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In this study, S-CQDs were fabricated through a green and secure hydrothermal process, the carbon source
was derived from the traditional Chinese medicinal herb Solanum nigrum and thiourea served as the sulfur
precursor. The characterization results indicated that the S-CQDs presented a spherical shape, featuring
a mean particle diameter of 3.96 nm and a lattice spacing measuring 0.19 nm. Surface functional groups
such as amides, and carboxyl identified,
physicochemical properties. The S-CQDs demonstrated high selectivity and sensitivity toward CIP,

amino groups, groups were contributing to their
spanning a linear detection range covering 0-0.4 pmol L™1. Additionally, these materials displayed
substantial antibacterial efficacy against both S. aureus and E. coli, with MIC values of 1.6 mg mL™! and
0.8 mg mL™! for each bacterium, respectively. Mechanistic investigations indicated that the positively
charged S-CQDs electrostatically interacted with negatively charged bacterial membranes, disrupting
membrane integrity and ultimately leading to bacterial cell death. This work establishes a novel approach

for developing multifunctional S-CQDs, highlighting their promising applications in clinical diagnostics,

rsc.li/rsc-advances

Introduction

Carbon quantum dots (CQDs), which belong to a group of
carbon nanomaterials with dimensions smaller than 10 nm,
were first identified in 2004 during the preparation of electro-
phoretically purified single-walled carbon nanotubes.* With the
deepening of research in recent years, it has been revealed that
CQDs not only allow for straightforward synthesis from organic
materials but also boast exceptional water solubility,>* anti-
bacterial activity,*” selectivity®® and sensitivity'®"* that render
them highly versatile across a spectrum of applications, span-
ning from bioimaging and biosensing to cancer therapy,"°
drug delivery,"” metal ion detection,"**® and water treat-
ment.>**> Moreover, such is the robustness and tunability of
CQDs' fluorescence properties that they are well-suited for
fabricating optoelectronic devices, sensors, photocatalytic solar
cells, and even smart packaging films.>¢

Recent studies have reported a substantial number of CQDs
exhibiting antibacterial activity. Research has demonstrated
that modified CQDs not only partially inhibit Porphyromonas
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environmental monitoring and antimicrobial therapies.

gingivalis® but also enable the preparation of doped CQDs that
exhibit excellent inhibitory effects against Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus).” Remarkably, even
bacterially derived CQDs show outstanding antibacterial
activity against Salmonella typhi, Pseudomonas aeruginosa, and
Bacillus subtilis under neutral pH conditions.*® Collectively,
these findings highlight that targeted doping modifications of
CQDs may effectively inhibit and inactivate diverse bacterial
species.

Central to the antimicrobial mechanisms of antibacterial
CQDs is the generation of reactive oxygen species (ROS).*®
Generated through either photoexcitation or inherent redox
properties of CQDs, ROS including superoxide, hydrogen
peroxide, hydroxyl radicals, and singlet oxygen-exert photody-
namic inactivation effects on biomolecules such as lipids,
proteins, and DNA. Excessive ROS accumulation not only
induces intracellular lipid peroxidation and DNA damage but
also disrupts membrane integrity through lipid peroxidation,
ultimately triggering cytoplasmic leakage that inhibits bacterial
growth and causes cell death;* this cascade thereby reduces the
development of bacterial resistance. Fundamental to our
subsequent antibacterial experiments with S-CQDs lies this
pivotal mechanism, which provides critical theoretical support
for their design.**

Currently, researchers have extensively explored the modifi-
cation effects of different dopants such as nitrogen, phos-
phorus, sulfur, and metal elements on CQDs. Among them,
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nitrogen doping is one of the most in-depth modification
methods studied, exhibiting high selectivity in the field of metal
ion detection.”** Phosphorus doping optimizes the electro-
chemical activity of CQDs by regulating their surface charge
distribution and electron conduction efficiency, and has
become a potential antimicrobial therapy tool due to its pho-
tocatalytic function comparable to that of traditional nanoscale
semiconductors.*® Metal element doping is more widely applied
in environmental governance, playing a role in antibacterial
and pollutant degradation processes; for example, copper-
doped carbon quantum dots (Cu-CQDs) can effectively alle-
viate microbiologically influenced corrosion.*® In contrast,
sulfur-doped CQDs exhibit particularly prominent unique
advantages, such as -SH and -C-S-C- can be formed on their
surface, which can enhance hydrogen bonding or chelation
with target substances, enabling the formation of cross-linked
structures with ciprofloxacin, thereby significantly improving
the specific fluorescence detection capability for ciprofloxacin.*
Meanwhile, sulfur-doped CQDs also possess excellent stability
and show outstanding detection sensitivity and selectivity
towards certain specific compounds.®**”

In this study, S-CQDs were fabricated through a green and
secure hydrothermal process, the carbon source was derived
from the traditional Chinese medicinal herb Solanum nigrum,
and thiourea served as the sulfur precursor. The S-CQDs
demonstrated high selectivity and sensitivity toward CIP.
Additionally, these materials displayed substantial antibacterial
efficacy against both S. aureus and E. coli, respectively. This
work establishes a novel approach for developing multifunc-
tional S-CQDs, highlighting their promising applications in
clinical diagnostics, environmental monitoring and antimicro-
bial therapies.

Experimental
Materials

Solanum nigrum was purchased from a local supermarket in
Chongqing, China. Horseradish peroxidase (HRP) originated
from Sinopharm Chemical Reagent Co., Ltd. Phosphate-
buffered saline (PBS), hydroxypropyl acrylate (HPA), and 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) were all sourced from Merck KGaA. The bacterial strains
E. coli JM109 and S. aureus ATCC6538 were procured from our
laboratory collection. BV2 microglioma cells was purchased
from Qingqi (Shanghai) Biotechnology Development Co., Ltd.
Deionized water was used for preparing all solutions, and all
employed chemicals were analytical-grade, conforming to
standard specifications.

Characterization methods

Using a JEOL JEM-2100F microscope (Tokyo, Japan), trans-
mission electron microscopy (TEM) and HRTEM (high-
resolution TEM) analyses were performed to characterize the
samples. XRD. A Nicolet iS5 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to record FT-IR spectra,
whereas the surface makeup of S-CQDs was characterized by X-
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ray photoelectron spectroscopy (XPS; ESCALAB Xi+). A Shi-
madzu RF-5301 PC spectrofluorometer (Kyoto, Japan) was used
to acquire fluorescence (FL) spectra, and a Shimadzu UV-1800
spectrophotometer (Japan) was employed for measuring UV-
Vis absorption spectra. A microplate reader (Awareness Tech-
nology, Florida, USA) was used to conduct MIC assays at
600 nm, while a NanoBrook 90Plus Zeta analyzer (Brookhaven
Instruments, USA) measured the zeta potential.

Synthesis of S-CQDs

S-CQDs were synthesized via a one-step hydrothermal method.
Specifically, 3.0 grams of Solanum nigrum and 2.25 grams of
thiourea were combined and homogenized in 45 mL of deion-
ized water. The prepared mixture was transferred to a 100 mL
Teflon-lined stainless-steel autoclave, sealed, and subjected to
hydrothermal treatment at 180 °C for 12 hours. After filtering
the resultant suspension through a 0.22 pm filter to remove
unreacted solids, the mixture was centrifuged at 8000 rpm for
10 minutes. The obtained supernatant was then dialyzed using
a 500 Da dialysis membrane for 12 hours to exclude low-
molecular-weight contaminants. After dialysis, the purified S-
CQD solution underwent freeze-drying to yield a solid powder,
which was stored in a sealed glass vial at 4 °C for subsequent
characterization and applications.

Sensitivity and selective detection of ciprofloxacin

The selectivity assessment of S-CQDs was performed by mixing
a defined volume of S-CQDs solution with the solutions of
different ions, antibiotics, and amino acids, the mixture was
then incubated at room temperature for 1 hour. Fluorescence
emission spectra were acquired upon excitation at 310 nm.
Furthermore, the fluorescence enhancement behavior of S-
CQDs was investigated in PBS buffer with increasing cipro-
floxacin concentrations. All measurements were conducted in
triplicate to ensure methodological reproducibility.

Quantum yield (QY) calculation

Quinine sulfate in 0.1 M H,S0,4 (QY% = 54, n = 1.33) selected as
a standard to calculate the QY of N-CQDs.*

(@) )G
Psample = ¢ o = | X\
mple st Ay Ky m,

where ¢ is the known quantum yield of quinine sulfate, K, and
K, are the integrated areas of the emission of N-CQDs and
quinine sulfate, A, and A, are the UV-absorbance of the sample
and the reference, and 7 is the refractive index of solvent (water:
1.33). The fluorescence quantum yield was 13.2%.

Antibacterial test

Culture of bacterial. Prior to the experiment, E. coli and S.
aureus were cultured in Luria-Bertani (LB) broth medium at 37 °
C with shaking at 180 rpm until their ODg(, at 0.6-0.8, corre-
sponding to the mid-exponential growth phase. The cell density
was standardized to 1.5 x 10’ CFU mL™ " by ODgg, calibration.
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The activated cultures were subsequently stored at 4 °C until for
later use.

Assay of antibacterial activity. To evaluate the MIC of S-
CQDs, 100 pL of E. coli and S. aureus bacterial suspensions
were individually combined with 100 pL of serially diluted S-
CQDs in 96-well plates. Following 12 hours incubation at 37 °
C, bacterial growth was assessed by measuring ODggo. Following
this, 10 pL of MTT solution was introduced into each well, and
the plates were further incubated for 20 minutes to assess
metabolic activity.

For growth inhibition studies, Bacterial suspensions of E.
coli and S. aureus (1.5 x 10’ CFU mL ") were mixed with serial
dilutions of S-CQDs in 10 mL centrifuge tubes, then incubated
at 37 °C with continuous shaking at 180 rpm. Growth kinetics
were monitored over 24 hours by periodically transferring 200
uL aliquots to 96-well plates at 2 hours intervals, followed by
ODg(o measurement using a microplate reader.

Antibacterial mechanism of S-CQDs. The surface charge
characteristics of S-CQDs were analyzed using zeta potential
measurements. Both diluted S-CQDs solutions and activated
bacterial suspensions were examined to assess their electro-
static properties. Furthermore, the capacity of S-CQDs to
produce hydrogen peroxide was quantitatively evaluated
through fluorescence spectrophotometric analysis.

In vitro cytotoxicity test. The cytotoxicity of S-CQDs was
evaluated using the standard methyl thiazolyl tetrazolium
(MTT) assay. First, BV2 microglioma cells were cultured in
Dulbecco’'s Modified Eagle's Medium (DMEM) containing 10%
fetal bovine serum. Subsequently, 100 pL of BV2 microglioma
cells were taken and seeded into a 96-well plate at a density of 1
x 104 cells per well, followed by incubation in a constant-
temperature incubator at 37 °C for 24 hours. Afterwards, S-
CQDs with concentrations ranging from 0 to 500 pg mL™*
were added to each well, and incubation was continued for
another 24 hours. Finally, the cell culture medium was
removed, 20 uL of MTT solution (5 mg mL ") was added to each
well, and after 4 hours of incubation, 150 uL of dimethyl sulf-
oxide (DMSO) was added to dissolve the MTT. The absorbance
of the samples was measured using a microplate reader.

Results and discussion
Characterization

The morphology and composition of S-CQDs were characterized
using TEM, XRD, FT-IR, and XPS. As depicted in Fig. 1a-d, The
S-CQDs display well-dispersed spherical nanostructures with
a narrow size distribution (1.51-5.47 nm) and an average
diameter of 3.96 nm. HR-TEM analysis clearly demonstrates the
presence of well-defined graphitic crystallinity, exhibiting
characteristic lattice fringes with a measured d-spacing of
0.19 nm. The XRD pattern of S-CQDs shows a broad peak
centered at 26 = 25°, which can be attributed to the (002) plane
of graphene. The obtained results are consistent with the cor-
responding TEM results mentioned above.

FT-IR was utilized to characterize the surface functional
moieties present on the S-CQDs. In Fig. 2a, originating from the

0-C-O stretching vibration is the absorption peak at 604 cm ™",
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Fig.1 (a) TEM image of S-CQDs; (b) HRTEM image of S-CQDs; (c) the

diameter distribution of S-CQDs; (d) XRD image of S-CQDs.

whereas the peak at 1043 cm™ ' is due to superimposed contri-
butions from C-O-C, C-O and -SO;™ groups. Corresponding to
C-N bonds, the absorption band at 1080 cm ' provides
evidence for the presence of nitrogen-containing functional
groups on the CQD surface. Attributed to the symmetric
stretching vibration of COO~ groups, the 1402 cm ' peak
contrasts with the 1635 cm ™" absorption, which probably stems
from C-H stretching or bending motions. Additionally, the
broad peak centred at 3375 cm ™ is ascribed to N-H stretching
or bending modes, further corroborating the nitrogen-rich
surface chemistry of the S-CQDs.

XPS was conducted to quantitatively determine the
elemental constituents and their relative atomic distribution in
the S-CQDs. As depicted in Fig. 2b, XPS wide-scan analysis of S-
CQDs reveals four characteristic peaks at binding energies
corresponding to S (4.11 at%), C (58.47 at%), N (7.03 at%), and

E
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Fig. 2 (a) FTIR spectrum of S-CQDs revealing surface functional
groups; (b) XPS survey spectrum of S-CQDs; (c) high-resolution XPS
spectra of Cls core level in S-CQDs; (d) high-resolution XPS spectra of
N1s core level in S-CQDs; (e) high-resolution XPS spectra of Ols core
level in S-CQDs; (f) high-resolution XPS spectra of S2p core level in S-
CQDs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Excitation, emission, and UV-Vis absorption characteristics
of S-CQDs (b) emission spectra of S-CQDs under different excitation
wavelengths. (c) FL response of S-CQDs to NaCl solution with different
concentrations. (d) FL response of S-CQDs to varying concentrations
of H,0O,. (e) FL response of S-CQDs to different pH and (f) FL response
of S-CQDs to continuous illumination. (g) FL response of S-CQDs to
different temperature.

O (30.39 at%), confirming the successful incorporation of
heteroatoms. High-resolution C1s XPS analysis reveals three
deconvoluted peaks at binding energies of 284.2 eV (C=C/C-C),
286.4 eV (C-O/C-N), and 288.4 eV (C=0), as shown in Fig. 2c.
The high-resolution N1s spectrum in Fig. 2d resolves into two
distinct components at 399.3 eV (C-N) and 401.1 eV (N-H),
unambiguously demonstrating the coexistence of amine and
amide functional groups. The O1s spectrum, illustrated in
Fig. 2e, comprises three contributions: 530.9 eV (C=O0),
532.2 eV (C-O-C/C-OH), and 534.8 eV (C-O). The high-
resolution S2p spectrum (Fig. 2f) resolves into three character-
istic doublets: the primary component at 162.9 eV (S2ps/)
represents reduced sulfur species, while the peaks at 168.1 eV
(C-S0O;7) and 169.5 eV (C-SO,) confirm the presence of oxidized
sulfur moieties. These analytical results collectively demon-
strate the co-existence of both nitrogenous (amine/amide) and
oxygenated (hydroxyl/carbonyl/sulfonic) functional groups on S-
CQD surfaces, which fundamentally govern their unique phys-
icochemical properties and biological activities.

The optical stability of S-CQDs

The optical characteristics of S-CQDs were systematically
examined through photoluminescence spectroscopy and UV-Vis
absorption measurements. As exhibited in Fig. 3a, the optimum
excitation and emission wavelengths for S-CQDs are 335 and
425 nm, respectively. The intensity of the emission peaks varies
depending on the relevant excitation wavelength, which in
Fig. 3b can be in the range of 270-390 nm. In Fig. 3c-f, the
fluorescence intensity was almost unchanged under different
concentrations of NaCl and H,0, aqueous solutions, different
pH, stable light (330 nm) and temperature. These results
quantitatively confirm the excellent stability of the S-CQDs.

Detection effect of S-CQDs on ciprofloxacin

The photostability of S-CQDs was rigorously examined under
different chemical conditions, encompassing metal ions, as
well as various antibiotics and amino acids. As depicted in
Fig. 4a and b, The S-CQDs demonstrated remarkable selectivity,
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Fig.4 The FLintensity of S-CQDs with different interfering substance:
(a) ions; (b) amino acids and antibiotics; (c) the change trend of the FL
intensity at different CIP concentrations; (d) blank control experiments
for S-CQDs; (e) the FL intensity of S-CQDs at different CIP concen-
trations (0.01-0.1 pmol L), the inset illustrated the linear relationship
between (Fg — F)/Fg and the concentration of CIP.

exhibiting substantial fluorescence enhancement exclusively
upon ciprofloxacin (CIP) addition, while remaining unaffected
by other tested ions and biochemical species. To quantify the
fluorescence intensity changes induced by CIP, the interaction
kinetics were investigated by monitoring fluorescence changes
after sequential addition of CIP (0-1000 puM final concentration)
to S-CQDs solutions, with spectra acquired after 5 min equili-
bration at each concentration. As illustrated in Fig. 4c, the
fluorescence intensity of S-CQDs progressively increased with
higher CIP concentrations. To further validate the detection
stability, a blank control (without CIP) was measured, revealing
a substantial reduction in fluorescence intensity (Fig. 4d). In
Fig. 4e, the standard curve for S-CQDs response to CIP
demonstrates a good linear relationship between the fluores-
cence intensity ratio (F — F,)/F, and CIP concentration in the
range of 0.01-0.1 pmol L', The linear regression equation was
determined to be: (F — F)/Fy = 2.3131x + 0.67209, R* = 0.9995 (F
and F, denote the presence and absence of CIP, respectively).

Detection in real samples

For real-sample applications, we spiked yogurt samples with
different concentrations of CIP standard solutions for detection in
Table 1. The S-CQDs sensor demonstrated excellent recovery rates
ranging from 98.00% to 100.63% in these analyses. This shows
that S-CQDs serve as an economical and environmentally friendly
carbon nanosensor for reliable quantitative detection of CIP.

Table 1 Recovery rate of CIP in yogurt

Sample  Added (uM)  Test (uM)  Recovery rate (%)  RSD (%)

Yogurt 0.1 0.098 98.00 0.016
0.2 0.196 98.00 0.008
0.4 0.395 98.75 0.023
0.6 0.603 100.50 0.026
0.8 0.805 100.63 0.030

RSC Adv, 2025, 15, 27294-27299 | 27297
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Fig. 5 The antibacterial ability of S-CQDs on (a) E. coli and (b) S.
aureus.
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Fig. 6 (a) The inhibition curve against E. coli; (b) the inhibition curve

against S. aureus; (c) the drug resistance of S-CQDs; (d) the generated
ROS of S-CQDs hydrogen peroxide; (e) zeta potential distribution of S-
CQDs.

The antibacterial efficacy of S-CQDs

The antimicrobial efficacy of S-CQDs toward Gram-negative (E.
coli) and Gram-positive (S. aureus) bacteria was evaluated via the
microdilution method. The MTT assay was employed to assess
the MIC, in which bacterial suspensions of both strains were
exposed to various S-CQDs concentrations, subjected to a 12
hours incubation, and then stained with MTT. The MIC values
of S-CQDs against E. coli and S. aureus, as presented in Fig. 5a
and b, were 0.8 mg mL™" and 1.6 mg mL"', respectively,
demonstrating a concentration-dependent antibacterial effect.

For time-dependent antibacterial analysis, both bacterial
strains' suspensions were exposed to S-CQDs at 0.5x the MIC,
1x the MIC, and 2x the MIC, with ODgq, values tracked to
evaluate bactericidal kinetics. As shown in Fig. 6a-c, treatment
with 0.5x MIC S-CQDs induced partial inhibition of growth in
both E. coli and S. aureus. At 1x MIC, a pronounced suppression
of bacterial growth was observed for both species. Notably, even
at 2x MIC, neither E. coli nor S. aureus developed drug resis-
tance to S-CQDs, underscoring the potent and sustained anti-
bacterial efficacy of the material across escalating
concentrations.

Antibacterial mechanism of S-CQDs

To further explore the antibacterial mechanism of S-CQDs, we
assessed their potential to produce ROS. In the presence of
horseradish peroxidase (HRP), S-CQDs catalyzed the oxidation
of 4-hydroxyphenylacetic acid (HPA), forming a ROS-sensitive
fluorescent product (Aem, = 450 nm), by which H,0,

27298 | RSC Adv, 2025, 15, 27294-27299
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Fig. 7 Cell viability under different concentrations of S-CQDs.

production could be quantitatively monitored. As shown in
Fig. 6d, under light irradiation, the fluorescence intensity
initially decreased but gradually increased after 20 minutes,
confirming the light-triggered generation of H,O, by S-CQDs.
Zeta potential measurements (Fig. 6e) revealed that Staphylo-
coccus aureus and Escherichia coli exhibited surface charges of
—28.19 mV and —17.83 mV, respectively, while S-CQDs carried
a positive charge. After treatment with S-CQDs, the surface
charges of both bacterial strains shifted toward less negative
values, suggesting that the positively charged S-CQDs disrupted
bacterial membrane permeability and integrity, thereby facili-
tating intracellular ROS accumulation. These results collectively
demonstrate that S-CQDs penetrate bacterial membranes and
induce oxidative stress through ROS generation, leading to
structural damage and eventual cell death.

In vitro cytotoxicity test

To simulate and predict the biological responses of S-CQDs, we
evaluated their cytotoxicity using the MTT assay. As shown in
Fig. 7, within the tested concentration range of 50-500 pg mL ™,
S-CQDs had no or negligible effect on the growth of BV2
microglioma cells. The results obtained indicate that S-CQDs
are biocompatible, with the survival rate of treated cells
exceeding 80%.

Conclusions

In this study, S-CQDs were fabricated through a green and
secure hydrothermal process, the carbon source was derived
from the traditional Chinese medicinal herb Solanum nigrum,
and thiourea served as the sulfur precursor. Morphological
analysis showed that the S-CQDs possessed a spherical shape,
featuring an average particle diameter of 3.96 nm and a lattice
spacing of 0.19 nm. Surface functional groups such as amides,
amino groups, and carboxyl groups were identified, contrib-
uting to their physicochemical properties. The S-CQDs
demonstrated high selectivity and sensitivity toward CIP, with
their linear detection range covering 0-0.4 umol L. Significant
antibacterial activity of the S-CQDs toward E. coli and S. aureus
was evidenced by MIC determinations, with the minimum
inhibitory concentration for E. coli recorded as 0.8 mg mL™" and
that for S. aureus as 1.6 mg mL ™. Mechanistic investigations
indicated that the positively charged S-CQDs electrostatically
interacted with negatively charged bacterial membranes, dis-
rupting membrane integrity and ultimately leading to bacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cell death. This work establishes a novel approach for devel-
oping multifunctional S-CQDs, highlighting their promising
applications in clinical diagnostics, environmental monitoring
and antimicrobial therapies.
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