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The simultaneous discrimination of structurally similar biological thiols in living systems remains a signif-
icant challenge. To address this, we designed a novel self-calibrating SERS probe, 2-(3,5-dinitrophenoxy)-
4-(2-(4-ethynylbenzoylamino)ethyl)phenyl-2-fluoro-5-nitrobenzoate (DEP), for the simultaneous detection
of hydrogen sulfide (H,S), polysulfide (H,Sy), and cysteine (Cys). This single-molecule probe incorporates
three distinct binding sites, each specific to a different biothiol, enabling multiplex detection through five
characteristic Raman signals (178, 264, 454, 1186, and 1600 cm™!). The Raman band at 2056 cm?, located
in the silent region, serves as an internal reference to establish a ratiometric sensing strategy, thereby
improving detection accuracy. The resulting spectral variations were processed statistically using princi-
pal component analysis (PCA), allowing for the simultaneous assay of the three thiols. The DEP probe was
anchored onto biocompatible gold nanorods (AuNRs), optimized for 785 nm laser excitation, to form the
final SERS biosensor. The developed platform successfully identified and differentiated H,S, H,S,, and Cys

in complex biological environments, including living neurons and brain microdialysates.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Biological thiols represent a crucial class of reactive sulfur
species (RSS) in the brain, playing vital roles in physiological pro-
cesses such as oxidative stress regulation, signal transduction, and
metal ion chelation [1-3]. Among them, hydrogen sulfide (H,S),
the simplest biological thiol, helps maintain intracellular redox
homeostasis and modulates fundamental signaling pathways in-
volved in neurotransmission, cardiovascular function, and apopto-
sis [4-6]. Recently, some of these functions have also been at-
tributed to its oxidized form, hydrogen polysulfides (H,S;). The re-
lationship and distinction between H,S and H,S, in both physio-
logical and pathological contexts of the brain remain subjects of
active investigation [7]. Cysteine (Cys), a metabolic precursor to
H,S and H,S,, also serves critical functions in the brain. Given the
interconnected nature of their metabolism, changes in the level of
one thiol can significantly influence the others. Thus, the simulta-
neous detection and discrimination of H,S, H,Sy, and Cys are es-
sential for elucidating their production, metabolic pathways, and
physiological roles in biological systems.
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However, a great challenge which have to confront is distin-
guishing the readout signal of multiplex molecules from numer-
ous interferences potentially co-existing in biological systems. Con-
ventional sensing approaches that rely on a single signal output
are often inadequate for mapping multiple analytes in such com-
plex settings. Surface enhanced Raman spectroscopy (SERS), with
its ultra high sensitivity and spectral resolution, has emerged as a
powerful tool for the multiplex detection of biological species [8-
11]. However, typical SERS analysis mainly involves solid substrate-
based analysis and nanoparticle sol-based analysis often suffers
from a fundamental trade off, which the sensitive Raman substrate
is non-selective for targets [12,13]. The nonadsorptive molecules
close enough to the SERS substrate also can generate SERS sig-
nals, resulting in great interference towards the detection of tar-
gets, which greatly block the application of SERS analyzer in com-
plicated measurement systems, for instance, brain environments
[14-16]. This problem is sharply amplified when several targets
with similar molecular structure are demanded to be detected in
the biological samples once signals from background molecules can
swamp the signal of the analytes. Furthermore, achieving both high
sensitivity and reproducibility simultaneously remains challenging,
due to difficulties in controlling the uniformity of nanoscale hot
spots and in efficiently positioning target molecules within these
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predefined enhancement regions [17,18]. The ratiometric concept,
which incorporates an internal reference signal to correct for SERS
fluctuations, has been proposed to improve detection accuracy [19-
22]. However, such discrete internal tags face localization issues on
the nanoscale metal surface similar to those of the target analytes.
Even with uniform co-distribution, competitive adsorption and dy-
namic molecular exchange on the surface can still occur, particu-
larly in complex sample matrices.

In response to the above challenges, we designed a novel
SERS probe (AuNRs-DEP) for the simultaneous discrimination
of H,S, H,Sn, and Cys in single neurons and cerebral micro-
dialysates by monitoring ratiometric SERS signal changes. The
sensing molecule, 2-(3,5-dinitrophenoxy)-4-(2-(4-ethynylbenzoyl-
amino)ethyl)-phenyl-2-fluoro-5-nitrobenzoate (DEP), was syn-
thesized with three functional sites: (S1) an N-(4-(2,5-
dinitrophenoxy)phenyl group for chemoselective recognition
of H,S via thiolysis of the dinitrophenyl ether; (S2) a 2-fluoro-
5-nitrobenzoyl moiety that distinguishes H,S, and Cys through
nucleophilic aromatic substitution and thiol-fluorine exchange, re-
spectively; and (S3) an acetylene group (C=C) in the Raman-silent
region, which serves both as a stable anchoring site on the Au
surface and as an internal reference for calibration. Additionally,
gold nanorods (AuNRs) with different length-to-diameter (L/D)
ratios were synthesized, and an optimal L/D ratio was selected to
match the laser wavelength, thereby improving detection sensitiv-
ity. The distinct Raman responses generated from each recognition
site were processed using principal component analysis (PCA)
[23-28]. The first principal component (PC1) exhibited a good lin-
ear relationship with the logarithm of the concentrations of H,S,
H,Sy, and Cys. Consequently, the AuNRs-DEP SERS probe enabled
simultaneous imaging and sensing of these thiols in living neurons
as well as in mouse brain microdialysates when integrated with
microdialysis sampling (Fig. 1a).

As a starting point of this work, we designed and created a
new recognition probe, DEP, for multi-detection of RSS (Fig. 1b).
The structure of DEP was characterized by 'H NMR, 13C NMR, and
mass spectrum (Figs. S1-S6 in Supporting information). The probe
consists of two key structural segments: (1) N-(4-(2,5-dinitro-
phenoxy)phenyl moiety (P1) was designed to chemoselective rec-
ognize H,S based on thiolysis of the dinitrophenyl ether reac-
tion (Reaction 1). (2) 2-Fluoro-5-nitrobenzoyl moiety (P2) was used
to recognize H,Sy, and Cys via nucleophilic reaction (Reaction 2)
and substitution at the fluorine site (P3) (Reaction 3), respectively.
We also synthesized AuNRs with varying length-to-diameter ra-
tios. The resulting AuNRs exhibited a weak transverse plasmon
band around 524 nm and a strong longitudinal plasmon band that
red-shifted from 604nm to 850nm as the length-to-diameter ra-
tio increased from 1:1.2 to 1:3 (Fig. 1c). This spectral shift can
be attributed to the increased surface negative charge on the
Au seeds in the presence of higher AgNO3; concentrations, which
promotes anisotropic growth and elongation of the nanorods. An
AuNR sample with a length-to-diameter ratio of 1:2.5 was se-
lected for subsequent experiments, and a 785 nm laser was cho-
sen as the excitation source due to its strong tissue penetration,
minimal photodamage, and low autofluorescence interference. Us-
ing 4-mercaptobenzoic acid (4-MBA) as a standard molecule, the
SERS enhancement factor (EF) of the AuNRs was estimated to be
1.8 x 107 (Fig. S7 in Supporting information). The DEP molecules
were then anchored onto the AuNRs via Au-C=C bonds to form
the final SERS probe, denoted as AuNRs-DEP (Fig. 1d). TEM imag-
ing confirmed the uniform morphology of the AuNRs-DEP, with
nanorod lengths of approximately 50 nm (Fig. 1e). XPS was used
to verify the modification of DEP at AuNRs (Fig. 1f). Moreover,
the peaks at 402.6eV (-NO,) and 688.0eV (F;5) demonstrated the
DEP probes have been successfully modified at AuNRs (Fig. S8 in
Supporting information). The SERS spectra were also recorded of
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AuNRs-DEP probe. The typical SERS bands located at 2056, 1600,
1186 and 178 cm™! were observed at AuNRs-DEP probe, which were
ascribed to Au-C=C stretching, Ring stretching [29], CN stretching
[30,31], the bending vibration of C-F bond [32], respectively (Fig.
1g and Table S1 in Supporting information). The strongest SERS in-
tensity was observed under 785 nm laser excitation, which can be
attributed to the electromagnetic enhancement resulting from the
close match between the surface plasmon resonance of the AuNRs
and the laser wavelength (Fig. S9 in Supporting information).

FTIR spectroscopy and LC-MS were used to confirm the de-
sign concept and the chemical products of DEP with different tar-
gets. Notably, NaHS and Na,S, were selected as the respective
donors for H,S and H,S, under physiological pH conditions, where
these species predominantly exist in their anionic forms (HS- and
HS,™) [33,34]. Combined with the broad peaks located at ~3200-
3600cm! (-OH group) (Fig. S10 in Supporting information), new
m/z peaks of 448.1, 447.1, 715.2 (Figs. 2a and b, Fig. S11 in Sup-
porting information) confirmed that the chemical products of DEP
after reacting with NaHS, Na,S, and Cys were P1, P2, and P3. Next,
the SERS response of the AuNRs-DEP probe towards NaHS, Na,S,
and Cys were investigated. As displayed in Figs. 2c-e, two new
peaks at 264cm! (ring out-of-plane bending) and 454cm™ (0-H
out-of-plane bending vibration) appeared in artificial cerebrospinal
fluid (aCSF) solution (pH 7.4) with the addition of 30 pmol/L NaHS
(Fig. 2c) [35]. At the same time, the corresponding peak intensi-
ties at 178, 1186, and 1600 cm™! were decreased because that the
thiolysis of NaHS to DEP gave rise to the breakage of the ether
bond, generating a phenolic structure. Similar changes were ob-
served at AuNRs-DEP with the addition of Na,S,. Two peaks at
264 and 454cm’! appeared, and the peak intensities at 178, 1186,
and 1600cm™ were decreased (Fig. 2d). The bi-nucleophilic reac-
tion of Na,S, and DEP also generate the phenolic structure, lead-
ing to similar SERS spectra as that caused by NaHS. However, it is
worth noting that the varied amount of the peak intensity caused
by Na,S, with same amount was different from those of NaHS, and
could be taken as the detection response to distinguish Na,S, and
NaHS. Unlike Na,S, and NaHS, the addition of Cys gave rise to dif-
ferent phenomenon, in which the SERS intensity at 178 cm™! de-
creased due to the nucleophilic substitution reaction between -SH
of Cys and Fluorine atoms of DEP (Fig. 2e). Furthermore, the band
at 2056cm™! remained constant with the addition of three kinds
of targets because of SERS signal readout in silent region, and thus
was used as an internal reference to simultaneously ensure the ac-
curacy of multi-detection.

As a tool for the analysis of highly complex data, PCA was
then employed to quantitatively distinguish the SERS responses of
AuNRs-DEP probe for NaHS, Na,S, and Cys. The Raman intensity
of the characteristic response bands was firstly normalized through
taking using the Raman intensity of 2056 cm™! (Au-C=C) as the in-
ner reference. Then, the PCA were calculated from the peak in-
tensity of 178, 264, 454, 1186, and 1600cm™ through choosing
three dimensions to describe 100% of the variance (Fig. S12 in
Supporting information). A SERS response matrix consisting of five
peaks was built to gain three canonical factors (92.43 %, 4.58 %, and
2.99%). The most significant two factors were plotted as Fig. 2f.
The first principal component (PC1) and second principal compo-
nent (PC2) revealed the trends in each dataset. Each dataset was
clustered as maximizing covariance. The variance levels in PC1 and
PC2 were 92.43% and 4.58 %, respectively. The clusters of RSS data
were found to be distinguishable from that obtained in blank aCSF.
Moreover, three active sulfurs (NaHS, Na,S,, and Cys) exhibited dif-
ferent PC1, PC2 values. These results confirmed that AuNRs-DEP
probe had high discrimination capability for the simultaneous PCA
analysis of NaHS, Na,S, and Cys. Then, PCA was performed us-
ing five ratios of peak intensit (178, 264, 454, 1186, 1600cm™!) to
the peak intensity (2056cm™!) as ratiometric signal readouts un-
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Fig. 1. (a) The principle of the developed SERS probe for the simultaneous biosensing of H,S, H,S, and Cys in brain microdialysate and single neuron. (b) Synthesis routes
for DEP. (c) UV-vis absorbance spectra of AuNRs and the corresponding TEM images. (d) Schematic illustration of the DEP assembled on AuNRs. (e) TEM of AuNRs-DEP. (f)

XPS spectra of Au-C=C. (g) SERS spectra of AuNRs-DEP and AuNRs.

der different NaHS concentrations. It was found that PC1 value
showed a good linear relationship with the logarithm of NaHS con-
centration (1gC(NaHS)) ranged from 0.1 pmol/L to 60 pumol/L (Figs.
3a-c). Moreover, the PC1 value also has a good linear relation-
ship with the logarithm of Na,S, concentration (IgC(Na,S,)) rang-
ing from 0.1 pmol/L to 60 pmol/L (Figs. 3d-f). When adding differ-
ent concentrations of Cys into blank aCSF solution (pH 7.4), PC1
value showed a good linear response with the logarithm of Cys
concentration (IgC(Cys)) from 0.1 umol/L to 10 pmol/L (Figs. 3g-
i). More importantly, the data clusters of three compounds were
small, which demonstrated AuNRs-DEP probe possessed good ac-
curacy. The amounts of Cys, NaHS and Na,S, were selected refer-
ring to their physiological levels in brain [36-40].

Encouraged by the above experimental results, we recorded the
individual SERS responses of the AuNRs-DEP sensor array upon the
addition of specific biological thiols to aCSF, and subsequently fit-
ted the concentrations based on the calibration curves. As shown
in Table S2 (Supporting information), the evaluated values were in
good agreement with the added concentrations. These data collec-

tively demonstrate that the AuNRs-DEP sensor array holds signif-
icant potential for recognition of these three biological thiols in
complex environments. Next, the sensing system was challenged
with mixed solutions of NaHS, Na,S,, and Cys at varying molar ra-
tios. Each mixture produced a unique SERS response pattern, which
was reliably differentiated in the PCA score plot (Fig. S13 in Sup-
porting information). These results confirm that the sensing system
can successfully identify and accurately discriminate ternary thiol
mixtures.

The selectivity is quite important for further application of si-
multaneous detection in brain environment. As a consequence, the
selectivity test of the developed AuNRs-DEP probe for the simul-
taneous determination of NaHS, Na,S, and Cys against metal ions
(K+, Nat, Ca?t, Mg2*, Zn2t, Fe?t, Fe3t, Cu*, Cu?*), amino acids
(Met, Iso, Phe, Ser, Glu, Gly, His, Leu, Arg, Try), protein (BSA), reac-
tive oxygen species (105, ‘OH, 027, H,0,), reactive nitrogen species
(NO, NO3-, ONOO"), RSS (GSH, GSSG, Na,S0Os3, Na,S,03, Hcy) and
other biologically relevant substances (DA, UA, AA, glucose, 5-HIAA,
ATP) were tested (Figs. 4a-d). The potential interferences could be
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separately grouped from the clusters for NaHS, Na,S, and Cys, in
particular for sulfur-containing species, in particular Hcy. Hcy has
similar molecular structure as that of Cys, which is an important
potential interference. As a result, we also tested the SERS response
of AuNRs-DEP to Hcy. Negligible variation was observed, indicat-
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ing that Hcy can not react with DEP (Fig. S14 in Supporting in-
formation). This point was further confirmed by FTIR (Fig. S15 in
Supporting information) and the same my/z (616.1) LC-MS charac-
terization (Fig. S16 in Supporting information). This observation
might be explained by large sterically hinderance of Hcy. The re-
sults confirmed that the AuNRs-DEP probe could achieve the selec-
tive detection of RSS in complex biological samples. The uniform
SERS substrate is vital to obtain the precise location of hot spots
at SERS substrate. Because the hot spots are strongly dependent
on the distance and uniformity of nanoparticles. The reproducibil-
ity of AuNRs-DEP probe was evaluated. As shown in Fig. 4e, the
typical SERS spectra of 10 AuNRs-DEP probes with the same pre-
pared process. The corresponding Raman intensity at 1186, 1600
and 2056cm! were collected, exhibiting the RSD in SERS inten-
sity smaller than 10.2%, 6.5% and 6.3 %, respectively (Fig. 4f). Sur-
prisingly, the RSD was greatly decreased to 3.2% and 1.5% as us-
ing ratio of Raman intensity at 1186, 1600 to that of 2056 cm™!
(Fig. 4g). These results indicate that the utilization of 2056 cm™! as
an internal reference not only improved the accuracy of detection,
as well as improved reproducibility. In addition, no obvious SERS
changes (<1.1%) were observed after storage in aCSF for 72h, in-
dicating the AuNRs-DEP probe had a long-term stability (Fig. S17
in Supporting information). Negligible change of SERS spectra was
obtained at AuNRs-DEP probe in aCSF with pH varying from 6.0
to 8.0, suggesting the AuNRs-DEP probe has good pH stability (Fig.
S18 in Supporting information). As demonstrated above, the devel-
oped SERS probe exhibited the intrinsic characteristics of high sen-
sitivity, long-term stability and good reproducibility. As a result,
the probe AuNRs-DEP has potential applications in single neuron
and biological fluids.

Building on the demonstrated analytical performance, repro-
ducibility, and long-term stability of the probe, we evaluated its
capability for distinguishing RSS in living neurons. The excellent
biocompatibility of the AuNRs-DEP probe was first confirmed by
CCK-8 and apoptosis assays, which demonstrated high neuronal vi-
ability (95%) after 24-h incubation with the AuNRs-DEP probe at
the working concentration of 25pug/mL, with viability consistently
exceeding 90% even at elevated concentrations up to 100 pug/mL,
indicating excellent biocompatibility (Fig. S19a in Supporting in-
formation). This result was further corroborated by flow cytome-
try apoptosis analysis, which showed over 84% of cells remained

viable across all tested concentrations (25-100pug/mL), collectively
confirming the low cytotoxicity of our probe (Fig. S19b in Support-
ing information). Furthermore, efficient cellular uptake and uni-
form intracellular distribution of the nanoprobes were verified by
quantitative ICP-MS analysis and dark-field imaging (Fig. S20 in
Supporting information), confirming their successful internaliza-
tion into neurons. Subsequently, neurons were co-incubated with
the AuNRs-DEP probe (25 pg/mL) and individual exogenous RSS (30
umol/L), and SERS imaging across five characteristic channels was
performed (Fig. 5a). PCA based on the distinct SERS response pat-
terns (Figs. 5c-e) yielded a score plot (Fig. 5b) in which the three
RSS analytes showed clear and distinct clustering. These results
confirm not only the RSS recognition ability of the AuNRs-DEP
probe in living cells but also its biosafety and efficient cellular de-
livery.

Inspired by the above results, we further evaluated the ability
of the AuNRs-DEP probe to identify H,S, H,S,, and Cys in com-
plex microdialysate samples (Fig. 6a). Given the reported associ-
ation between disrupted RSS metabolism and neurodegenerative
diseases such as Alzheimer’s disease (AD), we prepared cerebral
microdialysates from both normal and AD model mice [41-44].
The successful establishment of the AD mouse model was verified
by the Morris water maze test (Fig. 6b) [45,46]. As shown in Fig.
6¢, normal mice spent significantly more time in the target quad-
rant than AD mice, indicating impaired spatial memory in the AD
group. These behavioral results confirmed the successful construc-
tion of the AD mouse model.

The SERS response of the AuNRs-DEP probe was then recorded
following the addition of 10 umol/L NaHS, Na,S,, or Cys to brain
microdialysates from both normal and AD mice (Figs. 6d-f, 6h-
j). Changes in the five ratiometric signals (l17g/l20s6, I264/l2056,
1454/12056, 11186/12056v and 11500/12055) were monitored for each an-
alyte. Upon addition of Cys, a distinct decrease in the peak at
178 cm™! was observed. For Na,S, and NaHS, the peak at 2056 cm™!
remained stable, while the intensities at 178, 1186, and 1600 cm™!
decreased to varying degrees. Subsequent PCA clearly differenti-
ated the three spiked sulfur species based on their distinct SERS
response patterns (Figs. 6g and k). Notably, the PCA score plots re-
vealed a clear separation between the microdialysates from normal
and AD mice, even when spiked with the same concentration of
analyte. This distinct clustering demonstrates that our AuNRs-DEP
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Fig. 6. (a) Schematic illustration for extracting and monitoring cerebral microdialysates. (b) The Morris water maze pathway diagrams of normal mice (left), AD mice (right),
and corresponding heat map normal mice and AD mice (bottom). (c) Mice stay in target quadrant time statistics. SERS spectra obtained with AuNRs-DEP probe in normal
mouse brain microdialysis solution with 10 pmol/L Cys (d), NaHS (e), Na,S, (f) and PCA score plots of AuNRs-DEP probe in response to NaHS, Na,S; and Cys (g). SERS spectra
obtained with AuNRs-DEP probe in AD mouse brain microdialysis solution with 10 pumol/L Cys (h), NaHS (i), Na,S; (j) and PCA score plots of AuNRs-DEP probe in response

to NaHS, Na,S; and Cys (k).

probe is sensitive enough to detect the inherent differences in the
biological matrix between normal and disease states. All of these
results confirm the capability of the developed probe to distinguish
exogenous H,S, H,Sy, and Cys.

In this study, we have developed a novel self-calibrating SERS
probe (AuNRs-DEP) for the simultaneous detection of H,S, H,Sy,
and Cys in living neurons and complex biological environments,
such as brain microdialysates. The probe takes advantage of mul-
tiple binding sites and an internal reference peak to enable ac-
curate differentiation of these biologically relevant thiols in real-
time. Through a combination of multivariate PCA analysis, we have
demonstrated that this probe can effectively discriminate between
different thiols in the presence of complex biological matrices. Al-
though the quantification of endogenous thiol levels in AD versus
normal mouse brains was beyond the scope of this study due to
the challenge of accurately measuring subtle endogenous differ-
ences, the findings underscore the probe’s potential for detecting
changes in thiol levels in complex biological systems, paving the
way for future studies in the context of disease-relevant environ-
ments. Our results highlight the significance of this approach for
advancing analytical methods aimed at further understanding the
role and interconversion of thiols in diseases like Alzheimer’s. This
work provides a solid foundation for future research focused on
understanding the dynamic behavior of biological thiols in neu-
rodegenerative diseases and other complex biological conditions.
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