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ARTICLE INFO ABSTRACT

Keywords: In this study, nitrogen-sulfur codoped carbon quantum dots (N-S/CQDs) with various functions
Antibacterial activity and properties were synthesized through a one-step method utilizing citric acid and cysteine as
Biocompatibility

reaction substrates. The fluorescence of N-S/CQDs can be specifically quenched by permanganate
ion (MnOg), and the quenched fluorescence can be recovered by the presence of reduced
glutathione (GSH). A fluorescence sensing system based on N-S/CQDs@MnOz was developed and
successfully applied for the determination of GSH in pharmaceutical preparations. Additionally,
N-S/CQDs demonstrated broad-spectrum antibacterial activity, with minimum inhibitory con-
centrations of 32 pg/ml against Staphylococcus aureus (gram-positive bacterium) and 64 pg/ml
against Escherichia coli (gram-negative bacterium). N-S/CQDs also proved effective for cell im-
aging, exhibiting excellent biocompatibility. These findings underscore the multifunctional
characteristics and promising application potential of N-S/CQDs. Furthermore, this study pro-
vides a solid foundation for the development of multifunctional carbon quantum dots and the
expansion of their applications in various fields.

Carbon quantum dots
Cell imaging
Fluorescence sensing
Reduced glutathione

1. Introduction

The unique properties of carbon nanomaterials including carbon nanotubes, graphene sheets and carbon quantum dots, have
received more and more attention for their potential applications in biology and medicine [1]. As a kind of new member of carbon
nanomaterials, carbon quantum dots (CQDs) with photoluminescent property greatly arouse extensive research for its potential
application. Because of unique and superior performance of CQDs, such as low toxicity, biocompatibility, low cost, easy functional-
ization and chemical inertness, CQDs become the benign substitutes of semiconductor quantum dots containing heavy metals and the
star material in research field of life sciences [2,3]. Inspired by the superior advantages of CQDs, extensive research has concentrated
on refining simple synthetic methods, enhancing photoluminescence properties, exploring antibacterial activity, and conducting
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comprehensive studies of cell imaging.

Several synthetic strategies including acidic oxidation [4], electrochemical carbonization [5,6], laser ablation [7,8], micro-
wave/ultrasonic irradiation [9,10], hydrothermal treatment [11,12], and pyrolysis carbonization [13,14], have been proposed to
prepare CQDs in recent years. And many inexpensive and biocompatible starting materials such as sodium citrate [15], glucosamine
[16], gelatin [17] ascorbic acid [18], watermelon peels [19], sugar cane juice [20], chitosan [12], and chicken eggs [21], were used as
the precursors. And with the rapid development of the CQDs research, a variety of elements doping in CQDs have become a dramatic
research interests in application, especially bio-medical field. At present, many nitrogen-doped CQDs were developed and used for the
detection of numerous compounds and metal ions, such as glutathione [22], Hg2+ [23], Fe3t [24], cut [25], glucose [26], 2,4,6-tri-
nitrophenol [27], and so on.

CQDs have emerged as promising antibacterial agents, demonstrating a range of activities that can be tailored through the choice of
precursor materials and synthetic approaches [28]. The exploration of specific bacterial interactions has led to the synthesis of CQDs
that exhibit selective antibacterial activity, further enhancing their applicability in biomedical fields [29,30]. Studies have shown that
CQDs could effectively inhibit the growth of various bacterial strains, making them useful in antibacterial coatings and wound healing
applications [31]. Doping CQDs with heteroatoms like nitrogen, phosphorus, sulfur, or metals significantly enhances their electronic
properties and biological activity, notably improving interactions with bacterial cells through mechanisms such as increased photo-
luminescence and reactive oxygen species generation [32-34].

CQDs are an exciting area of research in the field of cell imaging due to their unique optical properties [35-37]. These nano-
particles, typically less than 10 nm in size, are known for their excellent photostability, biocompatibility, and low toxicity, making
them ideal for biological applications [38]. CQDs are characterized by bright luminescence and easily tunable emission wavelengths,
making them highly effective for cellular and tissue imaging in various experimental settings [39,40]. These properties stem from their
unique surface states and fluorescence capabilities, which allow for vivid imaging across different biological contexts [41]. The ability
of CQDs to be doped with various elements also allows for the enhancement of their optical and electronic properties, thereby
improving their imaging capabilities in biological tissues [42,43].

In despite of many impressive advances in the synthesis of CQDs, it is still desirous and necessary to rapidly synthesize high-quality
CQDs via an easy and environmental method with low-cost raw materials. As we all know, one-step method is considered to be one of
the simplest and most cost-effective methods, due to its cheap apparatus, simple manipulation, low energy consumption and good
selectivity. Therefore, according to the experience of the previous studies about CQDs, we successfully synthesized nitrogen-sulfur
codoped CQDs (N-S/CQDs) with citric acid and cysteine as raw materials.

In this study, we extensively investigated the fluorescence quenching properties of N-S/CQDs in the presence of various ions, as
well as the remarkable fluorescence recovery observed after quenching. Additionally, we explored the unique antibacterial activity of
N-S/CQDs, highlighting their potential as antimicrobial agents. The study also delved into the cell imaging capabilities of N-S/CQDs,
demonstrating their suitability for biological imaging applications. Our findings contribute significantly to the understanding of the
optical properties of N-S/CQDs and underscore their multifunctionality, particularly in the fields of biosensing, bioimaging, and
antibacterial therapy.

2. Materials and methods
2.1. Chemical reagent

Barium chloride (BaCly), cupric sulfate (CuSO4), lead acetate (Pb(CH3COO),), aluminum chloride (AlCl3), calcium chloride
(CaCly), strontium nitrate (Sr(NOs)s), zinc sulfate (ZnSO4), magnesium sulfate (MgSO,), ferric chloride (FeCls), disodium hydrogen
phosphate dodecahydrate (NapHPO4012H50), sodium dihydrogen phosphate dihydrate (NaH;PO402H>0), phosphoric acid (H3PO4),
sodium hydroxide (NaOH), citric acid and ethylenediamine were purchased from Sinopharm Chemical Reagent Co. Ltd (China).
Glutathione (GSH), ascorbic acid, dopamine, glucose, oxidized glutathione, histidine, proline, cysteine, valine, glutamine, phenylal-
anine, glycine, serine, lysine, aspartic acid, isoleucine, methionine, tyrosine, glutamic acid and cadmium acetate (Cd(CH3COO),) were
purchased from Sigma-Aldrich Chemical Co. (USA). All other reagents were analytical reagent without further purification. Reduced
glutathione tablets (Atomolam) and reduced glutathione for injections (Atomolam) were purchased from Yaopharma Co., Ltd (China).
Dialysis membranes (2000) were purchased from Shanghai Yuanye Biological Technology Co., Ltd (China). Ultrapure water obtained
from a Millipore water purification system was used in all experiments. Staphylococcus aureus (S. aureus) (ATCC6538) and Escherichia
coli (E. coli) (ATCC25922) were purchased from Shanghai Luwei Microbial Sci. & Tech. Co. Ltd (Shanghai, China).

Table 1

The results of detecting GSH in pharmaceutic preparations by the proposed fluorescence sensor.
Pharmaceutic preparation GSH content Detected content” Labeled amount (%) Standard deviation
Reduced glutathione tablets 0.1 g/tablet 0.1025 g/tablet 102.5 0.0433
Reduced glutathione for injection 0.6 g/injection 0.6094 g/injection 101.5 0.0514

@ The data represented the average value of three independent results.
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2.2. Synthesis of N-S/CQDs

According to methods previously described, with specific modifications, we prepared the N-S/CQDs [44,45]. The detailed pro-
cedure was as follows: 2.5 g of citric acid was combined with 1.0 g of cysteine in a 5 mL beaker and heated to 180 °C using a heating
mantle. Within 5 min, the mixture of citric acid and cysteine liquefied. Concurrently, the liquid’s color transitioned from colorless to
pale yellow and eventually to brown within 15 min. Subsequently, 100 mL of deionized water was introduced to the mixture while
continuously stirring. The solution’s pH was then adjusted to 5 using 1 mol/L NaOH. This pH-adjusted solution underwent dialysis
with a molecular weight cut-off of 1000 for 48 h. The resulting purified N-S/CQDs stock solution, having a concentration of 25 mg/mL,
was preserved in the dark at 4 °C when not in use.

2.3. Bacterial culture and preparation of bacterial suspension

All bacteria used in the study were initially inoculated on blood agar plates using the streak plate method and cultured in
biochemical incubators at 37 °C to obtain single colonies. A single colony was then selected using an inoculation loop and transferred
into sterile normal saline to prepare the bacterial suspension. The ODggo value was measured and adjusted to 0.1 using a UV-visible
spectrophotometer, yielding a bacterial suspension with a concentration of 1.5 x 108 CFU/mL. This bacterial suspension, with an
ODgo value of 0.1, could be used directly or diluted for subsequent experiments.

2.4. Invitro antibacterial activity study of N-S/CQDs [46]

The disk diffusion test was conducted by evenly spreading a bacterial suspension, with a concentration of 1.5 x 108 CFU/mL, onto
Mueller-Hinton (MH) agar medium using sterile medical swabs. Disks containing the test substances (N-S/CQDs) were then placed on
the medium. The MH agar plates had a diameter of 90 mm, and the center-to-center distance between all disks was maintained at a
minimum of 24 mm to ensure accurate results. The plates were incubated at 37 °C for 18 h. Following the incubation period, the
diameter of the inhibition zone around each disk was measured to determine the antimicrobial activity. Each disk diffusion test was
performed in triplicate to ensure reproducibility and reliability of the results.

The broth dilution test involved preparing thirteen sterile test tubes (12 x 75 mm) arranged in a row and numbered consecutively.
Tube No. 1 was filled with 1.6 mL of MH broth, while 1 mL of MH broth was added to each of the remaining tubes. To Tube No. 1, 0.4
mL of N-S/CQDs solution at a concentration of 8 mg/mL was added and mixed thoroughly. Subsequently, 1 mL of the mixture from
Tube No. 1 was transferred to Tube No. 2 and mixed well. This serial dilution process continued from Tube No. 2 to Tube No. 9. The
final 1 mL from Tube No. 9 was discarded. Tube No. 10, which contained no N-S/CQDs, served as the blank growth control. The
concentrations of N-S/CQDs in Tubes No. 1 through No. 9 were 2048, 1024, 512, 256, 128, 64, 32, and 16 pg/mL, respectively.
Following this, 1 mL of bacterial suspension (1.5 x 10° CFU/mL) was added to each tube, including the control, resulting in a bacterial
concentration of 7.5 x 10° CFU/mL in each tube. Consequently, the final concentrations of N-S/CQDs in Tubes No. 1 through No. 10
were 1024, 512, 256, 128, 64, 32, 16, 8, and 0 pg/mL, respectively. These tubes were then incubated at 37 °C for 20 h. The minimum
inhibitory concentration (MIC) of N-S/CQDs for the tested bacteria was determined as the lowest concentration in the tubes that
remained clear, indicating no bacterial growth.

2.5. TEM characterization of N-S/CQDs antibacterial activity

To evaluate the antibacterial activity of N-S/CQDs using transmission electron microscopy (TEM), a series of meticulous steps were
performed. Initially, a 20 pL bacterial suspension with a concentration of 1.5 x 108 CFU/mL was added to 2480 pL of MH broth. After
incubating at 35 °C for 6 h, 500 pL of N-S/CQDs solution at a concentration of 5.12 mg/mL was introduced and the mixture was
incubated at 35 °C for an additional 12 h. Following incubation, the broth was centrifuged at 3000 rpm for 30 min. The supernatant
was discarded to isolate the bacterial sediment, which was then dispersed in 2 mL of 2.5 % glutaraldehyde solution for fixation. The
fixation process involved maintaining the sample at 4 °C for 4 h. Subsequently, the sample was centrifuged again at 3000 rpm for 15
min, and the supernatant was removed. To further fix the sample, 1 mL of 1 % osmium acid solution, dissolved in 0.1 mol/L phosphate-
buffered saline (PBS), was added and kept at room temperature for 2 h. The sample was then centrifuged at 3000 rpm for 15 min, and
the supernatant was discarded. Dehydration was carried out sequentially with ethanol concentrations of 50 %, 70 %, 80 %, 90 %, 95 %,
and 100 %, followed by 100 % acetone, each for 15 min. For embedding, the sample was first permeated with a mixture of acetone and
812 embedding agent at ratios of 1:1 for 4 h and 1:2 for 12 h. This was followed by pure 812 embedding agent for 6 h. The sample was
then transferred to an embedding plate, dried in a drying oven at 38 °C for 12 h, and polymerized at 60 °C for 48 h. Ultra-thin sections
of 60-80 nm thickness were prepared using an ultra-thin microtome. The sections were subsequently stained with a 2 % uranyl acetate
saturated alcohol solution and lead citrate for 15 min each. After drying at room temperature for 12 h, the samples were ready for TEM
observation. The resulting images were captured and analyzed to assess the antibacterial activity of the N-S/CQDs.

2.6. Invitro cytotoxicity test of N-S/CQDs
Mouse mononuclear macrophages (RAW264.7) were selected to evaluate the in vitro toxicity of N-S/CQDs using the MTT assay. A

300 pL cell suspension (2 x 10* cells/mL) was added into 96-well plates to achieve approximately 6000 cells per well. After incubation
at 37 °C for 24 h, the cells adhered to the well walls, and the culture medium was discarded. Subsequently, 300 pL of culture medium
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containing varying concentrations of N-S/CQDs (32, 64, 128, 256, 512, and 1024 pg/mL) were added to the designated wells. After
further incubation at 37 °C for 6, 12, 24, and 48 h, the culture medium was again discarded. Then, 30 pL of 0.5 % MTT solution and 70
pL of serum-free culture medium were added to each well, followed by incubation at 37 °C for 4 h. After incubation, the MTT solution
was discarded, and 300 pL of DMSO was added to each well. The plates were then shaken at a low speed for 15 min using an oscillator.
The absorbance of each well was measured at a wavelength of 490 nm using a microplate reader. The cell survival rate was calculated
based on the measured absorbance values.

3. Results and discussions
3.1. Optical properties of N-S/CQDs

CQDs have emerged as prominent carbon nanomaterials in recent years, with a range of potential applications across different
scientific domains. Their unique optical properties, primarily stemming from their quantum confinement effects and edge effects,
make them particularly suitable for fluorescence sensing applications [47]. This capability is primarily due to the fact that CQDs can
exhibit strong photoluminescence, the intensity and wavelength of which can be tuned based on their size, shape, and surface
functionalities [1]. When interacting with various analytes, the fluorescence properties of these CQDs can change, thereby offering a
means to detect and quantify the presence of those analytes. Therefore, it is very important to study the optical properties of N-S/CQDs.

The fluorescence spectrums of N-S/CQDs were investigated under varying excitation wavelength from 330 to 370 nm. Fig. 1A
showed that the fluorescence intensity of N-S/CQDs reached a peak in the emission spectrum at the excitation wavelength of 345 nm.
To meticulously investigate the optical properties of N-S/CQDs, both the UV-Vis absorption spectrum and fluorescence spectrum were
comprehensively surveyed. Fig. 1B displayed a characteristic absorption peak at 332 nm in the UV-Vis absorption spectrum (curve a),
attributable to the typical n-t* transition of the carbonyl group (C=0) [45]. The absorption peak observed at 332 nm corresponded to
the fluorescence excitation spectra recorded at 345 nm (Fig. 1B, curve b). Upon excitation at 345 nm, the N-S/CQDs exhibited robust
fluorescence emission, peaking at a maximum fluorescence intensity at 418 nm (Fig. 1B, curve c). Moreover, the fluorescence quantum
yield of the prepared N-S/CQDs, with an excitation wavelength (Aex) of 345 nm, was approximately 25.6 %, determined using quinine
sulfate as the reference standard.

3.2. Quenching specificity of N-S/CQDs fluorescence by different ions and recovery of fluorescence after quenching

The intriguing phenomenon of fluorescence quenching and subsequent recovery in CQDs provides a potential application
framework for the establishment of fluorescence-based sensing systems [48]. Upon the introduction of a specific quenching compound,
the innate fluorescence of CQDs is noticeably quenched, marking a preliminary yet crucial step in the analytical process [49]. This
quenching effect can be attributed to the interactions between the quenching compound and the CQDs, resulting in a significant
reduction in the fluorescence emission [49]. However, this quenching is not a terminal state, and the quenched fluorescence can be
notably restored by the addition of a particular restorative compound [50]. This recovery process emphasizes the reversibility of
fluorescence quenching, a crucial feature essential for real-time monitoring and detection in analytical applications [50]. The recovery
of quenched fluorescence is not only a reversal, but also a vital characteristic that amplifies the versatility and effectiveness of
CQDs-based fluorescence sensing systems. This unique characteristic enables a dynamic, responsive, and robust fluorescence sensing
paradigm, thereby broadening the horizons for real-time, accurate sensing and detection of various analytes in diverse settings [49].
Furthermore, the interaction between the specific compounds and CQDs, which governs the quenching and recovery of fluorescence,
opens up a realm of possibilities in designing tailored sensing systems with enhanced selectivity and sensitivity [51].

The effect of various metal ions on the fluorescence of N-S/CQDs is vividly experimented, including Zn", Mg2+, Fe*, cu®", Mn?",
Ca2t, cd?*, Ag?, Ni2T, Co?*, Fe®*, and MnOj3. As shown in Fig. 2A, none of these common metal ions significantly affect the fluo-
rescence intensity of N-S/CQDs. However, MnOj could stand out for its significant quenching effect on the fluorescence of N-S/CQDs
by more than 90 % in Fig. 2A, underlining a distinct quenching effect which is a critical aspect in fluorescence studies, often related to
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Fig. 2. (A) Quenching effect of different metal ions and MnOy4 for N-S/CQDs fluorescence. (B) Recovery effect of different compounds for N-S/CQDs
fluorescence quenched by MnOy.

the electronic interactions between the fluorophore and quencher. This quenching phenomenon suggests potential pathways for
modulating the fluorescence characteristics of the N-S/CQDs, which could be instrumental in developing sensitive detection methods
based on MnOy.

When the fluorescence of N-S/CQDs was significantly quenched by MnQOy, several compounds were reintroduced, including lysine,
tyrosine, glycine, histidine, glucose, ascorbic acid, dopamine, cysteine, and GSH. Notably, among these, GSH was particularly effective
in restoring the quenched fluorescence, as depicted in Fig. 2B. This restoration suggests a potential protective mechanism of GSH
against the fluorescence quenching of N-S/CQDs, which could be critical for biomedical applications where fluorescence recovery is
required. The fluorescence of N-S/CQDs is effectively quenched by MnOy, subsequently restored by the addition of GSH. This phe-
nomenon heralds a significant advancement in the study of fluorescence modulation mechanisms in CQDs, setting a robust foundation
for the innovation of novel methodologies for assaying GSH. Furthermore, the exploration of interactions between fluorescence
quenchers and restorers not only enriches our understanding of the optical properties of doped CQDs but also unveils potential ap-
plications in diverse analytical fields. This research area promises to enhance our ability to control and exploit the fluorescence
characteristics of CQDs for various scientific and industrial applications, thereby broadening the scope of their utility.

3.3. Quenching effect of MnO4 with different concentration on N-S/CQDs fluorescence

The investigation into the interplay among diverse ions and CQDs has emerged as a subject of intense fascination within the do-
mains of nanotechnology and materials science. This interest largely stems from observations of the quenching effect that occurs when
different ions are introduced into the fluorescent milieu of CQDs, highlighting their potential applications in sensing technologies.
Extending this research, the study explored the quenching impacts of permanganate ions at varying concentrations on the fluorescence
of N-S/CQDs, thereby revealing nuanced insights into their quenching mechanisms and enhancing the prospects for developing
advanced sensors.

Shi et al. reported the quenching effects of lead ion (Pb2") on N-S CQDs fluorescence, where the fluorescence was quenched due to a
specific interaction between Pb>" and the carboxyl and sulfhydryl on the surface of the CQDs [52]. Similarly, Wang et al. reported that
the fluorescence of N-CQDs was quenched quantitatively by hypochlorite ion (C10™) and hexavalent chromium ion (Cr®"), and further
verified that the N-CQDs played an excellent role in detecting the two ions of actual water samples [53]. They further confirmed that
the quenching mechanism of ClO~ was dominated by static quenching, while the quenching mechanism of Cr®* was mainly due to
inner filter effect [53]. Elhaleem et al. reported that the fluorescence of N,S-CQDs was quantitatively quenched upon addition of
imatinib (IMA), and was therefore used for the determination of IMA in pharmaceutical preparations and biological fluids [54]. They
found that the fluorescence quenching of N,S-CQDs by imatinib was mainly attributed to the mechanism of static quenching [54]. Yang
et al. reported that the fluorescence of N,S-GQDs could be quenched by Fe3* and Hg2+, and confirmed that the mechanisms of
fluorescence quenching for detecting Fe3* and Hg?" were mainly attributed to the inner filter effect (IFE) and dynamic quenching
process, respectively [55].

Based on the convergent findings of multiple studies, it is plausible to hypothesize that the quenching effect observed when MnOy
interact with N-S/CQDs is mediated by a consistent underlying mechanism. This hypothesis is supported by the consistent patterns of
fluorescence attenuation observed in these studies when MnOy are introduced to the N-S/CQDs system. This interaction likely involves
the dynamic quenching of fluorescence through a process such as electron transfer or energy transfer between MnOj4 and N-S/CQDs.
Consequently, elucidating this mechanism can significantly broaden the spectrum of potential applications for sensors that are based
on N-S/CQDs and MnOy . Such sensors could be effectively utilized in various detection contexts, including environmental monitoring
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and biomedical diagnostics, where sensitive and specific detection of chemical or biological agents is critical. Further research should
aim to comprehensively characterize the interaction between N-S/CQDs and MnOj to optimize the design and function of these novel
Sensors.

Fig. 3 illustrates the quenching phenomenon exhibited by varying concentrations of MnO4 on the fluorescence of N-S/CQDs. The
graphical representation clearly depicts a trend where the fluorescence intensity of N-S/CQDs diminishes observably as the concen-
tration of MnOj4 increases from a baseline of 0 mol/L to a substantial concentration of 1000 pmol/L. This trend demonstrates a sig-
nificant concentration-dependent quenching effect, consistent with Stern-Volmer quenching theory. The diminishing fluorescence
intensity underlines a plausible interaction between MnO4 and N-S/CQDs, which could be attributed to the electron transfer mech-
anism, a fundamental mechanism frequently explored in studies of fluorescence quenching. Furthermore, the concentration-dependent
relationship between the fluorescence quenching of N-S/CQDs and MnOz demonstrates potential analytical utility, whereby N-S/
CQDs may serve as a sensitive fluorescence probe for the detection of MnOy [56]. This aligns with recent advances in the use of CQDs
as fluorescent probes for ion detection, a field that has attracted significant scholarly interest because of its importance in environ-
mental monitoring and analytical chemistry [57]. The study illustrated in Fig. 3 contributes significantly to the expanding corpus of
knowledge by elucidating the crucial interactions between CQDs and ion concentrations. This enhancement in understanding paves
the way for broader applications of CQDs in fluorescence-based sensing technologies.

3.4. Linear relationship between the concentrations of adding GSH and the intensity of fluorescence recovery

In this study conducted under the optimized experimental conditions, a thorough investigation was carried out to elucidate the
correlation between the intensity of fluorescence recovery and the amount of adding GSH, as illustrated in Fig. 4. In Fig. 4A, a notable
observation was that the fluorescence recovery intensity of N-S/CQDs demonstrated an increasing trend with rising GSH concentra-
tions. This fascinating finding suggests the possibility that GSH, a well-known antioxidant, may interact chemically with MnO4 within
the orchestrated reaction system. This interaction is critical as it provides fundamental insights into the behavior of the system being
investigated. Evidence supporting this phenomenon may be found in various studies validating interactions between reactive sub-
stances within frameworks similar to quantum dot.

Fig. 4B further elucidates the relationship by demonstrating a linear correlation between the intensity of fluorescence recovery
(denoted as F) and the concentration of adding GSH (denoted as Cgsy). The regression equation derived from the linear correlation, F
= 0.4963Cgsp-1.958, with a coefficient of determination (R?) of 0.9937, confirms the strong linear relationship between these vari-
ables. The depicted linear relationship is reminiscent of the principles of Beer-Lambert Law, which posits a linear correlation between
the concentration of an analyte and its absorbance (or in this context, recovered fluorescence). The intrinsic linearity of this rela-
tionship is fundamental as it facilitates the simplification of quantification and analysis within the reaction system—a central theme in
numerous analytical chemistry studies. The high R? value not only reaffirms the linear relationship but also highlights the precision
and reliability of the fluorescence method used to quantify GSH concentrations—a technique frequently praised for its sensitivity and
accuracy in analytical applications. Through a rigorously defined regression model, this study establishes a robust mathematical
framework for the quantitative analysis of the impact of GSH concentration on fluorescence recovery. This is instrumental in advancing
the understanding of the reaction system and may potentially pave the way for further investigations into the reactive dynamics of N-
S/CQDs across various biochemical environments.

3.5. Detection of GSH in pharmaceutical preparations by the fluorescence sensor based on N-S/CQDs and MnOy
The proposed fluorescence sensor operates on the principle that the fluorescence of N-S/CQDs is quenched by MnOj. However,
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when GSH is added again, it may react with MnOy, leading to the recovery of the fluorescence signal. The intensity of fluorescence
recovery is proportional to the concentration of adding GSH, allowing for its accurate quantification.

In this study, the sensor was used to measure the GSH content in reduced glutathione tablets and reduced glutathione for injection,
and the results were shown in Table 1. The results showed that the GSH content per tablet was 0.1025 g in reduced glutathione tablets,
and the GSH content per injection was 0.6094 g in reduced glutathione for injection. These two values correspond to labeled amounts
of 102.5 % for the tablets and 101.5 % for the injections. These two results are in line with the standards set by the Chinese Phar-
macopoeia (2020 Edition), which stipulates that the range of labeled amount for these two pharmaceutical preparations should be
between 93 % and 107 %.

The consistency of the results with the pharmacopoeia standards demonstrates the accuracy and reliability of the proposed method.
This indicates that the fluorescence sensor based the combination of N-S/CQDs and MnOj can be effectively used for the detection of
GSH in pharmaceutical preparations. The high sensitivity and specificity of this sensor make it a valuable tool for quality control in the
pharmaceutical industry.

3.6. Linear relationship between the concentrations of adding GSH and the intensity of fluorescence recovery in serum

The investigation of fluorescence sensors within the realm of clinical practice represents a convergence of nanotechnology and
biomedical science. This study aimed to evaluate the feasibility of the fluorescence sensor for clinical applications, with a specific focus
on measuring GSH levels in serum samples. To this end, a comprehensive assessment was performed using a simulated serum system,
which employed serum from healthy volunteers as a surrogate. This approach was intended to determine whether the fluorescence
sensors could accurately quantify GSH levels in complex biological matrices, thereby mirroring conditions encountered in actual
clinical settings.

The primary objective of this analysis was to establish a linear relationship between the recovered fluorescence intensity (F) and the
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Fig. 5. (A) The restored fluorescence spectra of N-S/CQDs@MnOjy by the addition of GSH in the range from 50 to 1000 pmol/L in serum; (B) The
linear relation between the intensity of fluorescence recovery of N-S/CQDs@MnO, and the different concentrations of GSH in the range from 50 to
1000 pmol/L in serum.
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GSH concentration (Cggsy). This relationship is clearly depicted in Fig. 5, which shows a consistent increase in fluorescence intensity
with rising concentrations of GSH, thereby confirming a linear correlation between these variables. This relationship is quantitatively
described by the regression equation F = 0.2066Cgsy+14.23, with a coefficient of determination (R?) of 0.9904, indicating a strong
and reliable linear relationship in the simulated serum system. Such linearity is a prerequisite for any analytical tool, as it ensures the
ability to deliver precise and reliable measurements across a range of concentrations.

Numerous techniques have been utilized for both the identification and quantification of GSH, including high-performance liquid
chromatography (HPLC), electrochemical approaches, and particularly fluorescence spectroscopy [58]. Each technique offers distinct
advantages, contributing uniquely to the robust analysis and accurate measurement of GSH in various biological samples. The
fluorescence-based detection approach, utilizing the Au@PLL-AEDP-FITC probe-based fluorescence-enhanced "turn-on" strategy, has
demonstrated substantial sensitivity, rapidity, and efficacy for the detection of GSH [59]. This method is particularly effective in
complex biological environments such as cellular systems, indicating its promising potential for future applications in biomedicine.
The utilization of this strategy enhances the detection capabilities in challenging biological matrices, making it a valuable tool for
advancing research in cellular and molecular biology.

A specific fluorescent nano-platform was developed exhibiting excellent selectivity and successful application for GSH detection in
human serum plasma, which underscores the practicability of fluorescence sensors in biological and clinical applications for GSH
sensing [60]. Additionally, a sensitive fluorescence sensor based on MnO; nanosheets-copper nanoclusters composites showcased the
potential for sensitive detection of glutathione, further broadening the horizons for fluorescence sensor applications in clinical di-
agnostics [61].

These findings and technological advancements highlight the significant potential of fluorescence sensors in offering straightfor-
ward, precise, and real-time detection of GSH in practical serum samples. This capability is particularly promising for clinical practice,
as it could lead to improved diagnostic accuracy and more efficient patient management. By leveraging the sensitivity and specificity of
these sensors, clinicians may soon be able to detect and monitor GSH levels quickly and effectively, facilitating timely interventions
and better health outcomes. Overall, the integration of fluorescence sensors into clinical settings appears to be a promising
advancement in medical diagnostics.

3.7. Antibacterial activity of N-S/GQDs

In the realm of antibacterial research, the diversity of carbon sources from which CQDs are derived allows them to exhibit a variety
of functional properties, including unique antibacterial capabilities [1,31,62]. Specifically, CQDs derived from gentamicin sulfate not
only match the antibacterial activity of the antibiotic but also show potential in disrupting mature biofilms of S. aureus without
developing resistance [63]. Therefore, in this study, we conducted a detailed study on the antibacterial activity of N-S/CQDs.

The disk-diffusion test, often referred to as the Kirby-Bauer test, is a standardized and widely employed method in clinical
microbiology for determining the susceptibility of bacteria to antibiotics. This test is crucial for guiding antibiotic therapy and is
commonly utilized in various healthcare settings to assess the effectiveness of antibiotics against bacterial infections. In this study, the
antibacterial activity of the prepared N-S/CQDs against S. aureus and E. coli was evaluated by disk-diffusion test, as shown in Fig. 6A

E. coli Blank 0 1024 512 256 128 32 16 8

Fig. 6. Antibacterial activity of N-S/CQDs against S. aureus (A) and E. coli (B) on MH agar plates. Disks a and b contain 0.5 mg and 0.25 mg of
NCQDs, respectively. MIC tests of N-S/CQDs against S. aureus (C) and E. coli (D) on MH broth.
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and B. On MHA plates, disk a and disk b contain 0.5 mg and 1.0 mg of prepared N-S/CQDs, respectively. The results showed clear zones
of inhibition around the disks impregnated with N-S/CQDs on MHA plates coated with S. aureus and E. coli, suggesting dose-dependent
antibacterial activity and broad-spectrum antibacterial potential.

The broth dilution test is a microbiological method used to determine the MIC of an antimicrobial agent against specific micro-
organisms. This test is vital for assessing the susceptibility of bacteria, fungi, or other pathogens to various antimicrobial substances. It
plays a critical role in guiding the selection of antimicrobials in clinical settings and monitoring trends in antimicrobial resistance. The
broth dilution test can be conducted in two formats: macrobroth, which utilizes larger volumes in test tubes, and microbroth, which
employs smaller volumes in microtiter plates. In this study, we assessed the MIC of the prepared N-S/CQDs against two prominent
bacterial strains: S. aureus and E. coli. Utilizing the macrobroth dilution method, the MIC values were determined to be 32 pg/mL for
S. aureus and 64 pg/mL for E. coli, respectively, indicating a more potent effect against S. aureus, as shown in Fig. 6C and D.

TEM characterization was performed to observe the morphological changes in bacteria before and after treatment with N-S/CQDs,
as shown in Fig. 7. Fig. 7A and C presents TEM images of S. aureus and E. coli cultured under normal conditions, respectively. The
bacteria cultured under these conditions displayed normal cell structure, with intact cell walls and uniform intracellular material
density. In contrast, Fig. 7B and D depict the morphology of S. aureus and E. coli after treatment with N-S/CQDs. Significant
morphological alterations are evident, including pronounced disruption of the cell wall and membrane, partial disintegration of
bacterial cells, and the appearance of cavities and material aggregation within the cells. These changes lead to the loss of bacterial cell
integrity, causing irreversible damage and ultimately bacterial death. The observed morphology after N-S/CQDs treatment markedly
differs from that under normal conditions and resembles TEM images of bacteria treated with other known antibacterial agents re-
ported in thesr literatures [46,64]. This indicates that N-S/CQDs exert a substantial destructive effect on both gram-positive and
gram-negative bacterial cells, demonstrating their potent antibacterial activity.

These findings suggest that N-S/CQDs possess a broad-spectrum antibacterial activity, potentially linked to their size, surface
functional groups, and ability to generate reactive oxygen species. Regarding its antibacterial mechanism, the surface properties and
size of N-S/CQDs may play a crucial role in its antibacterial effect. Nanoscale N-S/CQDs can penetrate bacterial cells more effectively,
causing substantial damage and inhibiting bacterial growth. Additionally, anchoring specific groups on the surface of N-S/CQDs can
enhance their interaction with bacterial cell membranes, potentially improving their antimicrobial activity. For instance, by intro-
ducing functional groups such as amine groups, CQDs can be given a positive charge which increases their interaction with the
negatively charged bacterial cell membranes, leading to improved antibacterial action against both gram-positive and gram-negative
bacteria [65]. The antibacterial efficacy of CQDs can be markedly enhanced through further strategic modifications or functionali-
zation, without inducing resistance [66,67]. This suggests that by manipulating the surface characteristics and size of N-S/CQDs, their
antibacterial properties can be optimized, opening new avenues for the development of advanced antibacterial materials.

The efficacy of N-S/CQDs against these common pathogens is particularly noteworthy given the rise of antibiotic resistance,
positioning N-S/CQDs as a viable candidate for novel antibacterial agent development. Further research could explore the antibacterial
mechanisms of N-S/CQDs at the cellular level, optimizing their properties for enhanced antibacterial efficiency. Expanding upon these
findings, future studies could explore the application of N-S/CQDs in developing coatings for medical devices, where their antibacterial
properties could prevent the formation of biofilms and reduce hospital-acquired infections, presenting a promising avenue for further

Fig. 7. TEM images of S. aureus (A and B), and E. coli (C and D) with the treatment of normal saline (A and C as control groups) and N-S/CQDs (B
and D as experimental groups).
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investigation.
3.8. In vitro cytotoxicity and cell imaging of N-S/CQDs

MTT assay is a colorimetric assay for assessing cell metabolic activity such as cell viability, cytotoxicity, and proliferation. The
assay employs a yellow tetrazolium salt, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), which is reduced by
metabolically active cells to form an insoluble purple formazan product. This formazan can then be solubilized and quantified by
spectrophotometry. In this study, the cytotoxicity of the prepared N-S/CQDs was first assessed in vitro using an MTT assay, as shown in
Fig. 8. The results demonstrated that even as the concentration of the N-S/CQDs was progressively increased from 32 pg/ml to 1024
pg/ml and the incubation time extended from 24 h to 48 h, the cell survival rate remained impressively high at over 70 %, indicating
excellent biocompatibility of the N-S/CQDs. The non-toxicity and high biocompatibility of the N-S/CQDs were highlighted, making
them suitable for bioimaging applications. Notably, when the N-S/CQDs were used for cell imaging, the biocompatibility was a critical
factor in its effectiveness as fluorescent imaging agents. The implications of these results suggest that the N-S/CQDs, due to its excellent
biocompatibility, could serve as superior alternatives to traditional metal-based quantum dots for in vitro and in vivo imaging
applications.

The prepared N-S/CQDs, as applied in cell imaging, exhibited several notable advantages, as evidenced by its performance in
staining cells, as illustrated in Fig. 9. In the bright field, the morphology of the test cells was observed to be normal and intact,
indicating that the cells maintained their structural integrity during and after exposure to the N-S/CQDs. This is a critical observation
as it confirms that the N-S/CQDs are biocompatible and do not adversely affect cell health, which is essential for any material used in
biological applications. Transitioning to the dark field, the test cells exhibited a striking blue fluorescence, attributed to the uptake of
N-S/CQDs with blue-emitting. The fluorescence was not just a peripheral glow but was evenly distributed throughout the cell, sug-
gesting that the N-S/CQDs were able to permeate the cell membrane and distribute uniformly within the cellular environment. This
uniform distribution is beneficial for holistic cellular imaging as it highlights the entire cell structure without bias towards any
particular region. Furthermore, the combined images from the bright and dark fields showed a perfect overlap, indicating that the
imaging method provided a reliable and accurate representation of the cellular layout. Such clear visualization capability demon-
strates the potential of N-S/CQDs in facilitating a deeper understanding of cellular processes and structures, which could be instru-
mental in areas like cancer research, where understanding cell morphology and behavior is crucial.

The use of N-S/CQDs in cell imaging presents a safer alternative to conventional fluorescent dyes and quantum dots that contain
heavy metals, which can be toxic to cells. The biocompatibility and low toxicity of N-S/CQDs underscore their potential for broader
applications in medical diagnostics and therapies, enhancing the ability to study cellular processes and disease treatment with minimal
adverse effects. For example, it can be used in the treatment of infected wounds to promote wound healing and control local infections
[31,68,69].

In addition, the potential of CQDs to revolutionize antibacterial strategies is immense, combining their imaging capabilities with
therapeutic functions, which could lead to the development of advanced biocompatible materials for real-time monitoring and
treatment of infections. The development and application of CQDs in cell imaging represent a dynamic area of research that combines
material science, chemistry, and biotechnology to enhance our understanding and visualization of cellular processes. Future research is
likely to focus on enhancing the specificity and efficiency of CQDs in targeting and imaging cells, potentially integrating them with
other nanomaterials for multimodal imaging techniques [70].

4. Conclusion

This study focuses on the synthesis of N-S/CQDs utilizing a one-step method with citric acid and cysteine as the primary reaction
substrates. The synthesized N-S/CQDs exhibits distinct fluorescence properties, and the fluorescence can be specifically quenched by
MnOy. Interestingly, the quenching fluorescence can be effectively recovered by adding GSH, and the recovery intensity increases in
proportion to the amount of adding GSH. To leverage this property, a fluorescence sensing system incorporating N-S/CQDs and MnO4
was developed and successfully employed to determine GSH content in pharmaceutical preparation. Additionally, the N-S/CQDs
demonstrated broad-spectrum antibacterial activity, with MIC of 32 pg/ml against S. aureus and 64 pg/ml against E. coli. The finding
highlight the antibacterial potential of N-S/CQDs. In addition, N-S/CQDs can also be used for cell imaging and has low cytotoxicity,
showing excellent biocompatibility.

The multifunctionality and versatile applications of N-S/CQDs, as demonstrated in this study, underscore their significant potential
in the fields of biotechnology and nanomedicine. This study not only confirms the promising attributes of N-S/CQDs but also provides a
solid foundation for the future development of multifunctional CQDs and their expanded utilization in various domains.
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Fig. 8. Cell viability of macrophages treated with different concentrations of N-S/CQDs for 6, 12, 24 and 48 h. Error bars represent the standard
deviation of three repeated measurements.

Fig. 9. Fluorescence imaging of N-S/CQDs in macrophages (top row) and HepG2 cells (bottom row).
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