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ABSTRACT: Serotonin (5-hydroxytryptamine, 5-HT) is a crucial neurotransmitter, the abnormal levels of which are closely
associated with various neuropsychiatric disorders and male reproductive dysfunctions. In this study, a sulfur-doped Fe−N−C single-
atom nanozyme (S@Fe-CNx) was successfully synthesized, and its oxidase-like activity and catalytic mechanism were systematically
investigated. The experimental results indicate that sulfur doping significantly enhanced Fe-CNx oxygen activation capacity and
catalytic kinetics by effectively optimizing the electronic structure of the FeNx active centers. Leveraging its superior oxidase-like
activity, we developed a H2O2-free colorimetric sensing method for the highly sensitive and selective detection of 5-HT. The method
exhibited a good linear relationship between absorbance and 5-HT concentration in the range of 40 ng/mL to 10 μg/mL, achieving
a low limit of detection of 6.0 ng/mL. The successful application of this method for detecting 5-HT in human serum samples
demonstrates its great potential for practical use. Furthermore, we established a smartphone-based colorimetric detection platform
that quantified 5-HT by correlating its concentration with the grayscale intensity of standard solution images captured by a
smartphone. This approach provides a facile strategy for developing point-of-care testing platforms.
KEYWORDS: S-doped single-atom nanozyme, oxidase-like activity, colorimetric sensing, serotonin, point-of-care testing

1. INTRODUCTION
Serotonin (5-hydroxytryptamine, 5-HT) is a crucial mono-
amine neurotransmitter that exerts extensive regulatory
functions in both the central and peripheral nervous
systems.1−4 It is involved in the modulation of a wide array
of physiological and pathological processes, including mood,
sleep, cognition, appetite, and reproductive functions.5−9

Abnormal levels of 5-HT have been closely associated with
numerous disorders, such as depression, anxiety, migraines,
gastrointestinal dysfunction, and male infertility with common
presentations like sexual dysfunction and poor sperm
quality.10−13 Consequently, there is a critical need to develop
a 5-HT detection method with high sensitivity, selectivity, and
reliability for applications in early diagnosis, monitoring of

neuropsychiatric conditions, in-depth pathological research
and clinical andrology assessment.14,15

At present, commonly employed techniques for 5-HT
detection include high-performance liquid chromatography
coupled with electrochemical detection (HPLC-EC),16,17

liquid chromatography−mass spectrometry (LC-MS),18,19

electrochemical sensors,20,21 and fluorescent probes.22,23
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Among these, electrochemical methods are widely utilized
owing to their operational simplicity, rapid response time, and
instrumental portability.24,25 Nonetheless, these methods are
still hampered by several limitations, including susceptibility to
electrode surface fouling, cumbersome electrode modification
procedures, and insufficient anti-interference capability when
dealing with complex biological samples.26,27 As a result, there
is a pressing need to develop alternative detection strategies
that are characterized by simple sample pretreatment, strong
anti-interference ability, and suitability for real sample
applications.28

In recent years, nanozymes, functional nanomaterials that
catalyze reactions like natural enzymes, have attracted
considerable interest for applications in biosensing, environ-
mental monitoring, and medical diagnostics. Their appeal lies
in their high stability, potential for large-scale production, low
cost, and tunable catalytic properties.29−31 Among the diverse
range of nanozymes, single-atom catalysts (SACs) have
emerged as ideal candidates for emulating natural enzymes,
due to their atomically dispersed active sites, maximal atom
utilization efficiency, and unique electronic structures, all of
which contribute to superior catalytic activity and selectiv-
ity.14,32 However, most current research focuses on peroxidase
(POD)-like nanozymes, which require hydrogen peroxide
(H2O2) to function. Unfortunately, the practical applicability
of H2O2 is limited because of its inherent instability and
potential detrimental effects on biological environments.33,34

In contrast, oxidase (OXD)-like nanozymes catalyze the
oxidation of substrates directly utilizing molecular oxygen,
without the need for H2O2, rendering them more suitable for
biosensing applications.35,36

Although several OXD-like nanozymes have been reported
in the literature, studies aimed at enhancing enzymatic activity
through heteroatom doping strategies within Fe−N−C single-
atom structures remain relatively scarce.37,38 Sulfur (S) doping
has been recognized as an effective approach for modulating
the electronic structure of materials. It can optimize the charge
distribution of carbon matrices, increase defect density, and
fine-tune the coordination environment of metal centers,
thereby holding great promise for significantly boosting the
intrinsic catalytic activity of the material.39−41

Guided by this rationale, we innovatively designed and
synthesized a sulfur-doped iron−nitrogen-carbon single-atom
nanozyme (S@Fe-CNx) and conducted a systematic inves-
tigation into its OXD-like catalytic performance and under-
lying mechanism. Our findings indicated that S doping
effectively optimizes the electronic structure of the FeNx
active centers, leading to a notable improvement in oxygen
activation capacity and overall catalytic kinetics. Furthermore,
we developed, for the first time, a H2O2-free colorimetric
sensing methodology based on this nanozyme for the highly
sensitive and selective detection of 5-HT. This method was
successfully applied to the analysis of human serum samples,
demonstrating its practical utility. This study not only provides
valuable insights for the design of high-performance single-
atom nanozymes but also introduces a facile pathway for the
rapid detection of neurotransmitters, thereby broadening the
application horizons of nanozymes in bioanalysis and clinical
diagnostics.42

2. EXPERIMENTAL SECTION

2.1. Chemical Reagents
Ferric chloride hexahydrate (FeCl3·6H2O) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (China). Melamine, L-
Cysteine, L-Alanine, 3,3′,5,5′-tetramethylbenzidine (TMB), and
sodium thiocyanate (NaSCN) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. (China). 5-Hydroxytrypt-
amine (5-HT) and absolute ethanol were acquired from Shanghai
Aladdin Industrial Co., Ltd. (China). All chemicals were of analytical
grade and used without further purification.

2.2. Synthesis of S@Fe-CNx and Fe-CNx

For the typical synthesis of S@Fe-CNx, melamine (2 g) and L-
Cysteine (1 g) were dispersed in 30 mL of absolute ethanol. To this
mixture, a solution of FeCl3·6H2O (5 mg) in absolute ethanol was
added dropwise under stirring. The reaction was allowed to proceed
for 12 h at room temperature. The solvent was subsequently removed
by evaporation at 80 °C. The resulting solid was subjected to a two-
step pyrolysis process under a heating rate of 5 °C·min−1: first heated
to 550 °C and held for 3 h, then raised to 800 °C and maintained for
2 h, yielding S@Fe-CNx. For the preparation of Fe-CNx, the same
procedure was followed except that L-Cysteine was replaced with L-
Alanine.

2.3. Material Characterization
The morphology of the samples was characterized using transmission
electron microscopy (TEM) on a Tecnai 12 microscope (Philips,
Netherlands) operated at 120 kV and a JEM-2100 microscope (JEOL,
Japan) operated at 200 kV. X-ray diffraction (XRD) patterns were
recorded on a Rigaku Ultima III diffractometer (Japan) with Cu Kα
radiation and a Bruker D8 advance diffractometer (Germany). UV−
vis absorption spectra were acquired using a Cary UV−vis 100
spectrophotometer (Agilent Technologies, USA) and a SpectraMax
M2e microplate reader (Molecular Devices, USA). Specific surface
area was determined from N2 adsorption−desorption isotherms
measured at 77 K using a Kubo X1000 analyzer (Biaode, China).
Elemental composition analysis was conducted via inductively
coupled plasma atomic emission spectroscopy (ICP-AES) on a
PerkinElmer Avio 500 spectrometer (USA). Surface chemical states
were analyzed by X-ray photoelectron spectroscopy (XPS) using a
PHI 5000 Versa Probe system (Ulvac-Phi, Japan) and a K-Alpha
spectrometer (Thermo Fisher Scientific, USA).

2.4. Peroxidase-Like (POD-Like) and Oxidase-Like
(OXD-Like) Activity Assays
POD-like activity was evaluated by monitoring the oxidation of TMB
at 652 nm. The reaction mixture (1 mL) contained 30 μL of S@Fe-
CNx (1 mg/mL), 50 μL of TMB (10 mM), 100 μL of H2O2 (10
mM), and 820 μL of acetate buffer (0.1 M, pH 4.0). After incubation
at 25 °C for 20 min, the absorbance was measured.
OXD-like activity was assessed under identical conditions except

that H2O2 was omitted. The reaction system consisted of 30 μL of S@
Fe-CNx (1 mg/mL), 50 μL of TMB (10 mM), and 920 μL of acetate
buffer (0.1 M, pH 4.0).

2.5. Evaluation of OXD-Like Activity of S@Fe-CNx under
Different Gas Atmospheres
The OXD-like activity of S@Fe-CNx was evaluated by monitoring the
oxidation of TMB in a 1 mL reaction system containing 15 μL of S@
Fe-CNx (1 mg/mL), 50 μL of TMB (10 mM), and 935 μL of acetate
buffer (0.1 M, pH 4.0). To elucidate the role of oxygen in the catalytic
process, the reaction was conducted under three distinct gas
atmospheres. First, the activity was assessed under a continuous
flow of oxygen to create an O2-rich environment. Subsequently, an
O2-depleted condition was established by first removing surface
oxygen with a deoxygenation bag, followed by continuous nitrogen
purging for 20 min to eliminate dissolved oxygen. Finally, the reaction
was also performed under ambient air as a reference.
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2.6. Stability Tests

pH stability was evaluated by incubating S@Fe-CNx in buffer
solutions of varying pH (3, 4, 5, 6, 7, or 8) for 2 h.
Thermal stability was assessed after treating S@Fe-CNx at different

temperatures (0, 25, 50, and 75 °C) for 2 h.
Ionic strength stability was tested by incubating S@Fe-CNx in

NaCl solutions (0, 0.5, 1.0, and 1.5 M) for 2 h.
Storage stability was examined by storing S@Fe-CNx (1 mg/mL)

at room temperature and measuring its activity weekly over a period
of 5 weeks.
The cycling stability of S@Fe-CNx was investigated to assess its

reusability. Following each catalytic cycle of TMB oxidation, the S@
Fe-CNx was recovered by centrifugation, thoroughly washed with
acetate buffer, and then redispersed in a fresh reaction solution to
initiate the next cycle. This procedure was repeated for multiple
cycles, and the relative activity was recorded for each to determine the
retention of catalytic performance.
All experiments were performed in triplicate.

2.7. Kinetic Analysis

Kinetic assays were carried out using varying concentrations of TMB
as the substrate. A typical reaction system contained 2.5 μL of S@Fe-
CNx (1 mg/mL), 235 μL of acetate buffer (0.1 M, pH 4.0), and 12.5
μL of TMB at different concentrations. The kinetic parameters, Km
and Vmax, were derived by fitting the initial reaction rates to the
Michaelis−Menten equation:

V V K( S )/( S )max m= × [ ] + [ ]

2.8. Colorimetric Detection of 5-Hydroxytryptamine (5-HT)
The detection of 5-HT was performed by mixing 2 μL standard
solution of 5-HT, 2 μL of S@Fe-CNx (1 mg/mL), 10 μL of TMB (10
mM), and 186 μL of acetate buffer (0.1 M, pH 4.0). After reaction at
25 °C for 20 min, the absorbance was measured at 652 nm. A
calibration curve was constructed by plotting the absorbance values
against the corresponding concentrations of 5-HT. In parallel, the
oxTMB product was also subjected to a smartphone-based
colorimetric analysis for potential point-of-care applications. The
color was extracted, converted to grayscale values, and a linear fit was
established between the grayscale intensity and the concentration of
5-HT.

2.9. Serum Sample Preparation and Pretreatment
Human venous blood (5 mL) was collected from healthy volunteers
at Nanjing Drum Tower Hospital into vacuum blood collection tubes
containing a clot activator. After obtaining informed consent from all
participants, all procedures were approved by the Ethics Committee
of Nanjing University (Approval No. 2024−988−01) and conducted
in accordance with the World Health Organization’s International
Ethical Guidelines for Biomedical Research Involving Human
Subjects. The blood samples were allowed to stand at room
temperature for 30 min to facilitate complete coagulation and were
subsequently centrifuged at 3000 rpm for 5 min. The resulting
supernatant (serum) was carefully collected.
To mitigate potential matrix effects from complex biological

components, the serum was subjected to a dilution-based pretreat-
ment protocol. Specifically, the collected serum was diluted 100-fold
with acetate buffer (0.1 M, pH 4.0). This diluted serum sample was
then centrifuged again under the same conditions to remove any

Figure 1. Synthesis and structural characterization of S@Fe-CNx and Fe-CNx. (a) Schematic illustration of the synthesis route for S@Fe-CNx and
Fe-CNx. TEM images of (b) S@Fe-CNx and (c) Fe-CNx. Scale bars: 50 nm. (d) X-ray diffraction (XRD) patterns of S@Fe-CNx and Fe-CNx. EDS
elemental mapping for (e) S@Fe-CNx and (f) Fe-CNx, showing the homogeneous distribution of elements (C, N, Fe, and O or S). Scale bars: 50
nm.
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residual precipitated proteins. The clear supernatant was obtained and
used as the treated sample solution for the subsequent 5-HT
detection assay.

2.10. Detection of 5-HT in Human Serum
The detection of 5-HT in the pretreated human serum was performed
using a standard addition method. Various concentrations of
serotonin (5-HT) were spiked into the treated sample solution.
The assay procedure involved mixing 2 μL of the spiked sample with
2 μL of S@Fe-CNx (1 mg/mL), 10 μL of TMB (10 mM), and 186 μL
of acetate buffer (0.1 M, pH 4.0). After incubation at 25 °C for 20
min, the absorbance was measured at a wavelength of 652 nm.

3. RESULTS AND DISCUSSION
S@Fe-CNx and Fe-CNx were synthesized via a wet
impregnation method followed by a two-step pyrolysis under
a nitrogen atmosphere (Figure 1a). In a typical procedure,
melamine and L-Cysteine were homogeneously dispersed in
anhydrous ethanol under magnetic stirring, followed by the
dropwise addition of FeCl3·6H2O solution. Notably, an
immediate color change from white to pale purple indicated
rapid coordination between the metal ions and organic
precursors. After continuous stirring, the resulting mixture
was subjected to a stepwise pyrolysis protocol under nitrogen
atmosphere: first at 550 °C to convert melamine into g-C3N4,
and then at 800 °C to form an N, S-co-doped graphene-like

carbon matrix coordinating atomically dispersed iron species.
The final product, S@Fe-CNx, exhibited an iron loading of
1.07 wt % as quantified by ICP-OES. For comparison, Fe-CNx
was prepared using an identical procedure, except that L-
Cysteine was replaced with L-Alanine. Zeta potential measure-
ments revealed that all as-synthesized samples possessed
negatively charged surfaces, providing insight into their surface
properties. Interestingly, S@Fe-CNx showed a more negative
potential than Fe-CNx (Figure S1), implying that sulfur doping
further enhanced the surface electronegativity.
The morphology and structural features of the catalysts were

further examined. Transmission electron microscopy (TEM)
images revealed that both S@Fe-CNx and Fe-CNx exhibited
uniform, particle-free morphologies without discernible crys-
talline aggregates or nanoparticles (Figure 1b, c). Consistently,
X-ray diffraction (XRD) patterns further confirmed the
structural homogeneity of the materials (Figure 1d), showing
only broad and weak diffraction peaks at 22.8° and 43.9°,
which correspond to the (120) and (111) crystal planes of
disordered graphitic carbon. The absence of diffraction signals
attributable to metallic iron or its compounds indicated a
highly dispersed state of the iron species.43−46 Moreover,
compared to Fe-CNx, S@Fe-CNx exhibited broader and
weaker diffraction peaks, suggesting that sulfur doping
introduced additional structural defects.47 This conclusion

Figure 2. Textural properties of S@Fe-CNx and Fe-CNx. (a, c) N2 adsorption−desorption isotherms and (b, d) the corresponding pore size
distributions derived from the adsorption data. Raman spectra of (e) S@Fe-CNx and (f) Fe-CNx.
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was further corroborated by elemental mapping analysis, which
revealed a homogeneous distribution of Fe, N, C, O, and S in
both S@Fe-CNx and Fe-CNx, with no detectable iron
aggregation (Figure 1e, f).
We further investigated the porous structure and defect

nature of the materials. Nitrogen adsorption−desorption
measurements indicated that S@Fe-CNx possessed a specific
surface area of 599.5 m2·g−1, which is higher than that of Fe-
CNx (516.4 m2·g−1) (Figure 2a, b). The corresponding
isotherms revealed that both materials feature a combined
microporous and mesoporous structure (Figure 2c, d).
Additionally, Raman spectroscopy exhibited that the ID/IG
ratio increased from 0.91 for Fe-CNx to 0.96 for S@Fe-CNx
(Figure 2e, f), indicating that sulfur doping further promoted
structural disorder in the carbon matrix. Collectively, the
structural advantages arising from the larger surface area,
developed porosity, and higher defect density contribute to
increased exposure of active sites and improved substrate
accessibility.48

To further elucidate the impact of sulfur doping on the
valence state and local electronic environment of the iron sites,
X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted. The survey spectra (Figure 3a) confirm the presence of
Fe, C, N, O, and S in S@Fe-CNx (atomic%: Fe 0.57, C 69.82,
N 12.93, O 15.99, S 0.69), while Fe-CNx is primarily

composed of Fe, C, N, and O (atomic%: Fe 0.74, C 75.69,
N 16.86, O 6.71), confirming successful sulfur doping in S@
Fe-CNx. High-resolution scans of the Fe 2p, N 1s, and S 2p
regions were subsequently performed. The Fe 2p spectra
(Figure 3b, c) reveal that iron exists predominantly in the Fe2+
state in both materials. Notably, a blueshift in the binding
energy of the Fe 2p peaks is observed for S@Fe-CNx compared
to Fe-CNx, indicating that the iron species in S@Fe-CNx are in
a more reduced state. This suggests that sulfur doping (with its
lower electronegativity than nitrogen) increases the electron
density around the iron centers, facilitating electron transfer
during catalysis.43 The deconvoluted N 1s spectra (Figure 3d,
e) show the presence of FeNx, pyrrolic N, and pyridinic N
species in both catalysts. The identification of FeNx
coordination serves as direct evidence for the atomic
dispersion of iron within the N-coordinated environment.
Furthermore, the content of FeNx species is significantly higher
in S@Fe-CNx (35.4%) than in Fe-CNx (26.6%), implying that
the incorporation of sulfur favors the anchoring of iron atoms
by nitrogen sites, leading to the formation of more FeNx active
sites. Finally, the high-resolution S 2p spectrum of S@Fe-CNx
(Figure 3f) is dominated by two characteristic peaks at ∼ 163.3
eV and ∼ 167.2 eV, corresponding to the S 2p3/2 and S 2p1/2
spin orbit doublet of C−S−C species, respectively.49 An
additional peak observed at ∼ 168.6 eV is attributable to

Figure 3. X-ray photoelectron spectroscopy (XPS) analysis of S@Fe-CNx and Fe-CNx. (a) XPS survey spectra. High-resolution Fe 2p spectra of
(b) S@Fe-CNx and (c) Fe-CNx. Deconvoluted N 1s spectra of (d) S@Fe-CNx and (e) Fe-CNx. (f) High-resolution S 2p spectrum of S@Fe-CNx.
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oxidized sulfur species (-C−SOx-C−), likely formed due to the
surface oxidation of some sulfur sites upon air exposure.
To further evaluate the specific enhancement of sulfur

doping on the catalytic performance of S@Fe-CNx, the POD-
like and OXD-like activities were first assessed using the TMB
colorimetric assay. As shown in Figure 4a, the reaction activity
showed no significant change in the presence or absence of
H2O2, indicating that OXD-like activity dominates in S@Fe-
CNx, enabling efficient activation of atmospheric oxygen.
Compared with Fe-CNx, S@Fe-CNx exhibited stronger OXD-
like activity, suggesting that sulfur doping enhances the
material’s ability to activate oxygen (Figure 4b). Atmosphere
control experiments revealed that the catalytic activity was
suppressed under N2 atmosphere but enhanced in an O2-rich
environment (Figure 4c), further confirming its efficient
activation of oxygen. In addition, a systematic evaluation
showed that the catalytic efficiency of S@Fe-CNx increased
with higher catalyst concentration (0−30 μg/mL), longer
reaction time (0−20 min), and increased substrate concen-

tration (25−500 μM), demonstrating a positive correlation
(Figure 4d-f). Given that nanozymes are expected to possess
advantages such as high stability, tolerance to harsh pH
conditions, and long storage time compared to natural
enzymes, we further evaluated the stability of S@Fe-CNx.
The results indicated that S@Fe-CNx retained over 85% of its
initial activity under a wide range of pH conditions (3−8),
high temperature (100 °C), high ionic strength (≤1.5 M
NaCl), as well as extended storage (35 days), and four catalytic
cycles, demonstrating excellent environmental adaptability,
storage stability, and recyclability (Figure S2 and Figure S3),
thereby laying the foundation for its practical applications.
Additionally, the catalytic activity of S@Fe-CNx was also

tested with other common chromogenic substrates, such as o-
phenylenediamine (OPD) and 2,2′-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS). Comparative analysis
revealed that TMB serves as the optimal substrate for S@Fe-
CNx, as its oxidation was significantly more pronounced than
that of OPD or ABTS (Figure 5a). This substrate preference is

Figure 4. Catalytic performance and mechanism study of S@Fe-CNx. (a) Absorbance of oxidized TMB catalyzed by S@Fe-CNx in the presence or
absence of H2O2. (b) Comparison of OXD-like activity between S@Fe-CNx and Fe-CNx. (c) Catalytic activity of S@Fe-CNx under different
atmospheres (N2, Air, O2). (d−f) Catalytic efficiency of S@Fe-CNx shows a positive correlation with increasing (d) catalyst concentration (0, 2.5,
5, 10, 15, 20, 25, 30 μg/mL), (e) reaction time (0−20 min, 2 min interval), and (f) substrate (TMB) concentration (25, 50, 100, 200, 300, 400, 500
μM).
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attributed to the combined effects of electrostatic interactions
and intrinsic substrate reactivity. In the acidic medium (pH
4.0), electrostatic repulsion hinders the interaction between
the negatively charged S@Fe-CNx and anionic ABTS (Figure
S1), whereas both TMB and OPD are favorably attracted. The
superior catalytic efficiency of S@Fe-CNx toward TMB is
ultimately due to its stronger electron-donating dimethyl
amino groups, which increase the electron density on the
aromatic ring, thereby significantly enhancing its oxidation
efficiency.50−53

To further confirm the critical role of Fe−Nx sites in the
OXD-like activity, a poisoning experiment using sodium
thiocyanate (NaSCN) was conducted.54,55 With increasing
dosage of the poisoning agent, the Fe−Nx sites were gradually
blocked, leading to a significant decrease in catalytic activity,
which confirmed that Fe−Nx serves as the key catalytic active
center (Figure 5b). Due to the effective activation of oxygen by
S@Fe-CNx, highly reactive oxygen species (ROS) were
generated, contributing to its excellent OXD-like activity.
Accordingly, we investigated the types of ROS produced
during the catalytic process. By adding specific radical
scavengers, thiourea for •OH, p-benzoquinone for O2

•−, and
sodium azide for 1O2, we found that superoxide anion (O2

•−)
plays a dominant role in the catalysis (Figure 5c). Based on the
OXD-like activity of S@Fe-CNx, a quantitative evaluation was
performed. Analysis of the Michaelis−Menten kinetics curves
and Lineweaver−Burk plots (Figure 5d) revealed that the Km
and Vmax of S@Fe-CNx for TMB are 0.8 mM and 12.2 × 10−8

M·s−1, respectively, indicating strong substrate affinity and high
reaction rate in mimicking OXD-like performance, which
surpasses those of most reported nanozymes (Table S1).
Based on the excellent OXD-like activity of S@Fe-CNx, we

developed a colorimetric sensing platform for the detection of
serotonin (5-HT). The detection mechanism relies on the

inhibitory effect of 5-HT on the OXD-like activity of S@Fe-
CNx. Specifically, in the presence of dissolved oxygen, S@Fe-
CNx catalyzes the oxidation of TMB to produce a blue-colored
product, oxTMB, which exhibits a characteristic absorption
peak at 652 nm. Meanwhile, 5-HT, as a reducing substance,
can react with reactive oxygen species (such as O2

•−)
generated during the catalytic process, thereby suppressing
the formation of oxTMB and resulting in a decrease in
absorbance (Figure 6a). By measuring the change in
absorbance, quantitative detection of 5-HT can be achieved.
A standard curve was established between the absorbance of
oxTMB at 652 nm and the concentration of 5-HT, showing a
good linear relationship from 40 ng/mL to 10 μg/mL. The
fitted equation was y = −0.0000500x + 1.13 (R2 = 0.992)
(Figure 6b, c). The limit of detection (LOD, S/N = 3) was
calculated to be 6.0 ng/mL. Compared with existing methods
for 5-HT detection, this approach demonstrates significant
advantages in terms of sensitivity (Table S2).
The selectivity of the sensor was evaluated against various

potential interferents. As shown in Figure 6d, 5-HT caused a
distinct inhibition, while substances including hormones
(hydrocortisone and progesterone), androgens (drostanolone
and dihydrotestosterone), glucose, and amino acids (L-cysteine
and glutamic acid) produced negligible inhibition at the same
concentration. Notably, L-tryptophan, the direct biosynthetic
precursor of 5-HT, showed almost no interference, and
tryptamine, which shares the closest indole structure, exhibited
only a minor effect. These results confirm the excellent
specificity of the sensing platform for 5-HT detection.
To further elucidate the molecular mechanism by which 5-

HT inhibits the OXD-like activity of S@Fe-CNx, we
conducted electron spin resonance (ESR) spectroscopy using
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap to
monitor the generation of O2

•− under different conditions. As

Figure 5. Substrate specificity, active site verification, and catalytic mechanism of S@Fe-CNx. (a) Substrate specificity assay using TMB, OPD, and
ABTS. (b) Poisoning of Fe−Nx sites by sodium thiocyanate (NaSCN). (c) Effects of various radical scavengers on the catalytic activity (thiourea:
•OH scavenger; p-benzoquinone: O2

•− scavenger; sodium azide: 1O2 scavenger). (d) Lineweaver−Burk plot of S@Fe-CNx for TMB oxidation. The
corresponding kinetic parameters (Km and Vmax) are summarized in Table S1. Error bars represent the standard deviation (n = 3).
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illustrated in Figure S4, the characteristic sextet ESR signal of
the DMPO-•OOH adduct was clearly observed in the
presence of S@Fe-CNx (Black), confirming its capability to
activate oxygen and generate O2

•−. Notably, when S@Fe-CNx
was preincubated with 5-HT and then collected via
centrifugation and washing (denoted as T-S@Fe-CNx), the
ESR signal intensity significantly decreased, indicating that 5-
HT can interact with the FeNx active sites, thereby reducing its
ability to generate O2

•−. Furthermore, upon direct addition of
5-HT into the S@Fe-CNx reaction system, the O2

•− signal was
almost completely quenched, suggesting that 5-HT also acts as
an effective O2

•− scavenger. These results collectively
demonstrate that 5-HT exerts its inhibitory effect through a
dual mechanism: (1) direct interaction with the FeNx active
sites of S@Fe-CNx, and (2) efficient scavenging of the
generated O2

•− radicals.
To further validate the reliability and practical utility of the

developed method, we established a smartphone-based

colorimetric detection system. Calibration with standard
solutions revealed a robust linear relationship between 5-HT
concentration and the grayscale intensity measured by the
mobile device (y = 0.00420x + 84.4, Figure 6e). Subsequent
comparison of smartphone-derived grayscale values with
absorbance readings from a conventional UV−vis spectropho-
tometer showed a strong correlation (z = − 0.0118y + 2.09, R2

= 0.984, Figure S5), confirming that the hand-held imaging
approach faithfully reproduces instrumental readings and
highlighting its potential for point-of-care applications.
The clinical applicability of the platform was further assessed

through parallel analysis of human serum samples using both
the smartphone system and the reference spectrophotometer.
As summarized in Table S3, the two data sets showed close
agreement across all samples, with relative standard deviations
consistently below 5% (n = 3). Given the excellent
repeatability, which validates the accuracy of the smartphone
detection protocol, we conclude that the integrated S@Fe-CNx

Figure 6. Detection of 5-HT using an S@Fe-CNx-based colorimetric sensor. (a) Schematic illustration of the sensing mechanism. (b) Absorbance
spectra and (c) the corresponding calibration curve for 5-HT detection ( 40, 80, 100, 250, 1000, 4000, 8000, 10,000 ng/mL). The inset in (c)
shows the linear regression equation. (d) Selectivity of the sensor toward 5-HT against various potential interfering substances. (e) Grayscale
analysis of the colorimetric responses catalyzed by S@Fe-CNx at different 5-HT concentrations. Error bars represent the standard deviation (n = 3).
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and mobile colorimetry platform is a robust, precise, and field-
deployable tool for on-site 5-HT quantification in complex
biological matrices.

4. CONCLUSIONS
In this study, a sulfur-doped iron single-atom nanozyme (S@
Fe-CNx) was successfully synthesized via wet impregnation
and high-temperature pyrolysis. Structural characterization
confirmed that sulfur doping optimizes the electronic structure
of the FeNx active sites, leading to a remarkable enhancement
in oxidase-like activity. Based on this, we constructed a highly
selective and sensitive H2O2-free colorimetric sensing platform
and successfully applied it to the analysis of 5-HT in complex
human serum samples. Additionally, a preliminary smart-
phone-based colorimetric analysis method was established,
validating the linear correlation between 5-HT concentration
and grayscale value in a standard solution system, which
highlights the application prospect of this method in the field
of portable and point-of-care testing. This study not only
provides new insights for the design of high-performance single
atom nanozymes but also offers a facile strategy that extends
neurotransmitter detection from conventional instrumental
analysis toward on-site rapid testing.
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