stronger binding
affinity toward Au NPs. This difference provides a thermo-
dynamic driving force for the ligand exchange process, in which
NAC molecules effectively displace NCDs from the Au surface.
The stronger adsorption of NAC increases the separation be-
tween NCDs and Au nanoparticles, thereby disrupting the non-
radiative energy transfer pathway responsible for fluorescence

quenching. Because this energy transfer is highly dependent on
the close proximity between NCDs and Au nanoparticles, weak-
ening their interaction suppresses the quenching process and
restores the fluorescence emission of NCDs, giving rise to the
characteristic OFF–ON fluorescence response. This mechanis-
tic interpretation establishes a direct correlation between the
DFT-calculated interaction energies and the experimental
photoluminescence results. The proposed ligand exchange
mechanism and the associated fluorescence recovery are further
supported by experimental evidence from PL spectra
(Figure 11).

As shown, pristine NCDs exhibit strong fluorescence emission,
whereas the emission intensity is significantly quenched upon
formation of Au@NCDs, confirming the effective non-radia-
tive energy transfer from NCDs to Au NPs (OFF state). Upon
the introduction of NAC, the fluorescence intensity is partially
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Figure 10: Optimized structures of the binding modes between Au NPs and NAC, along with the corresponding interaction energies.

restored, indicating disruption of the NCD–Au interaction and
suppression of the energy transfer pathway. This recovery (ON
state) is consistent with the displacement of NCDs from the Au
surface by NAC molecules, as suggested by the stronger
binding affinity of NAC revealed in the theoretical calculations.
Furthermore, previous studies have reported that gold nanocom-
posites exhibit good selectivity toward NAC, suggesting that
the proposed CD@Au nanocomposite is also likely to be selec-
tive for NAC [11].

Additional evidence supporting the proposed sensing mecha-
nism can be obtained from Raman spectroscopy (Figure S3 in
Supporting Information File 1). In the presence of NAC, the
Raman intensity corresponding to the C–H bending (δCH) vibra-
tions decreases, which can be attributed to the recovery of
NCD fluorescence. This behavior is consistent with the fluores-

cence–Raman interplay, where enhanced fluorescence emission
can partially suppress Raman signals. Taken together, both
the PL and Raman results are in good agreement with the theo-
retical findings, providing complementary evidence for the
ligand exchange-driven sensing mechanism and the associated
OFF–ON fluorescence response of the Au@NCDs probe.

Effect of organic solvent
Figure 12a illustrates the fluorescence response of the
Au@NCDs probe in a 25 mg/L NAC solution comprising water
and an organic solvent (75:25 v/v). The results indicated the ON
fluorescence intensity varied with the solvent environment. The
fluorescence response is likely influenced by specific solvation
and solvent–surface interactions. Among the tested solvents, the
highest fluorescence recovery was observed in the presence of
DMF. This behavior was consistently demonstrated through
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Figure 12: (a) Effect of organic solvent and (b) amount of DMF solvent ratio.

Figure 11: Photoluminescence spectra of NCDs, Au@NCDs, and
Au@NCDs after adding NAC.

fluorescence measurements. To minimize the organic solvent
usage in the assay, the DMF ratio was investigated across a
range of 5% to 25%. As depicted in Figure 12b, a reduction in
the DMF percentage led to a diminished recovered fluores-
cence intensity. Consequently, a DMF ratio of 25% was main-
tained constant throughout the study.

Spectrofluorimetric determination of
N-acetylcysteine
As shown in Figure 13a, the fluorescence intensity of the
Au@NCDs probe increased progressively with increasing NAC
concentration. A good linear relationship was obtained over the
concentration range of 4.0–20.0 mg/L (Figure 13b), which is
described by the regression equation:

where ΔI is the fluorescence intensity change and CNAC is the
NAC concentration (mg/L). At concentrations higher than
20.0 mg/L, the fluorescence recovery gradually approached
saturation, resulting in a reduced analytical sensitivity.

The limit of detection (LOD) and limit of quantitation (LOQ) of
the proposed assay were determined based on the validated cali-
bration range, according to the following equations:

Here, S is the slope of the linear calibration curve, and σ repre-
sents the standard deviation of the response (ΔI). The estimated
LOD and LOQ were 0.863 mg/L and 2.615 mg/L, respectively.
Since the validated calibration range of the proposed method
extends from 4.0 to 20.0 mg/L, the calculated LOD and LOQ
should be regarded as statistical estimates of the detection and
quantification capabilities based on the standard response. Reli-
able quantitative determination is therefore supported within the
validated calibration range, while extension of the calibration
curve to lower concentrations would be required to experimen-
tally verify the practical lower limit of quantification. The ana-
lytical performance of the proposed assay is comparable to that
of previously reported spectrofluorimetric methods for NAC de-
termination [11]. Nevertheless, additional matrix-spike experi-
ments are required for complete method validation and should
be included in future studies.
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Figure 13: (a) The fluorescence spectra of Au@NCDs + NAC (0–80 mg/L); (b) calibration curve.

Conclusion
NCDs were successfully synthesized via a facile green process
based on modified hydrothermal method from fresh lemon juice
and urea as precursors. These NCDs function as both reducing
and stabilizing agents in the subsequence synthesis of
Au@NCDs. The results demonstrate the OFF–ON fluorescence
behavior of the Au@NCDs in the absence and presence of
N-acetylcysteine, a phenomenon attributed to a combination of
energy transfer and ligand exchange. This proposed method
holds potential for the quantitative determination of N-acetyl-
cysteine.
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Abstract
In recent years, metallic Ti3C2Tx MXenes have garnered considerable attention in the realm of gas sensors owing to their distinc-
tive characteristics, including high conductivity, inherent hydrophilicity, and abundant surface termination groups. Nonetheless,
Ti3C2Tx-based sensing composites encounter challenges related to response/recovery time and low sensitivity, thereby limiting
their applicability across diverse environmental conditions. Addressing these limitations, we present the synthesis of ZnO/Ti3C2Tx
nanocomposites via a facile method for gas sensing applications. The optimized composite exhibits a notable response of around
6.1% to 5 ppm NO2, coupled with remarkable selectivity at ambient temperatures. Moreover, the sensor demonstrates exceptional
reproducibility across multiple testing iterations. The observed enhancement in gas sensing performance is attributed to the abun-
dance of oxygen vacancies and surface functional groups within the ZnO/Ti3C2Tx composites, which facilitate robust interactions
with NO2 molecules. These findings underscore the efficacy of ZnO/Ti3C2Tx nanocomposites as a viable strategy for enhancing the
gas sensing properties of Ti3C2Tx-based sensors.
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Introduction
Nowadays, increasing attention is paid to the early detection
and prevention of chemical leaks and accidental releases, high-
lighting the importance of identifying trace-level chemicals in
gaseous emissions [1-3]. Notably, a significant subset of such
accidents involves the leakage of toxic gases and combustible
substances, including carbon monoxide (CO), sulfur dioxide
(SO2), carbon dioxide (CO2), ammonia (NH3), and nitrogen
dioxide (NO2) [4-6]. Of these, NO2 stands out as a ubiquitous
emission arising from daily activities and vehicular operations,
primarily attributed to fossil fuel combustion and engine
emissions. Instances of NO2 exposure at low concentrations
(≈10 ppm) have been associated with adverse health effects, in-
cluding nasal and ocular irritation as well as throat discomfort
[7,8]. Prolonged exposure to elevated NO2 concentrations can
bring about severe respiratory ailments such as pulmonary
edema and asthma, with fatal outcomes observed at concentra-
tions exceeding 100 ppm. Furthermore, the release of NO2 into
the natural environment poses a significant risk, potentially
leading to soil and water contamination through acid rain depo-
sition [9-11].

In recent decades, research on two-dimensional (2D) layered
materials has grown significantly owing to their unique physi-
cochemical properties. Materials such as graphene, black phos-
phorus, transition metal dichalcogenides, and MXenes have at-
tracted considerable attention for a wide range of applications
[12-14]. MXenes have emerged as particularly promising candi-
dates in the realm of gas sensing owing to their distinctive attri-
butes [15]. The discovery of Ti3C2Tx MXene in 2011, achieved
through the selective etching of Ti3AlC2 using LiF and HCl,
marked a pivotal milestone in the exploration of MXene-based
gas sensors [16,17]. Ti3C2Tx MXene has exhibited commend-
able sensor performance at ambient temperatures, characterized
by a low signal-to-noise ratio and high electron conductivity,
rendering it a subject of extensive investigation in sensing ap-
plications. Nonetheless, the inherent limitations of MXenes, in-
cluding suboptimal sensitivity and long recovery times, necessi-
tate remediation prior to broader application [18,19].

In particular, the amalgamation of Ti3C2Tx MXene with metal
oxide semiconductors has garnered considerable attention as a
strategy to augment the NO2 sensing capabilities of Ti3C2Tx-
based gas sensors, attributed to the formation of Schottky
barriers and the increase of surface area [20,21]. For instance,
Choi et al. synthesized a TiO2@Ti3C2Tx composite utilizing an
in situ oxidation technique and modulating oxidation parame-
ters to regulate the formation of Schottky barriers; the compos-
ite exhibited superior NO2 responsiveness compared to pristine
Ti3C2Tx MXene [22]. Ta et al. reported promising results with
a heterostructure comprising Si and MXene-derived TiO2,

demonstrating robust NO2 sensing performance [23]. Similarly,
Sun et al. employed Co3O4 nanoparticle-based polyethylene-
imine-functionalized Ti3C2Tx nanosheets, showcasing exem-
plary sensing response characteristics and rapid response/
recovery times towards NO2 gas [24].

Furthermore, n-type ZnO has garnered significant traction as a
NO2 sensor owing to its wide bandgap energy (3.37 eV), abun-
dant oxygen vacancies, and exceptional chemical stability
[25,26]. Moon et al. [27] synthesized a rGO/ZnO composite for
NO2 detection at room temperature, while Song et al. [28] em-
ployed a hydrothermal approach to fabricate ZnO nanofibers,
yielding enhanced NO2 sensing performance. Notably, ultravio-
let (UV) irradiation has emerged as an efficacious strategy to
enhance the recovery kinetics of gas-sensitive materials by
facilitating desorption reactions. Zhang et al. demonstrated the
efficacy of TiO2/SnO2 under UV illumination, manifesting su-
perior response/recovery kinetics compared to sensors based
solely on TiO2 nanostructures [9]. In other words, the syner-
gistic integration of Ti3C2Tx MXene with metal oxide semicon-
ductors, alongside innovative strategies such as combination,
Schottky barriers, and UV irradiation, holds promise for
advancing the development of robust and efficient NO2 sensing
platforms, thereby contributing to enhanced environmental
monitoring and public health safeguards [29-31]. Further
research endeavors aimed at refining sensor materials and eluci-
dating underlying mechanisms are warranted to realize the full
potential of these novel sensing architectures in real-world ap-
plications. Motivated by the promising outcomes observed with
n-type ZnO nanomaterials, the integration of Ti3C2Tx MXene
and ZnO offers a compelling avenue to capitalize on the syner-
gistic effects of Schottky junction formation, leveraging the
distinctive sensing properties inherent in both components to
enhance NO2 sensing performance.

In this work, we describe a simple synthesis approach for fabri-
cating ZnO/Ti3C2Tx composite materials, involving the physi-
cal combination of ZnO nanostructures and Ti3C2Tx MXene.
This simplified technique serves to mitigate the oxidation ten-
dencies of MXene while promoting the formation of interac-
tions with ZnO nanorods. The optimized heterostructures exhib-
it enhanced NO2 sensing activity at ambient temperatures,
presenting a viable strategy for advancing gas sensing technolo-
gies.

Results and Discussion
Crystal structural and morphological studies
Figure 1a displays the XRD patterns of pure Ti3C2Tx MXene
and ZnO/Ti3C2Tx composite. The XRD pattern of pristine
Ti3C2Tx MXene exhibits a strong characteristic (002) reflection
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Figure 1: (a) XRD patterns, (b) nitrogen adsorption/desorption isotherms, and (c) pore-size distributions of pure Ti3C2Tx MXene and ZnO/Ti3C2Tx
composites.

at 2θ = 8.9°, together with weaker diffraction peaks at approxi-
mately 18.2°, 36.0°, 41.1°, and 60.8°, corresponding to the
(004), (104), (105), and (110) planes of Ti3C2Tx, respectively
(JCPDS no. 52-0875). The intense (002) peak, accompanied by
the absence of the characteristic Ti3AlC2 MAX phase reflec-
tions, confirms the selective removal of the Al atomic layers
during the etching process and the formation of Ti3C2Tx
MXene. For the ZnO/Ti3C2Tx composite, the prominent diffrac-
tion peaks located at 2θ = 31.7°, 34.4°, and 36.2° are indexed to
the (100), (002), and (101) planes of hexagonal wurtzite ZnO
(JCPDS no. 01-075-9742), while the remaining reflections are
also in good agreement with the standard ZnO pattern,
confirming the crystallization of ZnO nanostructures [32-34].
Notably, the characteristic (002) peak of Ti3C2Tx shifts from
8.9° to 6.7° after ZnO loading and becomes broader. According
to Bragg’s law, this shift toward a lower diffraction angle corre-
sponds to an increase in the interlayer spacing, suggesting that
ZnO nanostructures are effectively intercalated between adja-
cent MXene nanosheets. The enlarged interlayer distance
suppresses the restacking of Ti3C2Tx layers, exposes more
accessible active sites, and facilitates charge transport and ion
diffusion within the composite structure. Moreover, no addi-
tional diffraction peaks associated with impurity phases or reac-
tion by-products are detected, demonstrating the phase purity of
the synthesized ZnO/Ti3C2Tx composite.

The pore size distribution and specific surface area (SSA) of
selected samples were further determined using nitrogen
adsorption/desorption, as shown in Figure 1b. The plots illus-
trate a type-IV isotherm at relative pressures from 0.6 to 1.0
with a hysteresis cycle. The SSA of the composite analyzed by
the BET method is 12.8 m2/g, which is more than twice that of
pure Ti3C2Tx (5.1 m2/g). This substantial enhancement in SSA
can be attributed to the introduction of ZnO nanostructures
within the MXene layers as well as to synergistic effects of the
composite constituents, which provide more active sites for
interaction with gas molecules. The pore size distribution of the
composite ranged from approximately 2 to 120 nm, ascribing a
hierarchical porous structure composed of both mesopores
(2–50 nm) and macropores (>50 nm) (Figure 1c).

Figure 2 displays FESEM images of the pure Ti3C2Tx MXene,
pristine ZnO nanostructures, and ZnO/Ti3C2Tx composites. The
pure MXene shows a characteristic accordion-like morphology,
in which both few-layered nanosheets and multilayered stacked
lamellae with enlarged interlayer spacing were observed, which
is typical of etched MXene materials (Figure 2a). ZnO pre-
pared by the chemical bath deposition method displays a
flower-like morphology consisting of radially assembled rod-
like nanostructures (Figure 2b). After composite formation, the
ZnO/Ti3C2Tx composite retains the structure of MXene, while
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Figure 2: FESEM images of (a) pure Ti3C2Tx MXene, (b) pristine ZnO, and (c, d) ZnO/Ti3C2Tx composites. (e) TEM image and (f) corresponding
selected-area electron diffraction pattern of ZnO/Ti3C2Tx composites.

ZnO nanostructures are randomly anchored onto the surface and
interlayer spaces of the MXene sheets (Figure 2c,d). Such an
intimate interfacial contact is expected to facilitate efficient
charge transfer and provide abundant active sites for gas
sensing. The TEM image further confirms the decoration of
ZnO nanostructures on a locally exfoliated Ti3C2Tx MXene
nanosheet, indicating that partial exfoliation of the MXene
occurred during sample preparation. Moreover, the correspond-
ing selected-area electron diffraction pattern displays distinct
diffraction rings, indicating the crystalline nature of ZnO/
Ti3C2Tx composite (Figure 2e,f).

In the hierarchical structure, ZnO plays an important role as a
catalytic component. We analyzed the structure of ZnO/Ti3C2Tx
using SEM-EDS mapping to observe the decoration of ZnO

relative to Ti3C2Tx MXene. As shown in Figure 3, the
elemental mapping of the composite shows that Ti3C2Tx nano-
sheets constitute the framework, and ZnO nanostructures were
finely decorated throughout the bulk system. The elements Zn,
O, Ti, and C appear in the spectra, which further confirms that
ZnO nanostructures are effectively contained in the composite.

Optical properties
Raman spectroscopy was performed on selected samples to
study their characteristic vibrational modes, as shown in
Figure 4a,b. For the ZnO sample, strong peak intensities are ob-
served at 327 and 415 cm−1, confirming the presence of
wurtzite-phase ZnO, with multiple-phonon scattering Eg and the
high-frequency E2 mode, respectively [35]. Peaks located
around 230 cm−1 (ω1), 405 cm−1 (ω2), and 607 cm−1 (ω3) are
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Figure 3: (a) Elemental mapping images, (b) EDS images of ZnO/Ti3C2Tx composites.

Figure 4: (a,b) Raman spectra, and (c,d) FTIR of synthesized samples.

attributed to titanium carbide vibrational modes in the ZnO/
MXene composite, while the vibrational modes at 327 and
415 cm−1 overlap with those of ZnO [36]. Notably, with the
introduction of ZnO, the highest Raman signal for MXene in

the composite exhibited a slight shift towards higher wavenum-
bers compared to pure MXene, preliminarily suggesting the for-
mation of Ti–O–Zn and Zn–Ti bonds, which could act as diffu-
sion bridges to facilitate electron transport [37,38].
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Figure 5: (a) The XPS spectra of selected ZnO/Ti3C2Tx composite, (b) Ti 2p, (c) C 1s, (d) Zn, (e) O 1s.

In addition, FTIR measurements were conducted for the synthe-
sized samples, as shown in Figure 4c,d. The spectrum of pure
ZnO exhibits characteristic bands at 400 cm−1, corresponding to
Zn–O bonds in ZnO, and at 3500 cm−1, indicating the stretching
vibration of the O–H groups. For Ti3C2Tx, the presence of Ti–O
bending groups with mode A2u (550 cm−1), O–H bending
(1450 cm−1), and O–H stretching (3490 cm−1) is observed [39].
After the introduction of ZnO onto the surface of the Ti3C2Tx
MXene composite, all corresponding peaks are clearly visible in
the spectra. These results confirm the successful growth of ZnO
within the composite.

The surface chemical states and binding energies of the opti-
mized sample were analyzed using X-ray photoelectron spec-
troscopy. As shown in Figure 5a, the survey spectrum of ZnO/
Ti3C2Tx confirms the coexistence of Ti, C, Zn, and O on the
surface of the composite, consistent with the EDS mapping
results. For the Ti 2p region (Figure 5b), the main peak at
454.1 eV is assigned to Ti–C bonds, while the peaks at 458.2
and 460.3 eV correspond to Ti–O bonds, respectively [40,41].
The C 1s spectrum (Figure 5c) displays binding energies
of 280.8, 284.2, and 288.1 eV, corresponding to Ti–C,
C–Ti–(OH)y, and C=O/C–F bonds, respectively [42]. The high-
resolution Zn 2p spectra (Figure 5d) exhibit spin–orbit doublets
at 1021.2 eV (Zn 2p3/2) and 1044.1 eV (Zn 2p1/2), which are
characteristic of Zn2+ in ZnO [43]. The O 1s spectrum revealed
components attributed to chemisorbed oxygen species
(531.6 eV), lattice oxygen (529.8 eV), and oxygen vacancies
(530.7 eV), suggesting the presence of abundant hydrophilic

surface terminations (Tx) [44] (Figure 5e). These enriched
oxygen species are expected to provide active sites for target
gas interactions, thereby enhancing the sensor response.

Gas sensing activities
Gas sensing measurements were carried out using the as-pre-
pared samples. Figure 6a depicts the response and recovery
value of pure Ti3C2Tx and ZnO/Ti3C2Tx sensors to 5 and
10 ppm NO2 at room temperature. No response was obtained
for pure MXene, ascribing its metallic properties. In contrast,
the ZnO/Ti3C2Tx sensor revealed a higher response to NO2 in
comparison with the pure Ti3C2Tx sensor under the same condi-
tions. The response value of ZM1, ZM2, and ZM3 exposed to
concentrations of 5 ppm (10 ppm) NO2 were calculated around
2.5 (4.5%), 6.2 (12.1%), and 3.1 (3.6 %), respectively. ZM2
was identified as the optimal ratio for sensor performance and
thus selected for subsequent testing. The NO2 sensing ability of
pristine ZnO was difficult to assess due to its large resistance at
room temperature. ZM2 was exposed to various concentrations
of NO2 at room temperature, and the response value of ZM2 in-
creased with the increase of NO2 concentration from 5 to
100 ppm. The sensor response increased progressively with in-
creasing NO2 concentration and exhibited an approximately
linear trend (R2 = 0.857). A slight deviation from linearity was
observed at NO2 concentration above 50 ppm, suggesting the
onset of response saturation (Figure 6b).

Figure 6c depicts the three-cycle test for the optimized ZnO/
Ti3C2Tx sensor (ZM2) to 25 ppm NO2, demonstrating good
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Figure 6: Gas sensing performance of (a) synthesized samples toward NO2 (5–10 ppm), (b) response value of ZM2 at different concentrations
(5–100 ppm), (c) stability test of ZM2 toward NO2 (25 ppm), (d) selectivity properties of ZM2 sensor using different gases (5 ppm). Response value of
ZM2 at (e) different relative humidity of NO2 (5 ppm) and (f) after 2 months of storage toward NO2 (10 ppm).

reproducibility without any prominent change. Moreover, the
selectivity of ZM2 sensor to different gases was conducted for
various gases, including NO2, Cl2, xylene, methanol and
formalin, under similar conditions (5 ppm). As shown in
Figure 6d, the ZM2 sensor exhibited high selectivity for NO2
molecules compared to other gases.

Relative humidity (RH) plays a critical role in gas sensing per-
formance. Therefore, the response of the ZM2 composite under
varying humidity levels was evaluated, as illustrated in
Figure 6e. The ZM2 sensor exhibited the highest response at
50% RH for 5 ppm NO2. At low RH, the excellent humidity

tolerance of the composite is attributed to its functional groups,
which form weak hydrogen bonds with H2O molecules and
provide –OH and –O groups that facilitate electron transport
through the inherent hydrophilicity of the surface functional
groups. As RH increases, the response value gradually
decreases. This decline is ascribed to the physisorption of H2O
molecules on the sensor surface, which hinders NO2 adsorption.
Moreover, the interaction between H2O and NO2 molecules
impedes the direct interaction between chemisorbed oxygen
species and the target gas, thereby modulating ionic conduction
within the sensing material and ultimately reducing the gas
response. As shown in Figure 6f, the sample exhibits a slight
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Table 1: NO2 sensor performance of MXene-based composites.

Composites Response Gas concentration Operation temperature Ref.

ZnO MOF/Ti3C2Tx 46.3% 500 ppb 180 °C [45]
CuO/TiO2/Ti3C2Tx 25% 100 ppm UV irradiation [46]
CuO/Ti3C2Tx 57% 100 ppm RT [47]
CuO/TiO2/Ti3C2Tx 15.3% 10 ppm RT [48]
Cr2O3/TiO2/Ti3C2Tx no response 10 ppm RT [49]
N doped Ti3C2Tx 1.5% 100 ppm RT [50]
In2O3/Ti3C2Tx 4% 5 ppm RT [51]
SnO2/Nb2CTx 13.5% 100 ppm RT [52]
SnS2/Ti3C2Tx 5.9% 10 ppm RT [53]
ZnO/Ti3C2Tx 12.1% 10 ppm RT this work

Figure 7: Band structures of ZnO/Ti3C2Tx heterostructure in air and in NO2.

decrease in sensing performance after two months of storage.
This degradation can be attributed to surface oxidation and the
deactivation of active sites on the sample surface.

The sensor response performance of previously reported NO2
sensors is compared in Table 1. Although the ZM2 sensor de-
veloped in this study does not exhibit the highest response, it
remains a promising candidate for NO2 detection at room tem-
perature.

Plausible mechanism
The ZnO/Ti3C2Tx composite exhibited enhanced NO2 sensing
performance in comparison with pure ZnO and Ti3C2Tx
MXene. Since the pristine Ti3C2Tx sensor displayed a negli-
gible response toward NO2, the enhanced sensing performance
of the heterostructures can be ascribed to the synergistic interfa-
cial interactions of components. First, Ti3C2Tx possesses a
higher work function (4.2 eV) than ZnO (3.8 eV) [54], so elec-
trons spontaneously flow from ZnO to Ti3C2Tx MXene site

until Fermi level equilibrium is established. This charge redis-
tribution induces upward band bending in ZnO and leading to
the formation of an interfacial electron depletion layer at the
ZnO/Ti3C2Tx interface.

When the ZnO/Ti3C2Tx composites were exposed to synthetic
air, oxygen molecules were chemisorbed on the sensor surface.
As a result, O2 molecules could trap the free electrons from the
ZnO/Ti3C2Tx to create a series of oxygen ionic species (O2

−

and O2−) [55]. In synthetic air, the extraction of electrons
further widens the electron depletion layer, resulting in an
increase in the electrical resistance of sensing layer.

NO2 acts as strong electron acceptor; the NO2 molecules tend to
react with adsorbed oxygen and withdraw electrons, resulting in
the electron depletion layer becoming wider, upward band
bending in ZnO, and an increase in the sensor’s resistance
(Figure 7). In addition, the oxygen vacancies of ZnO could
facilitate the adsorption process, which supports oxygen adsorp-
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Figure 8: Schematic illustration of the synthesis of ZnO/Ti3C2Tx composites.

tion and facilitates charge transfer. Moreover, the functional
groups of MXene (–O, –OH, –F) offer abundant favorable sites
for NO2 through hydrogen bonding, thereby facilitating NO2
adsorption and interfacial charge transfer [56]. The adsorbed
NO2 molecules further withdraw electrons from MXene, con-
tributing to the enlargement of the electron depletion layer of
the sensor layer [45,57]. The gas sensing reactions can be sum-
marized as follows:

Conclusion
In summary, we developed a synthesis method for the facile
preparation of a ZnO/Ti3C2Tx composite with a lamellar struc-
ture for gas sensing. The enhanced sensitivity and stability of
the NO2 sensors are attributed to an increased electron density
transfer between NO2 molecules and the sensing layers. The
underlying sensing mechanism responsible for the observed
improvements in NO2 sensing performance was systematically
examined, providing valuable insights into the complex interac-
tions between the composite materials and NO2 molecules. This
understanding of the sensing mechanism offers guidance for the
design and optimization of future MXene-based gas sensors,
promoting the development of highly efficient and reliable plat-
forms for environmental monitoring and industrial applications.

Experimental
Synthesis of pure Ti3C2Tx MXene and
ZnO/Ti3C2Tx nanocomposites
Typically, 0.4 g of LiF (Sigma) was dissolved in 5 mL of 9 M
HCl (China chem, 36 wt %) aqueous solution under vigorous
stirring for 30 min. Then, a certain amount of Ti3AlC2 MAX
phase (100 mesh, purchased from Sigma) was slowly added into

the mixture solution and kept at 50 °C in an oil bath. After one
day, the reaction solution was filtered and washed using
vacuum filtration and centrifuged at 3500 rpm with DI water
until pH ≈ 7.0. Finally, the Ti3C2Tx MXene was collected and
freeze-dried for further fabrication.

The ZnO/Ti3C2Tx heterojunction was prepared via a facile
self-assembly process, as displayed in Figure 8. In brief, a
certain amount of Ti3C2Tx MXene (10, 20, and 30 mg) was
well dispersed in 50 mL of deionized water by ultrason-
ication. Subsequently, 0.744 g of zinc nitrate hexahydrate
(Zn(NO3)2·6H2O) was added to the Ti3C2Tx MXene suspen-
sion under vigorous magnetic stirring for 30 min to ensure com-
plete dissolution and homogeneous mixing. Then, 0.350 g of
hexamethylenetetramine (HMTA, C6H12N4) was added to the
mixture solution under continuous stirring. The resulting
suspension was maintained in an oil bath at 70 °C for 2 h. After
completion of the reaction, the precipitate was collected and
washed several times with DI water to remove residual reac-
tants and by-products. Subsequently, the obtained product was
aged at 100 °C under a nitrogen atmosphere to facilitate the for-
mation of a stable ZnO/Ti3C2Tx interface while minimizing the
oxidation of Ti3C2Tx during the post-synthesis process. The
composites prepared with 10, 20, and 30 mg of Ti3C2Tx MXene
were designated as ZM1, ZM2, and ZM3, respectively. For
comparison, pure ZnO nanostructures were synthesized
following the same procedure without the addition of Ti3C2Tx
MXene.

Materials characterization
The morphology and elemental analysis of the selected samples
were recorded by scanning electron microscopy (SEM, JEOL,
IT200 Japan). The phase structure of samples was obtained by
an X-ray diffractometer (XRD, D8 Advance Eco, Bruker AXS
Germany) with 2θ ranging from 5° to 70° and Cu Kα irradia-
tion (λ = 0.154056 nm). The porous structure was analyzed
by nitrogen adsorption/desorption isothermals using the
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Brunner–Emmett–Teller method (BET, TriStar II Plus 3030,
Micromeritics USA).

Gas sensing measurements
The gas sensors were composed of a glass substrate and a thin
layer of as-synthesized composites. In brief, the precise
amounts of prepared samples were first dispersed in ethanol and
well-sonicated for 15 min. Then, 5 μL dispersion was drop-cast
onto the cleaned glass substrate. Finally, the sensors underwent
aging in a vacuum furnace to remove ethanol and improve the
bonding between the substrate and gas sensing material.

For gas sensing measurements, the substrate was located in a
stainless steel chamber. The signal was analyzed using a source
meter instrument (Keithley 2400). The gas flow rate was set to
500 sccm and adjusted by mass flow controllers. The ratio of
synthetic air to target gas was changed to obtain the desired
gas concentration. Moreover, the sensor response is defined as
S = (Rg/Ra − 1) × 100%, where Ra is the resistance under syn-
thetic air after stabilization, and Rg is the resistance under target
gas. The response/recovery time is calculated as the time taken
for composites to achieve 90% of the maximum resistance
change.
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Abstract
Gold nanobipyramids and nanorods of comparable dimensions were synthesized to evaluate and contrast their plasmonic, analyti-
cal, and photothermal performance. The bipyramids exhibited a markedly higher absorption spectral quality factor than the nano-
rods. For surface-enhanced Raman scattering comparison, both nanoparticle types were functionalized with thiolated nitrobenzene
molecules, revealing an approximately fourfold higher enhancement factor for the bipyramids. Their analytical sensitivity was
further assessed by monitoring the plasmon resonance wavelength shift in response to changes in the external refractive index, as
well as variations in the thickness and refractive index of a nanoscale coating. In all cases, the bipyramids outperformed the nano-
rods. Additionally, both experimental and theoretical analyses confirmed the superior efficiency of bipyramids as photothermal
agents for converting laser irradiation into heat. Effective photothermal inactivation of Escherichia coli was achieved under reso-
nant laser excitation using either particle type. Given the recent advances in their synthesis, gold bipyramids emerge as highly
promising alternatives to nanorods for a broad range of analytical and biomedical applications.
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Introduction
Anisotropic metal nanoparticles [1-5] are actively researched
and utilized due to their flexible tunability of the plasmon reso-
nance (PR) across a broad UV–vis–NIR range [6], significantly

larger scattering and absorption cross sections [7], and en-
hanced local field effects [8] compared to plasmonic nano-
spheres. Modern methods of colloidal chemical synthesis [9]
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enable the production of a wide variety of anisotropic nanopar-
ticles, including gold–silver nanocages [10], silver nanocubes
[11], gold nanostars [12], triangular nanoprisms [13], flat parti-
cles [14], gold–silver nanorods [15], as well as particles with
field enhancement in gaps (gap-enhanced Raman tags) [16].
However, the most well-known and widely used are conven-
tional gold nanorods [17] with approximately hemispherical
ends and a cylindrical or pentagonal cross section. To date, the
synthesis and application protocols for gold nanorods are well
established [18-21], which explains the consistently high annual
number of publications on these nanoparticles (according to
SCOPUS, over 180 articles in 2025 alone have titles containing
the phrase “gold nanorods”).

Compared to nanorods, pentagonal gold nanobipyramids (BPs)
are far less studied [22], despite having similar plasmon
resonance tunability [23] (with an aspect ratio change from
2 to 6, the plasmon resonance wavelength shifts from approx-
imately 600 to 1100 nm) and thermoplasmonic properties [24-
26]. Regarding the differences, BPs possess five uniformly
distributed twinning planes at the vertices and sharp tips [27],
whereas nanorods are single crystals with roughly hemispher-
ical ends. These morphological differences result in distinct
local plasmonic properties, higher resonance sensitivity to
the dielectric environment [28-30], and higher quality factors
of the plasmonic absorption and scattering peaks in BPs.
Despite these apparent advantages, BPs remain, in our opinion,
undeservedly less popular due to their non-trivial synthesis
[23,31-35] and functionalization [36]. Furthermore, simulating
the optical properties of BPs (especially when coated with func-
tional molecules) requires numerical methods [37,38] as until
very recently there were no simple and sufficiently accurate an-
alytical models for plasmonic nanoparticles with a dielectric
coating [39].

In this work, we investigate how differences in the morphology
of gold nanorods and bipyramids lead to vast differences in
local field distribution and, through these differences, to multi-
modal enhancements in extinction quality spectra, surface-en-
hanced Raman scattering (SERS), sensing, and photothermal
response. Specifically, we present a comparative theoretical and
experimental study of UV–vis extinction spectra, SERS, refrac-
tive index sensitivity, thermoplasmonic properties of gold BPs
and nanorods with similar PR wavelengths, and plasmonic pho-
tothermal killing of bacteria in water suspensions. In contrast to
published similar studies (see, e.g., [40,41]), we compared the
normalized quantities that are proportional to the SERS intensi-
ty per adsorbed molecule. For comparison of thermoplasmonic
experiments, we introduced the normalized absorption effi-
ciency, which is proportional to the absorbed power per unit
volume at a constant mass/volume concentration of particles.

Finally, our analysis of analytical sensitivity includes two dif-
ferent options, that is, (1) the usual sensitivity to the refractive
index of the surrounding medium and (2) an original analysis of
the analytical response to an adsorbed layer of analytes with dif-
ferent nanometer-scale thicknesses.

Using the chemical etching method [42], we synthesized a set
of nanorod samples with PR ranging from 600 to 950 nm, in-
cluding a sample with a PR close to that of the BP sample. To
calculate the plasmonic properties of the nanoparticles, we used
a previously described 2.5D finite element method [43,44]
implemented in the commercial software package COMSOL
Multiphysics 5.1 (Wave Optics module), applicable to axially
symmetric particles. Also, we used our recently developed ana-
lytical method [39].

We demonstrate that BP properties, including the quality factor
of extinction spectra, SERS signal enhancement, the analytical
sensitivity of the PR wavelength to the local dielectric environ-
ment, and the efficiency of light-to-heat conversion, surpass
those of gold nanorods with comparable dimensions and PR
wavelengths. Experiments also demonstrate effective photo-
thermal killing of Escherichia coli DH5α bacteria under laser ir-
radiation at a wavelength near the PR.

Methods
Theoretical methods
In the 2.5D formalism [43,44], the incident and scattered fields
are expanded in cylindrical harmonics, and the response of each
harmonic is computed separately, leading to significant savings
in computational resources in terms of memory and processing
time [45]. Compared to conventional 3D modeling, the 2.5D
formalism substantially reduces the computational time per
spectral data point and enables averaging cross-sectional spec-
tra over random particle orientations with acceptable computa-
tional costs. The dielectric function of gold was calculated using
a spline interpolation [46] of the data from [47]. In all calcula-
tions presented hereafter, the correction of the bulk dielectric
function for the finite particle size was performed using the
volume-equivalent sphere radius as the effective electron sur-
face scattering length and the scattering constant As = 0.33
[48,49]. The refractive index of the shell, , was
chosen to be close to that of many biopolymers and typical
stabilizers, such as cetyltrimethylammonium bromide (CTAB)
or cetyltrimethylammonium chloride (CTAC). In all calcula-
tions, the dielectric function of water [44]  was
used as the external medium dielectric function. The thickness
of the CTAB stabilizer shell was set to 3 nm based on the data
from [50]. The employed analytical method MEM+DEM [39] is
based on a combination of the modal expansion method (MEM)
[51] and the dipole equivalence method (DEM) [52]. Hereafter,
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for brevity, we will refer to the MEM+DEM method simply as
MEM. The primary theoretical models considered were pentag-
onal bipyramids with tip rounding radii specified in [51] and
cylindrical nanorods with hemispherical ends. We also em-
ployed an inscribed bicone as a bipyramid model, following the
approach in [38].

Experimental methods
The following reagents were used in this study: hydrogen tetra-
chloroaurate(III) trihydrate (HAuCl4·3H2O), cetyltrimethyl-
ammonium bromide (CTAB, 98%), cetyltrimethylammonium
chloride (CTAC, 25% solution in water), sodium borohydride
(NaBH4, 99%), silver nitrate (AgNO3, 99%), hydrochloric acid
(concentrated HCl), ʟ-ascorbic acid (AA, 99.9%), citric acid
(CA, 99%), 4-nitrothiophenol (NBT, 97%), and hydroquinone
(HQ, 99%). Ultrapure deionized water obtained using a Milli-Q
Integral 5 system was used in all experimental syntheses.

Extinction spectra were measured using a Specord 300 spec-
trophotometer (Analytik Jena, Germany). The Raman spectra of
composite labels were recorded using a combined setup com-
prising a Leica MD 2500 microscope, a SeekerPro785 spec-
trometer from Ocean Optics (USA), and a 785 nm laser oper-
ating at 30 mW. The surface potentials (charges) of the nano-
particles were measured using a Zetasizer NanoSeries NT
dynamic light scattering spectrometer (Malvern Instruments,
UK). Nanoparticle images were obtained with a Libra-120
transmission electron microscope (TEM) (Carl Zeiss, Jena,
Germany) at the “Symbiosis” Center for the Collective Use of
Research Equipment (IBPPM RAS). A diode laser with a wave-
length of 795–810 nm, fiber optic output, and a maximum con-
tinuous output power of 2 W (Opto Power Corp., USA) was
used to heat nanoparticle suspensions. The temperature in the
cuvette was measured using a Guide PC210 thermal imager
(China).

Gold nanobipyramids were obtained by overgrowth of poly-
crystalline seeds in a CTAB medium [32]. In the first, prelimi-
nary stage, gold thermal seeds were synthesized. For this,
10 mL of 0.25 mM HAuCl4·3H2O were reduced with 0.25 mL
of 25 mM sodium borohydride under vigorous stirring in a
20 mL flask, in an aqueous solution containing 50 mM CTAC
and 5 mM citric acid. The reaction mixture changed color from
yellow to brown. After 2 min, the solution was transferred to a
silicone bath at 80 °C and stirred for 90 min. During the reac-
tion, the solution turned deep red. In the second stage, the ob-
tained seeds, cooled to room temperature, were added under
vigorous stirring to a solution containing 50 mL of 100 mM
CTAB, 2.5 mL of 10 mM HAuCl4·3H2O, 500 µL of 10 mM
silver nitrate, 1 mL of 1 M hydrochloric acid, and 400 µL of
100 mM ascorbic acid. The mixture was kept at 30 °C for about

2 h. The resulting bipyramids were centrifuged several times
(10,000 rpm) and redissolved in 1 mM CTAC. The synthesis
yielded gold bipyramids with an average longitudinal size of
75 ± 3 nm, a transverse size of 25 ± 2 nm, and a plasmon reso-
nance maximum around 753 nm.

Gold nanorods were obtained using a modified protocol [53]
that enabled the synthesis of thin, long rods. Gold seeds were
prepared by adding an aqueous sodium borohydride solution
(10 mM, 0.6 mL) to an aqueous solution containing CTAB
(0.1 M, 10 mL) and HAuCl4 (10 mM, 0.25 mL). Silver nitrate
(3.5 mL, 0.1 M) was added to a solution of HAuCl4 (500 mL,
0.5 mM) in 0.1 M CTAB, followed by the addition of an
aqueous hydroquinone solution (25 mL, 0.1 M). Note that silver
nitrate plays multiple, intertwined roles in the seed-mediated
synthesis of single-crystalline gold nanorods [54,55]. Its func-
tions span three critical areas, namely, (1) symmetry breaking
and nucleation kinetics, (2) anisotropic growth directionality
and aspect ratio control, and (3) shape and facet regulation via
surface passivation.

The resulting mixture was stirred manually until it became
clear. Then, 8 mL of the seeds were added, and the mixture
was stirred and left overnight at 30 °C without stirring. A
significant drawback of the protocol [53] is the high impurity
particle content (10–15%). In this work, we used a modified
version [56] with a purification step: the colloid was centrifuged
at 10,000 rpm for 20 min, and the pellet was redissolved in
30 mL of 200 mM CTAC and left undisturbed for 1 h. The
nanorods aggregated at the bottom and the walls of the tube,
forming a brown film. The supernatant, containing particles of
other shapes, was removed. The nanorods were redissolved in
50 mM CTAB to a concentration corresponding to an optical
density of 2 at the longitudinal resonance at 945 nm, measured
in a 2 mm path length cuvette. To completely remove impurity
particles, the purification procedure was repeated twice. TEM
analysis of the samples revealed the presence of thin nanorods
with an average thickness of about 20 nm and a length of about
95 nm. A distinctive feature of our protocol is the practically
zero percentage of non-target particles (0.5%) and the high
quality of the extinction spectrum, as measured by the extinc-
tion ratio at the longitudinal and transverse PR wavelengths
(>6).

To obtain AuNR samples with different longitudinal plasmon
resonance (LPR) wavelengths, 50 mL of AuNR colloid in
50 mM CTAB was titrated with a 2 mM HAuCl4 solution
(adding 20 µL aliquots every 10 min). Before each addition, the
extinction spectrum was measured, and if the desired LPR
wavelength was reached, the required amount of sample (typi-
cally 3 mL) was taken from the colloid.
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Figure 1: Extinction spectra (measured in a 2 mm cuvette, panel A) and TEM images (panels B–E) of gold nanorods with plasmon resonances at
945 (1), 844 (2), 735 (3), and 644 (4) nm, and of gold bipyramids (inset in panel A) with a plasmon resonance at 753 nm (5). The arrow indicates the
approximate equal extinction of all samples at 400 nm, corresponding to equal molar (or mass/volume) concentrations of gold. The inset shows a
TEM image of the bipyramids. The dashed curves show the extinction spectra of the composite particles after functionalization with NBT molecules
(AuNR@NBT, AuBP@NBT). Panel E shows a 200 nm scale bar applicable to all images.

For the functionalization of gold nanorods and bipyramids with
4-nitrothiophenol (NBT) molecules, 10 µL of a 2 mM ethanolic
NBT solution was added to 1.5 mL of the colloid. The mixture
was incubated for 30 min. The nanoparticles were then
centrifuged at 10,000 rpm for 5 min and resuspended in 2 mL of
10 mM CTAC.

For photothermal experiments, a 24-hour bacterial culture of
Escherichia coli DH5α (from the collection of IBFPM RAS)
with an optical density A6 = 1 in a 1 cm cuvette and gold
nanorod and nanobipyramid suspensions with an optical densi-
ty of A80 = 5 were used. A 0.01 M PBS buffer with pH 7.5 was
used as the dilution medium. For the Alamar Blue assay [57], a
resazurin solution at 0.55 mg·mL−1 was used. Fluorescence
spectra were recorded on a Cary Eclipse spectrofluorimeter
(Agilent) over 590–610 nm, with a slit width of 5 nm and an ex-
citation wavelength of 530 nm.

Results and Discussion
1 Extinction spectra and geometrical
parameters of nanoparticles
In Figure 1A, solid lines represent the extinction spectra
of four nanorod samples with LSPR at 945, 844, 735, and
644 nm (curves 1–4), as well as the spectrum of gold
bipyramids (5); the inset shows a TEM image of the bipyra-
mids. Additional and statistical data can be found in Supporting

Information File 1 (Figures S1–S5). Dashed lines show
the spectra of the same samples after functionalization with
the Raman reporter molecule NBT. Figure 1B–E shows
TEM images of the initial 944 nm nanorods and of samples ob-
tained through chemical length etching with virtually no change
in thickness. The geometric parameters of the particles, based
on statistical analysis of TEM images, are given below in
Table 1.

As shown in Table 1, during the etching process, the length of
the nanorods decreases from 95 to 45 nm, and the aspect ratio
decreases on average from approximately 4.85 to 2.4, while the
nanorod diameter remains practically constant at 19 ± 0.8 nm.
Accordingly, the plasmon resonance wavelength shifts from the
infrared (945 nm) to the visible (640 nm) region. The spectra in
Figure 1 were measured at approximately equal molar concen-
trations of gold (0.1 mM), as determined using the method de-
scribed in [58].

In Table 1, the theoretical ARP values were calculated by the
linear equation

(1)

which was obtained as the average of T-matrix simulations for
bare AuNRs and COMSOL simulations [39] for AuNRs
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Table 1: Geometric and optical parameters of the synthesized nanoparticles (length, diameter, aspect ratio, surface area to volume ratio (S/V)), the
normalized plasmon resonance bandwidth (FWHM/λP), shift of the plasmon resonance after functionalization with NBT molecules (PR shift),
measured SERS signal intensity (I1347), and the value proportional to the intensity per molecule (I1347/(S/V)). The ratio of the absorption efficiency
factor to the radius of the equivalent volume sphere (Qabs/Rev) determines the photothermal efficiency of the particles at the plasmon resonance
wavelength. The average length and aspect ratio were determined from TEM data (top numbers) and from the plasmon resonance wavelength,
assuming a constant average diameter of 19 nm (bottom numbers). The aspect ratios in parentheses are calculated according to [59].

Sample LTEM
LPR (nm)a

dTEM
(nm)a

ARTEM
ARPR (a.u.)a

S/V
(nm−1)

FWHM/λPR
(a.u.)b

PR shift
(nm)b

I1347
(a.u.)b

I1347/(S/V) × 10−3

(a.u.)b
Qabs/Rev
(nm−1)

NR-644 44 ± 5.8
44 ± 4.0

19.0 ± 1.2 2.30 ± 0.16
2.26 ± 0.20 (2.14)

0.246 0.14 ± 0.01 3 ± 0.5 415 ± 72 1.7 ± 0.30 0.337

NR-735 62.2 ± 6.1
60 ± 4.9

19.0 ± 1.4 3.27 ± 0.09
3.14 ± 0.13 (3.08)

0.234 0.13 ± 0.01 4 ± 0.5 570 ± 108 2.4 ± 0.45 0.547

NR-844 82.3 ± 7.0
78 ± 5.2

18.9 ± 1.4 4.35 ± 0.07
4.10 ± 0.2 (4.21)

0.229 0.14 ± 0.01 6 ± 0.7 526 ± 85 2.3 ± 0.37 0.683

NR-945 90.2 ± 8.7
94 ± 6.1

18.7 ± 1.4 4.85 ± 0.13
4.97 ± 0.12 (5.25)

0.229 0.16 ± 0.02 7 ± 0.7 265 ± 59 1.2 ± 0.27 0.778

BP-753 75 ± 2.5 26.3 ± 1.2 2.85 ± 0.04 0.222 0.066 ± 0.008 13 ± 1.2 2150 ± 234 9.7 ± 0.90 0.996
aSD values from statistical analysis of 200 particles; bSD values from three independent measurements.

Figure 2: Experimental and theoretical (dashed lines) normalized extinction spectra for the five samples listed in Table 1. The theoretical particle
aspect ratios ARP were used as fitting parameters to match the calculated and measured plasmon resonance wavelength.

covered by a typical 3 nm CTAB layer [50]. The corresponding
length LP was obtained by multiplying ARPR by the average rod
diameter of 19 nm. There is a close agreement between the
nanorods aspect ratios derived from TEM images and from PR
wavelength through Equation 1. Recently, Engel et al. [59] re-
ported a similar linear relation between the PR wavelength and
the nanorods’ aspect ratio λPR(nm) = 97 × AR + 436. The corre-
sponding AR values are indicated in parentheses of the fourth
column. We note that Equation 1 agrees somewhat better with
TEM data.

The average plasmon resonance bandwidth of the nanorods,
expressed in terms of the standard parameter full width at half
maximum (FWHM), remains approximately constant (around
0.14) for nanorods samples. When comparing with the extinc-

tion spectrum of bipyramids (curve 5 in Figure 1A), the remark-
ably high quality of their spectrum, with an FWHM parameter
of 0.066, half that of all nanorods values, immediately stands
out. This observation agrees with a small SD value for the
aspect ratio length/width = 2.85 ± 0.04 derived from TEM mea-
surements.

Further confirmation of the high quality of the bipyramids’
extinction spectra comes from comparing experimental and the-
oretical extinction spectra (Figure 2). For randomly oriented
gold nanorods, extinction spectra were calculated using the
T-matrix method. For the bipyramids, the longitudinal excita-
tion spectrum is presented, calculated using MEM (practically
coinciding with the COMSOL results). From Figure 2, it
follows that the experimental nanorod spectra are significantly
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broader than the theoretical ones, as the latter do not account for
particle size (aspect ratio) distribution. Quantitatively, this spec-
tral broadening, expressed as the ratio of the experimental to the
theoretical FWHM value, is 2.5 for the nanorods. In contrast,
for the bipyramids, the same ratio is half of that, approximately
1.25, even though the theoretical model also did not account for
particle size distribution.

After functionalization with the Raman reporter molecule NBT,
the plasmon resonance maximum of all particles decreases in
magnitude and shifts, as is typical, to the red region. It is clear
that these changes are most pronounced in the bipyramids com-
pared to the nanorods. Quantitatively, the plasmon resonance
shift after functionalization for bipyramids is 2–4 times greater
than that for nanorods. This is related to the higher analytical
sensitivity of the bipyramids’ plasmon resonance to the dielec-
tric environment, which will be discussed below.

In addition to the usual geometric particle parameters L and
AR, Table 1 also provides the average surface area-to-volume
ratio (S/V). For nanorods with hemispherical ends, S/V =
12AR/[d(3AR – 1)], and for bipyramids modeled as inscribed
bicones, . For rounded bicones, the
numerical S/V value is slightly less than the analytical one. As
shown in Table 1, this parameter varies within a narrow range
of 0.222–0.246. In the next section, we will use this parameter
to estimate the SERS signal intensity per NBT reporter mole-
cule.

The last column of Table 1 presents the theoretical value of
Qabs/Rev, which is the ratio of the absorption efficiency factor
Qabs to the radius of the equivalent volume sphere Rev. This pa-
rameter determines the photothermal efficiency of plasmonic
nanoparticles per unit volume at a constant concentration c
(g·mL−1), or, in other words, the photothermal efficiency per
unit mass of nanoparticles. Indeed, the absorbed power per unit
volume equals the product of the incident intensity I (W·cm−2)
and the numerical concentration N (cm−3) multiplied by the
absorption cross section :

(2)

where ρ is the metal density. From Equation 2, it follows that
the absorbed power per unit volume is proportional to the ratio
Qabs/Rev at a constant mass/volume concentration of particles c
(g·mL−1).

2 Comparison of SERS spectra for nanorods
and nanobipyramids
Figure 3 shows the SERS spectra of functionalized gold nano-
rods and bipyramids. The most intense line at 1347 cm−1 was
used as a reference. Comparison of the spectra reveals a more
intense peak for the functionalized bipyramids. Even for
NR-735 nanorods, which are close to resonant excitation, the
peak intensity is almost four times lower, even though the
extinction peaks are comparable in magnitude and the mass/
volume concentration of nanoparticles was the same.

To give some insight into the data of Figure 3B, we use a
simple estimate based on experimental extinction spectra, SERS
spectra, and particle geometric parameters from TEM data. As
mentioned earlier, the extinction and SERS spectra were re-
corded at approximately the same molar concentration of
0.1 mM or, correspondingly, at a mass/volume concentration of
gold 19.7 × 10−6 g·mL−1. For numerical estimates, we will
assume that the number of molecules per particle is propor-
tional to their surface area. Since functionalization was carried
out with an excess of NBT, this assumption implies monolayer
adsorption of SERS-active molecules, and the number of mole-
cules on a single particle is proportional to the ratio of the parti-
cle’s surface area to the effective footprint area of one molecule
N1 = S/S1. The total number of particles in 1 mL of colloid
equals the ratio of the mass/volume concentration of gold
to the mass of a single particle N = m/m1 = c/m1. The gold
concentration was constant in all experiments (0.1 mM =
19.7 × 10−6 g·mL−1), therefore, the number of SERS-active
molecules in 1 mL of colloid is

(3)

where, for our comparative estimates, the K constant can be set
to 1. Thus, under our experimental conditions, the number of
molecules per particle is proportional to the ratio of its surface
area to its volume.

It should be emphasized that our final Equation 3 involves only
one experimental parameter, the particle surface‑to‑volume ratio
(S/V), whereas other adsorption parameters and the number con-
centration of particles are not considered. This simple and im-
portant result is based on several simplifying assumptions. Our
main assumption is that the number of SERS‑active NBT mole-
cules NR is roughly proportional to the particle surface area.
This assumption does not necessarily imply a monolayer or any
specific arrangement of the adsorbed layer. The only require-
ment is that the total number of adsorbed SERS‑active mole-
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Figure 3: SERS spectra measured for functionalized samples of nanorods and bipyramids (A). The red dashed line indicates the most intense char-
acteristic spectral line at 1347 cm−1. Panel B shows the intensities (a. u.) per one adsorbed NBT molecule. For bipyramids, this parameter is almost
four times higher than that for nanorods. In panel B, bars are SD values from three independent measurements.

cules be proportional to the particle surface area. In other
words, the number of SERS‑active molecules should be distin-
guished from the total number of adsorbed molecules. Indeed,
as the local field decreases strongly with increasing distance
from the particle surface and the SERS intensity is roughly
proportional to the fourth power of the exciting field [60], only
surface‑adsorbed molecules make the main contribution to the
detected SERS signal. This means that other adsorption parame-
ters such as accessible surface area and adsorption affinity prob-
ably play a minor role. Moreover, an accurate experimental
assessment of these parameters is not straightforward and would
require a separate investigation. To the best of our knowledge,
no studies of this type have been reported for gold nanobipyra-
mids. In summary, we believe that our Equation 3 provides a
reasonable estimate of the number of SERS‑active molecules in
comparative experiments with a fixed mass/volume concentra-
tion of particles having different sizes, shapes, and morpholo-
gies.

Figure 3B presents the normalized SERS intensity I/(S/V)
values, which, as explained above, are proportional to the aver-
age SERS intensity from a single adsorbed NBT molecule. In
this sense, this parameter provides a comprehensive, averaged

characteristic of the efficiency of a plasmonic nanoparticle as an
SERS platform. As shown in the figure, the SERS efficiency of
bipyramids is approximately four times higher than that of
nanorods.

3 Analytical sensitivity of plasmon resonance
to the dielectric environment
The sensitivity of PR to the dielectric environment is utilized
for various analytical tasks aimed at determining target sub-
stances based on PR shifts [61]. Sensors based on this principle
are somewhat similar to total internal reflection sensors, al-
though the physical mechanism is entirely different in this case.
In recent years, the most popular trend has been the develop-
ment of fiber-optic sensors with a plasmonic nanostructure at
the tip [29]. Theoretically, there are two approaches to esti-
mating the analytical sensitivity of a PR sensor. In the most
straightforward approach, the plasmonic response (e.g., the PR
wavelength) is typically analyzed in a homogeneous dielectric
medium with a varying refractive index (usually from 1.334
(water) to 1.6), and the sensitivity of different platforms is com-
pared in terms of the derivative of the response with respect to
the refractive index. For example, in the case of the PR wave-
length, parameters such as SPR = ΔλPR/Δnm [62,63] are com-
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pared. Within the dipole approximation, the polarizability of a
particle of any shape and structure can be written as [52,64]:

(4)

where εav is the average dielectric permittivity of particles with
a complex structure, calculated using the DEM. The function φ
also depends on the shape and structure, and εm is the dielectric
permittivity of a homogeneous medium. Here are three simple
examples: (1) a metal sphere with the dielectric permittivity
εmetal = ε(ω) in a homogeneous medium with dielectric permit-
tivity εm(ω): εav = ε(ω), φ = 2; (2) a metal ellipsoid with the
dielectric permittivity εmetal = ε(ω) in a homogeneous medium
εm(ω): εav = ε(ω), φ =  − 1, where La,b,c are the geo-
metrical depolarization factors along the axes a, b, and c,

. For a sphere Li = L = 1/3; and (3) a two-layered
sphere with a metal core εmetal = ε1(ω) covered by a dielectric
shell of thickness s with a dielectric permittivity εs = ε2(ω) in a
homogeneous medium εm(ω):

(5)

where α12 = (ε1 − ε2)/(ε1 + 2ε2), . It
follows from Equation 4 that the PR resonance condition reads:

(6)

In the Drude approximation, the metal dielectric function is
given by

(7)

where εib(ω) accounts for the contribution of interband
transitions, ωp is the bulk metal plasma frequency (for gold,
ℏωp ≈ 9 eV), and the damping constant γb corresponds to a bulk
sample. It does not account for additional damping mechanisms
[64]. Combining Equation 6 and Equation 7, we find the plas-
mon resonance wavelength [52,64]:

(8)

Using Equation 8, one can obtain a theoretical estimate of the
sensitivity of PR to changes in the refractive index of the
external medium in the form of universal relations:

(9)

(10)

where λp = 2πωp/c is the plasma wavelength (for gold,
λp ≈ 130 nm), and c is the velocity of light in vacuum.

Equation 9 explains the theoretically obtained [62,63] and ex-
perimentally observed linear dependencies λPR = f(nm) with a
constant coefficient SPR, since nm usually changes within a
narrow range of 1.3 to 1.5 (for water–glycerol mixtures). In this
case, according to Equation 10, the relative change ΔλPR/λPR
turns out to be proportional to the relative change λPR = f(nm)
with an accuracy of approximately a constant coefficient (for
gold in water, it is approximately 0.5 [65]). Equations 9 and 10
also explain that the structure and shape of a particle decisively
influence the angular slope of the dependence λPR = f(nm)
through the parameter φ in Equation 9.

For the theoretical evaluation of the analytical sensitivity of a
plasmonic sensor, one can also calculate the change in the plas-
monic response resulting from the formation of a dielectric
layer on the particle surface, for example, due to antigen–anti-
body interactions [66]. This formulation of the problem seems
more justified from the perspective of modeling real experimen-
tal situations, where the process of analyte molecule adsorption
on the surface of a plasmonic nanosensor is detected by the shift
in plasmon resonance. This modeling process itself can be
carried out in two variants, namely, (1) analysis of the PR shift
as a function of shell thickness with a constant refractive index
and (2) analysis of the PR shift as a function of the shell’s
refractive index at its constant nanometer-scale thickness. The
real situation is most likely a combination of these two variants
since, as the thickness of the adsorbed biopolymer layer in-
creases, the volume fraction of the aqueous buffer (or other sol-
vent) will decrease. Below, we present comparative data for
nanorods and BPs in a homogeneous, infinite medium and in a
shell of variable thickness with a constant refractive index.

Figure 4 shows the dependence of the plasmon resonance wave-
length shift ΔλPR on the refractive index of the external medi-
um nm for gold BPs and nanorods with a diameter of 15 nm and
an aspect ratio of 3. For the bipyramids, calculations were per-
formed using the 3D FEM COMSOL method under longitu-
dinal excitation of the particles by an electric field. For the
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nanorods, the calculation was performed on randomly oriented
nanoparticles using the T-matrix method. We also performed an
approximate averaging over the orientations of the bipyramids
and confirmed that the result differs only slightly from that
presented in Figure 4.

Figure 4: Dependence of the plasmon resonance wavelength shift
ΔλPR on the refractive index of the external medium (nm). Calculation
for gold BPs (1, COMSOL) and nanorods (2, T-matrix method) with a
diameter of 15 nm and an aspect ratio of 3. Experimental points 3 and
4 for gold BPs are reproduced from works by Chen et al. [28]
(AR = 3.8) and by Fang et al. [30] (AR = 3.3), respectively. Experimen-
tal points (5) for gold nanorods with ARTEM ≈ 4.8 (ARPR = 4.2) are
reproduced from Fang et al. [30]. For comparison, the linear depen-
dence (6) according to Mie theory for spheres with an equivolume di-
ameter of 24 nm is also shown.

From Figure 4, it follows that for nanoparticles with identical
geometric parameters, the analytical sensitivity of bipyramids,
measured by the plasmon resonance shift, is higher than that of
nanorods. It should be noted that both the FEM (COMSOL) and
T-matrix methods yield identical results for axially symmetric
particles such as nanorods (see, e.g., Figure S6 in Supporting
Information File 1). Therefore, the difference in the slopes of
lines 1 and 2 in Figure 3 arises from the distinct plasmonic
sensitivities of the two particle types, rather than from any
computational artifacts.

Additional confirmation of the strong influence of the particle is
provided by line (6), obtained from Mie theory for spheres of
equivalent diameter. For qualitative comparison with experi-
mental data, we have reproduced in Figure 4 data from the work
of Chen et al. [28] for bipyramids with an aspect ratio of
AR = 3.8 and from Fang et al. [30] for bipyramids with an
aspect ratio of AR = 3.3. The last data are in close agreement
with our simulations. It should also be noted that the particle

sizes and tip rounding radii in the Chen et al. [28] samples were
significantly larger than those used in our calculation for depen-
dence (1); therefore, this comparison should be considered qual-
itative. This is precisely why the experimental line (4) for
bipyramids with an aspect ratio of 3.8 lies below the theoretical
line for an aspect ratio of 3 and the experimental line (4) by
Fang et al. [30] for an aspect ratio of 3.3. The experimental data
[30] for nanorods confirm a lower angular slope than that for
BPs. In general, we conclude that the theoretical estimates of
the angular slope SPR for BPs and nanorods are in qualitative
agreement with the experimental data.

Now, let us discuss the data for the case where the analyte
forms a shell on the surface of a plasmonic nanoparticle.
Figure 5A shows the dependence of the plasmon resonance
wavelength shift ΔλPR on the shell thickness s (curves 1, 2) or
its volume fraction g = Vs/(Vs + VAu) (curves 3, 4) for bipyra-
mids, modeled as an inscribed bicone [38] with an aspect ratio
of 3. For comparison, two particle diameters of 15 and 30 nm
were chosen, which are close to the experimental conditions
[38], with a typical refractive index of 1.5 for many biopoly-
mers or silicon dioxide [67].

From plots 1 and 2, it can be seen that the main sharp plasmon
resonance shift occurs when the shell thickness changes from 0
to 5–10 nm, at which point the shell volume fraction ap-
proaches 75–80%. Such a sharp dependence of PR shift on the
shell thickness is closely related the strong localization of plas-
monic field as explained below in Section 4. Figure 5B shows
the dependencies of the plasmon resonance wavelength shift on
the refractive index of the shell for two particle diameters, 15
and 30 nm, at shell thicknesses of 5 and 10 nm, which also
differ by a factor of two. As shown, lines 1 and 2 are practi-
cally indistinguishable, which is explained by the approxi-
mately equal shell volume fractions in both nanocomposites. As
mentioned above, increasing the shell thickness to that of an
infinite homogeneous dielectric medium somewhat increases
the angular slope of dependence (3). Still, it does not change the
fundamental essence of the matter. Thus, the formation of
dielectric analyte shells with a thickness of about 10 nm is
essentially equivalent to the plasmon resonance shift when
placed in an infinite analyte medium.

4 Physical mechanisms underlying the
superior SERS and analytical responses of
bipyramids over nanorods
The data presented in Sections 2 and 3, together with available
literature data, indicate the key influence of particle shape and
morphology (all other things being equal) on their SERS and
analytical responses. In particular, the well-known decrease in
the SERS signal from spherical particles of equal volume com-
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Figure 5: (A) Dependence of the plasmon resonance wavelength shift ΔλPR on shell thickness (1, 2) or its volume fraction (3, 4). Calculation based
on the analytical MEM theory for composite nanoparticles consisting of gold bicones with diameters of 15 nm (1, 3) and 30 nm (2, 4), an aspect ratio
AR = 3, and a dielectric shell thickness s ranging from zero to 45 nm. The refractive index of the shell is 1.5. (B) Dependence of the plasmon reso-
nance wavelength shift ΔλPR of gold bicones on the refractive index of a dielectric shell with thicknesses of 5 nm (1) and 10 nm (2). For comparison,
the dashed line (3) shows the dependence of the plasmon shift (1) for a particle in an infinite homogeneous medium. Particle diameters are 15 nm (1)
and 30 nm (2), and the axial ratio is 3.

pared with nanorods [2], as well as the small plasmon reso-
nance shift for equal-volume spheres (curve 6 in Figure 4),
suggest that the underlying physical mechanism of the ob-
served differences in SERS and analytical sensitivity is related
to the features of particle shape and morphology, which lead to
different local field distributions near the nanoparticle surface
where the reporter molecules are located [2] (Figure 6).

To quantitatively assess the SERS efficiency of particles with
different morphologies, theoretical estimates of the average
fourth power of the local field amplitude near the particles
⟨|E(ω)|4⟩ are often used, or a slightly more rigorous estimate
⟨|E(ωL)|2|E(ωR)|2⟩ that accounts for the difference between the
laser, ωL, and Raman, ωR, frequencies [68]. Here, we define
two average quantities

(11)

(12)

where the integral is taken over the outer particle surface. The
first integral provides a straightforward averaged estimate of the

Figure 6: Calculated distribution of the logarithm of the field modulus
(log10|E|/|E0|) around the particle in water at the plasmon resonance
wavelength for nanorods (top) and nano-bipyramids BP (bottom). The
particle parameters correspond to the experimental ones (Table 1).
The numbers on the color scale correspond to an order-of-magnitude
change in the local field amplitude.

field on the surface near the particle, while the second integral
gives an approximate average estimate of the plasmonic en-
hancement factor (EF) for the SERS signal. A more accurate
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Figure 7: Schematic of irradiation and recording (A), temperature distribution (B) in a cuvette with an aqueous suspension, and temporal dependen-
cies of the temperature difference between nanobipyramid suspension (1) and nanorod suspension (2) and water temperature (ΔT = T − Tw) under
identical irradiation conditions (C). The suspension volume in a 1 × 1 cm cuvette is 1 mL; the arrow in panel B indicates the direction of irradiation.
The inset in panel C shows the extinction spectra of nanobipyramids (1) and nanorods (2) with equal extinction at 800 nm.

estimate of EF would also need to include the surface density of
SERS-active molecules (with normalization )
and the difference between the Raman and laser frequencies:

(13)

A detailed analysis of the theoretical SERS enhancement factor
is given in [69]. Table 2 summarizes the average local field pa-
rameters for nanorods and bipyramids with sizes and shapes
close to our experimental samples particles NR-735 and
BP-753. The calculation details are given in Supporting Infor-
mation File 1. Note the excellent agreement between calculated
and measured PR wavelength.

Table 2: The local field parameters of nanorods NR-735 and bipyra-
mids BP-753 at longitudinal excitation. Calculations by COMSOL for
the normalized incident field at theoretical plasmon resonance wave-
lengths λPR. The angle bracket designate the averaging over the parti-
cle surface.

Sample λPR
(nm)

S/V
(nm−1)

|E|max ⟨|E|⟩S ⟨|E|4⟩S × 10−6

NR-735 740 0.235 50.2 25.9 1.91
BP-753 756 0.222 157 31.4 19.8

According to Table 2, the nanorods and bipyramid surfaces are
similar, but the SERS enhancement factor of bipyramids is ten
times higher. Experimentally (Figure 3), we obtained a much
smaller enhancement ratio of about 4. As it has been explained
in Section 2 and during derivation of Equation 3, this differ-
ence originates from a simplified estimation by Equation 13,
which does not take into account many factors including the

adsorption accessibility, affinity, and resulting surface density
distributions of Raman NBT molecules. Obviously, the purely
electromagnetic EF (Equation 12) overestimates the expected
experimental parameter. Nevertheless, the simplified electro-
magnetic calculations by Equation 12 confirm the superior
SERS efficiency of bipyramids compared to that of nanorods.

From Figure 4A, it follows that for nanoparticles with identical
geometric parameters, the analytical sensitivity of bipyramids,
measured by the plasmon resonance shift, is higher than that of
nanorods. From a physical standpoint, this difference can be ex-
plained by the strong field localization near the vertices of the
bipyramid (Figure 4B) and the resulting more substantial
change in the dipole moment upon variation of the external
refractive index compared to nanorods (Figure 4C). Qualitative-
ly, the modulus of the local field near the bipyramid vertices is
approximately an order of magnitude greater than the field near
the ends of the nanorods. In accordance with the field distribu-
tion shown in Figure 6, this shell region precisely falls within
the “hottest” area of the local electric field. Further increase in
shell thickness has a smaller effect on the plasmon shift, which
essentially becomes close to the PR shift in an infinite dielec-
tric medium with the shell’s refractive index (cf. dependencies 1
and 3 in Figure 5B). Interestingly, the average values of the
local field modulus at the particle surface are similar for both
particle types. This implies that the plasmonic shift induced by
thin shell formation is not linearly dependent on the near field.

5 Comparison of thermoplasmonic
properties for gold nanorods and
nanobipyramids
To compare the efficiency of converting laser radiation into
heat, an experiment was conducted (Figure 7A) comparing the
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heating of gold BPs and nanorods with equal extinction at
800 nm, a wavelength close to the plasmon resonance wave-
length of both nanoparticle types. The concentration of nano-
rods was 0.062 mM (12 µg·mL−1), determined by absorbance at
400 nm. A 2 W laser with a wavelength of 800 nm was used for
irradiation; the intensity of the expanded beam at the cuvette
entrance was approximately 290 mW·cm−2. Irradiation was per-
formed from above into a 1 × 1 cm cuvette containing 1 mL of
suspension, so the optical path length from the top to the
bottom of the cuvette was 1 cm. The temperature distribution
(Figure 7B) was recorded from the side using a thermal imager
(Figure 7A). Irradiation and temperature measurement lasted
about 6 min. Figure 7C shows the dependencies of the tempera-
ture increment (relative to the water temperature under the same
irradiation conditions) on the irradiation time. It can be seen
that after 5–6 min of irradiation, the temperature increment
reaches an approximately steady-state value of around 30 °C.
Although the heating kinetic curves are generally similar, we
observe slightly higher efficiency for gold bipyramids, in agree-
ment with the theoretical estimate of the Qabs/Rev ratio in the
last column of Table 1. Thus, theoretical and experimental data
show that, despite the smaller metal volume per particle, the
photothermal efficiency of bipyramids is of the same order (or
even slightly higher) as that of widely used nanorods.

6 Comparison of the photothermal killing of
bacteria
For plasmonic photothermal therapy experiments with bacteria
and nanoparticles, cells were mixed with nanoparticles in a 1:1
ratio, incubated for 15 min, and irradiated with a laser for
10 min. Four controls were used in the experiments, namely,
(1) native bacteria without any treatment (B Cont), (2) bacteria
without particles irradiated with the laser (B-Part+L),
(3) bacteria with nanorods without laser irradiation (B+NR-L),
and (4) bacteria with nanobipyramids without laser irra-
diation (B+BP-L). In the two positive experiments, that is,
(5) (B+NR+L) and (6) (B+BP+L), bacteria were incubated with
nanoparticles for 15 min, then irradiated with a laser intensity of
290 mW·cm−2 for 10 min. All experiments were conducted
using a 96-well plate. Cell viability was assessed using the stan-
dard Alamar Blue test [57]. For this, 5 µL of resazurin was
added to each 200 µL sample, and the mixture was incubated in
a thermal chamber at 37 °C for 1 h. The results are presented in
Figure 8 and Table 3. From the presented data, it can be seen
that both types of nanoparticles are effective thermosensitizers,
causing complete bacterial death after 10 min of irradiation at a
very low intensity of about 0.3 W·cm−2, which is an order of
magnitude lower than the intensities typically used for photo-
thermal therapy (2 W·cm−2). A small 10% reduction in bacteri-
al viability without laser irradiation could be explained by the
possible contribution of residual CTAB/CTAC toxicity.

Figure 8: Photograph of six plate wells after the Alamar Blue test. The
numbers correspond to the designations of controls and experiments
as per the text: 1 – B Cont, 2 – B-Part+L, 3 – B+NR-L, 4 – B+BP-L,
5 – B+NR+L, and 6 – B+BP+L. Below is a histogram of the average lu-
minescence intensity in the 590–610 nm range with excitation at a
wavelength of 530 nm.

Table 3: Fluorescence intensities of the samples at 600 nm and
assessment of cell viability.

Sample Intensity I600 (a.u.) Cell viability, %

1 – B Control 44.6 100
2 – B-Part+L 43.5 97.5
3 – B+NR-L 40.5 90.7
4 – B+BP-L 40.1 90
5 – B+NR+L 0.30 0.7
6 – B+BP+L 0.26 0.6

In conclusion to this section, it should be noted that, in addition
to the thermal effect, nanoparticles can be potentially toxic [70]
at high concentrations. Toxicity of gold nanoparticles was ob-
served only in in vivo experiments at small sizes (2–5 nm), high
concentrations, and in cases where cellular uptake was ob-
served [71]. Toxicity of gold nanorods is also mainly mani-
fested in in vivo experiments [72], and for nanorods, their toxic-
ity is determined primarily not by size or shape, but by surface
chemistry. First and foremost, the potential source of toxicity is
the toxic surfactant stabilizer CTAB. In experiments with bacte-
rial cells, cellular uptake of particles is not observed due to the
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dense cell wall and the presence of an extracellular polymeric
component. This is also consistent with our experiments,
because in the control with the addition of nanoparticles but
without laser heating, no reduction in cell viability was ob-
served. The main effect is cellular adhesion of gold nanoparti-
cles on the bacterial surface [73] rather than bacterial uptake.
Therefore, the primary damaging mechanism in experiments
with bacteria is precisely local heating of cells adsorbed on their
surface.

Conclusion
In this work, we have presented experimental and theoretical
data comparing several important plasmonic parameters of the
most popular anisotropic particles, gold nanorods, and the less
familiar, yet in our view, quite promising plasmonic gold
bipyramid nanoparticles. Our goal was to draw researchers’
attention to this new class of anisotropic plasmonic nanoparti-
cles with a tunable plasmon resonance spanning 600–1200 nm.
Due to their strong shape anisotropy, bipyramids generate a
strong local field near their sharp tips when excited at their plas-
mon resonance wavelength. Such localization has important
implications for potential biomedical applications. First, Raman
reporter molecules located near these local-field hot spots emit a
stronger SERS signal than conventional nanorods under the
same conditions. Second, bipyramids exhibit greater analytical
sensitivity to global or local dielectric environmental changes,
leading to a larger plasmon resonance shift. Third, it can be ex-
pected that bipyramids will be promising nanoparticles as a
plasmonic platform for bioimaging. Finally, thanks to their high
absorption per unit mass of metal, bipyramids show promise as
photothermal sensitizers that efficiently generate heat upon laser
irradiation.

Supporting Information
Section S1. Additional TEM images and particle statistics;
Section S2. Comparison of extinction spectra calculated by
COMSOL and the T-matrix method; Section S3.
Calculations of the average near field parameters.

Supporting Information File 1
Additional experimental and calculation data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-17-80-S1.pdf]
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