
This journal is © The Royal Society of Chemistry 2025 Chem. Commun.

Cite this: DOI: 10.1039/d5cc03052h

ROS-responsive SERS probes for real-time
monitoring of oxidative stress in traumatic brain
injury†
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Rui Wang*ab

We report a ROS-responsive SERS probe enabling real-time, spa-

tiotemporal monitoring of oxidative stress in traumatic brain injury.

The probe offers highly sensitive and biocompatible detection in

living bEnd.3 cells and mice models, providing a powerful tool for

dynamic redox analysis in biological systems.

Traumatic brain injury (TBI) is still a leading cause of death and
disability worldwide, often accompanied by complex secondary
injuries including neuroinflammation, oxidative stress and blood–
brain barrier disruption.1–3 Among these, the excessive production of
reactive oxygen species (ROS) has been recognized as an important
biological event, causing cellular damage, mitochondrial dysfunc-
tion, and long-term neurodegeneration.4,5 Great efforts have been
devoted to developing sensitive assays for detecting ROS, such as
fluorescence assay,6–8 and electrochemical assay.9,10 Fluorescent
probes such as DCFH-DA are widely used for the detection of ROS
due to the deep-penetration and visual localization.11 However, the
probes often suffer from photobleaching, which may generate back-
ground noise.12 Electrochemical sensors allow real-time quantifica-
tion and highly sensitive detection.13,14 Unfortunately, the elec-
trochemical signals usually undergo interference from other compo-
nents. Thus, conventional methods can’t fully meet the requirement
for detecting ROS in vivo, especially in the TBI models.

To overcome these limitations, surface-enhanced Raman scat-
tering (SERS) has emerged as a promising analytical technique for

biological and molecular detection due to its ultrahigh sensitivity,
molecular specificity with narrow characteristic bands for multi-
plexed detection and resistance to photobleaching for long-term
monitoring.15,16 However, the design and preparation of respon-
sive and stable SERS probes for real-time ROS imaging, particu-
larly in deep tissue or injury TBI models, remains technically
challenging.17–19

Herein, we report a rationally designed ROS-responsive SERS
probe composed of gold-silver core–shell nanoparticles (Au@Ag
NPs) as the substrates functionalized with 5,50-dithiobis-(2-
nitrobenzoic acid) (DTNB), which enables sensitive and time-
resolved detection of ROS in both living cells and animal TBI
models (Fig. 1). By optimizing the Ag shell thickness through
controlling the AgNO3 volume, the plasmonic enhancement
and signal stability of the SERS probe can be finely tuned,
which is critical for sensitive detection of ROS. DTNB plays
roles as both the Raman reporter molecule and response unit
for ROS. We demonstrate the capability of the SERS probe for
spatiotemporal imaging of ROS in both living bEnd.3 cells and

Fig. 1 Schematic illustration of the SERS probe for the detection of ROS in
TBI models.
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in vivo mice TBI models. The probe exhibits time-dependent
SERS signal enhancement corresponding to intracellular ROS
accumulation without the response for antioxidant-pre-
treatment. Furthermore, in vivo SERS imaging at the injury site
reveals progressive SERS signal intensities from 5 to 120 min
post-probe-injection, which indicates dynamic ROS elevation
associated with brain trauma. These findings have been vali-
dated by in vitro SERS imaging and Raman spectroscopic
analysis of serum samples. Therefore, our study presents a
highly sensitive, responsive SERS probe for real-time and
quantitative ROS tracking in living cells and mice models,
offering a useful tool for studying oxidative stress in brain
trauma.

The performances of SERS active substrates play key roles
for the sensitive detection.20 To improve the detection sensitiv-
ity, the substrates used gold nanoparticles (Au NPs) and gold–
silver core–shell nanoparticles (Au@Ag NPs) with various silver
shell thicknesses. Fig. 2a presents digital photographs of the Au
NPs and Au@Ag NPs, demonstrating distinct colour transition
from wine red to yellowish-brown due to localized surface
plasmon resonance (LSPR) modulation. UV-vis absorption spec-
tra reveal a gradual blue shift in the LSPR peak from 528 nm
to 450 nm, consistent with silver shell growth (Fig. 2b).21

To compare the effect of Ag shell thickness on the SERS signal,
the signal intensity of DTNB with various volumes of AgNO3

was measured. As shown in Fig. 2c, the addition of 60 mL AgNO3

shows much stronger SERS signal intensity at 1337 cm�1 than
other volumes under the same detection conditions. Dynamic
light scattering (DLS) analysis confirms the slight increase in
hydrodynamic size from 60 nm to 70 nm (Fig. 2d), while zeta
potential measurements exhibit a shift from �43 mV to
�31 mV, indicating the successful coating on the surface of
Au@Ag NPs (Fig. 2e). To optimize the labelled amount of
Raman reporter molecule DTNB, various volumes (1–9 mL,
1 mM) were introduced onto the surface of the Au@Ag NPs.
As indicated in Fig. 2f, variations in DTNB labelling amounts
highlight optimal signal enhancement at 7 mL.

In addition, TEM images further confirm the core–shell
morphology of Au@Ag NPs with a uniform Ag shell encapsulat-
ing the Au core. The stability of SERS probes usually affects the
detection of the targets in the complex biological matrix.22 The
stability tests indicate stable SERS signals over 7 days in fetal
bovine serum, which demonstrates the great potential of good
stability in the biological milieu. The response performance of
the SERS probes has been evaluated by monitoring Raman
signal intensity under different conditions. As illustrated in
Fig. 2k, the probe exhibits specific ROS responsiveness. H2O2

triggers molecular structural changes in DTNB, resulting in a
significant enhancement of its characteristic peak SERS signal
(Fig. S1, ESI†). The NAC control group effectively suppresses
this enhancement, confirming the ROS specificity of the
response. To check the biological safety of the SERS probe,
cytotoxicity and in vitro haemolytic assessment have been
performed. Cell counting kit-8 is utilized to measure the cell
viability after incubation of the probe and bEnd.3 cells for 24 h.
The cells still remain more than 80% (Fig. 2l). Minor fluctua-
tions observed are within the experimental error margins and
don’t reflect a true increase in viability. Furthermore, the
haemolytic assays demonstrate o5% haemolysis rate even at
2.5 nM (Fig. S2, ESI†). These results demonstrate good biocom-
patibility and potential to be used in living cells.

We investigate the influence of Ag shell thickness on the
performance of the SERS probe for the detection of ROS. Ag
shell thickness has been modulated by varying the volume of
AgNO3 during the probe synthesis. A comprehensive heat-
map illustrates the Raman signal intensities obtained from
the probe after reaction with different ROS concentrations
(1–1000 mM) under each AgNO3 volume condition (Fig. 3a).
The heatmap clearly demonstrates that both the ROS concen-
tration and Ag shell thickness play critical roles in SERS signal
output. To further quantify the performance of the SERS probes
under each condition, the regression coefficients (R2) and
limits of detection have been calculated as shown in Fig. 3b.
The probe with 40 mL of AgNO3 exhibits the most favourable
performance, which can achieve an R2 of 0.991 and the lowest
LOD of 1.08 mM, indicating the optimal detection performance
for further experiments. In addition, the Raman spectra after
reaction with ROS consistently show the enhanced Raman
intensity with increasing ROS concentration, even for the

Fig. 2 (a) Digital photographs of Au NPs and core–shell structured
Au@Ag NPs with different silver shell thicknesses. (b) UV-vis absorption
spectra of Au@Ag NPs with different silver shell thicknesses. (c) Raman
spectral characteristics of Au@Ag NPs with different silver shell thick-
nesses. (d) DLS particle size distribution. (e) Zeta potential test. (f) Effect of
different DTNB labelling amounts on SERS signal intensity. (g) TEM images
of Au NPs. (h) and (i) TEM morphology characterization of Au@Ag NPs and
the SERS probe, respectively. (j) Stability test of the SERS probes for signal
intensity within 7 days. (k) Comparison of Raman spectra obtained under
different reaction conditions. (l) Cell viability of the SERS probe against
bEnd.3 cells.
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probes with different Ag shell thickness (Fig. 3c–h). To directly
compare the quantitative response characteristics, the calibra-
tion curves for each Ag shell condition are presented (Fig. 3i–n).
The calibration curve corresponding to 40 mL AgNO3 solution
not only demonstrates linearity over a wide concentration range
but also maintains low standard deviation across replicate
measurements, which validates the robustness of this method
(Fig. 3f). In contrast, the probes with no Ag shell (0 mL, Fig. 3i)
or excessive Ag shell (80 mL, Fig. 3n) exhibit decreasing perfor-
mance due to the insufficient enhancement or signal satura-
tion and background noise, respectively. Therefore, the optimal
condition – 40 mL of AgNO3 provides good balance between
detection sensitivity and quantitative accuracy, which has great
potential to be used for tracking the ROS level changes in living
cells and animals.

To evaluate the response of the SERS probe toward intracel-
lular ROS, the time-resolved SERS imaging has been conducted
using bEnd.3 cells incubated with different conditions. As
illustrated in Fig. S1a (ESI†), the SERS mapping images repre-
sent the dynamic intracellular distribution and SERS signal
intensity of the probe alone within 120 min (Fig. S3a–c, ESI†).

At the early stage (5–15 min), the SERS signals are relatively
weak and sparsely distributed, suggesting the limited uptake or
initial probe activation. Then, the significant increase of SERS
signal intensity can be detected from 30–60 min, which indi-
cated successful cellular internalization and activation of the
probe in response to endogenous ROS. Furthermore, this trend
continued to 120 min with enhanced spatial signal heteroge-
neity and stronger intensity. And the quantitative analysis of
the Raman intensities confirms the time-dependent increase,
which demonstrates that the probe exhibits the capability to
detect intracellular ROS (Fig. S3d, ESI†).23 In contrast, the
bEnd.3 cells are pre-treated with N-acetylcysteine (NAC), a
well-known antioxidant, followed by SERS probe incubation.
The NAC condition serves as a negative control to evaluate
whether ROS scavenging affects SERS signal changes. While a
modest increase of SERS signal can still be observed over time,
the overall signal intensity remains significantly lower, which
can be confirmed by the quantitative analysis in Fig. S3e (ESI†)
due to reduced intracellular ROS levels after incubation with
NAC. The results confirm that the SERS signal changes are
indeed correlated with intracellular ROS presence and are not
an artefact of cellular uptake alone. Further evaluation has
been provided by the incubation of the SERS probe and
endogenous ROS with LPS stimulation for 30 min (Fig. S3c,
ESI†).24 The SERS signal intensities show a rapid increase
as early as 10 min. In addition, the SERS signal is signifi-
cantly stronger than that in the other groups, particularly at
60–120 min, which indicates enhanced ROS accumulation and
higher probe activation (Fig. S3f, ESI†). All these results demon-
strate that the SERS probe exhibits high reactive activation
toward ROS in living cells and ROS-induced signal amplifica-
tion can be quantified using SERS mapping.

To evaluate the level changes of ROS during the TBI physio-
logical process using SERS probes, time-resolved SERS imaging
has been performed in both living mice models and brain
tissues. As shown in Fig. 4a, the in vivo SERS mapping presents
pseudo-color-coded images of the injury region from 5 to
120 min post-injection. At the early stage (5–15 min), the weak
SERS signals can be detected, indicating the relatively low ROS
level or delayed probe activation. After post-injection for 90–120
min, the SERS signal intensities significantly increase, which is
consistent with rising oxidative stress in the injured brain. The
corresponding quantitative analysis also supports this trend,
with a time-dependent elevation in SERS signal intensity
(Fig. 4c). These results demonstrate that the proposed SERS
probe can provide real-time, non-invasive monitoring of ROS in
living animals. To further confirm these findings, the in vitro
SERS imaging has been performed on brain tissues that
collected at the corresponding time points of post-probe
administration (Fig. 4b). The in vitro images display similar
time-resolved increases in SERS signal intensity and spatial
distribution, which indicate persistent ROS presence and probe
activation even after tissue isolation. In addition, quantitative
analysis confirms the rising SERS signal over time while lower
than that in vivo, possibly due to the absence of ongoing
biological activity and blood flow (Fig. 4d). In addition to

Fig. 3 (a) Heat map analysis of Raman signal intensity after reaction of the
SERS probe with ROS for different silver shell thicknesses. (b) Evaluation of
the linear regression coefficient (R2) and limit of detection (LOD) of the
SERS probe after reaction with ROS. (c)–(h) The Raman spectra of the SERS
probe with different silver shell thicknesses after reaction with ROS. (i)–(n)
Raman signal intensity calibration curves corresponding to (c)–(h) for
quantitative analysis of the SERS probe response to ROS, respectively.
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imaging data, spectral analysis of serum samples collected at
the same points further confirms the probe’s feasibility to ROS.
As illustrated in Fig. 4e, the signal intensity of the typical
Raman peak at 1337 cm�1 steadily increases over time, reflect-
ing successful detection of oxidative stress markers in blood,
which is associated with the ROS-responsive vibrational modes
of Raman reporter molecule DTNB.

In summary, we have developed a ROS-responsive SERS
probe for real-time, highly sensitive detection of oxidative stress
associated with TBI. The probe successfully enables spatiotem-
poral mapping of ROS in both living cells and in vivo mice TBI
models, with quantitative analysis validated through tissue
imaging and serum analysis. The proposed SERS probe offers
a powerful tool for studying oxidative stress in complex phy-
siological environments.
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Fig. 4 (a) Schematic illustration of the SERS probe for evaluation of the
ROS level changes on the TBI models. The illustration was created with the
help of BioRender.com. (b) In vivo SERS mapping images of the
corresponding pseudo-colour coding at the probe-imposed injury within
5–120 min. (c) Corresponding pseudo-colour-coded SERS mapping
images of isolated brain tissue at the probe-imposed injury within
5–120 min. (d) Corresponding to (a) quantitative analysis of Raman signal
intensity at different time points. (e) Quantitative analysis of Raman signal
intensity at different time points corresponding to (b). (f) Raman spectral
features of the SERS probe in response to serum samples collected at
different time points. Statistical analysis was performed using one-way
analysis of variance followed by post hoc Tukey multiple comparisons
(n = 3, mean � S.E.M., *P o 0.05, **P o 0.01, ***P o 0.001,
****P o 0.0001).
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