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Abstract: Detecting molecules across different spatial
scales remains a major challenge in biological samples,
particularly in complex tissues such as brain, where

Tissue
Primary antibody

Biotin secondary antibody
linking molecular identification and nanoscale Streptavidin-guantum dots

structural detail is essential for understanding function. i »
% _p

Fluorescence microscopy

Fluorescence microscopy provides selective labeling
of specific molecules but cannot fully resolve many
cellular and subcellular features, whereas electron
microscopy reveals ultrastructure without molecular
specificity. Bridging these modalities is difficult
because commonly used fluorescent probes such as
dyes and proteins cannot provide electron contrast. Quantum dots are particularly useful as they retain fluorescence
while providing sufficient electron density for ultrastructural visualization. Here, we show that streptavidin-
functionalized CdSe/CdS core/shell quantum dots can function as dual-modal probes for labeling y-aminobutyric
acid (GABA) neurons in brain tissue. The quantum dots produce bright and stable fluorescence signals for optical
detection while their inorganic composition generates strong electron contrast in ultrathin sections examined by
transmission electron microscopy. This work demonstrates that functionalized CdSe/CdS quantum dots can serve
as stable dual-modal probes for fluorescence and electron microscopy in complex tissues, highlighting the potential
of semiconductor nanocrystals for multifunctional imaging applications.
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1. Introduction

Understanding the molecular architecture of complex tissues is challenging due to the high-resolution
imaging needed to localize molecules at the subcellular level. Fluorescence microscopy (FM) has been the primary
tool to specifically label and identify molecular and structural features of brain cells such as a cell body, dendrites
and axons as seen in neurons [1,2]. However, it lacks the spatial resolution needed to resolve subcellular structures.
In contrast, electron microscopy (EM) provides ultrastructural detail but does not inherently convey molecular
specificity. To integrate molecular information with ultrastructural context, we focused on the use of CdSe/CdS
quantum dots (QDs) as correlative probes for FM and EM visualization.

EM approaches to molecular localization come with certain limitations. Normally, one must balance the
ultrastructural and molecular preservation of a determined target, followed later by immunoelectron microscopy
techniques (immuno-EM) [3]. Immunolabeling on ultrathin EM sections is detected by direct or indirect visualization
of antibodies by colloidal gold particles, which are electron dense for EM imaging but cannot be imaged by light
microscopy [4,5]. Additionally, the size of gold-antibody complexes provides a challenge since labeling efficiency
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decreases with larger gold particles (5—15 nm) [6,7]. Although ultra-small gold particles (0.8—1.4 nm) can improve
labeling and imaging resolution, detection requires silver enhancement which is subject to background and may
not reflect individual gold particles. These features therefore increase detection inaccuracies, potentially obscuring
ultrastructural details and increasing background due to heterogenous particle sizes. Accordingly, probes that are
reliably visualized and support dual FM and EM imaging are needed for immuno-EM applications [6-9].

Semiconductor QDs offer a promising platform to address these limitations. QDs exhibit high brightness,
photostability, and size-tunable emission [10—12], making them well suited as fluorescent probes in biological
systems [13—16]. In addition, their inorganic composition provides intrinsic electron density, suggesting their
potential as contrast agents for EM [17-19]. These properties make QDs attractive candidates for dual-modal
imaging. The ability to synthesize and functionalize QDs de novo provides flexibility to optimize particle size,
emission, and surface properties for specific research needs. Although functionalized QDs have shown efficient
correlative labeling in pre-embedding approaches [20-23], their use for post-embedding correlative FM and EM
on ultrathin sections has not been developed.

Because commercially available QDs may not always provide optimal surface functionalization, labeling
performance, and EM visibility, requiring signal enhancement in some cases [21], we describe in detail the
synthesis and functionalization of CdSe/CdS core/shell QDs for use as dual-modal labels in brain tissue post-
embedding immuno-EM. By functionalizing the QDs with streptavidin, biotinylated y-aminobutyric acid (GABA)
cells are successfully labeled and visualized in ultrathin brain tissue sections for both FM and EM imaging.
Ultrathin sections permit visualization of cells and subcellular structures that can be followed through consecutive
series of sections [24]. Immunolabeling using two consecutive serial sections demonstrates that the functionalized
streptavidin-QDs enable correlative FM and EM imaging in brain tissue, maintaining functionality across both
imaging workflows.

2. Results and Discussion

CdSe/CdS QDs were synthesized using the hot injection method [25]. The QDs exhibit a broad absorption
spectrum and a sharp photoluminescence (PL) maximum at 620 nm, as shown in Figure 1A. To further evaluate
their optical properties, the photoluminescence quantum yield (PLQY) was measured before and after aqueous
transfer. The as-synthesized QDs in hexane exhibited a PLQY of 44.5%, while the MUA-capped QDs after ligand
exchange and aqueous dispersion exhibited a PLQY of 16.2%. Although the PLQY decreased after ligand
exchange, the QDs retained detectable fluorescence in water (Figure S1), supporting their use as fluorescent
probes. Transmission electron microscopy (TEM) revealed that the QDs have a spherical morphology with an
average size of 9.0 £ 0.9 nm shown in Figure 1B. To make the QDs water soluble and thus biocompatible, ligand
exchange with mercaptoundecanoic acid (MUA) was performed on the as-synthesized QDs. Following ligand
exchange, the QDs were functionalized with streptavidin to allow for targeted biological labeling through biotin-
streptavidin interactions [26—28]. Details of the functionalization method are available in the Supporting
Information, Section 4.

To confirm that streptavidin has been successfully introduced on the QDs, Forster resonance energy transfer
(FRET) measurements were conducted using the streptavidin-functionalized QDs as an energy donor and Cy5
biotin as an acceptor fluorophore. The FRET measurement takes advantage of the spectral overlap between QD
emission and Cy5 dye absorption (Figure S2) and the strong distance dependence of FRET, which is most effective
over donor-acceptor separations of approximately 1-10 nm [29-31]. Therefore, Cy5 dye emission is only
detectable when Cy5 biotin binds to streptavidin on the QD surface and brings the acceptor fluorophore into close
proximity with the QD donor. For FRET measurements, streptavidin-functionalized QDs dispersed in PBS/BSA
were reacted directly with CyS5 biotin in solution and allowed to react for 30 min. Following the addition of Cy5
biotin to the streptavidin-functionalized QDs, the reaction mixture was excited at 400 nm to selectively excite the
QDs only and PL emission spectra were collected. Under these conditions, Cy5 emission was observed at 670 nm
(Figure 1C), indicating that FRET occurred due to successful binding of Cy5 biotin to streptavidin. Furthermore,
PL decay measurements were performed under the same experimental conditions using a 405 nm pulsed laser
excitation and the decay curves were fit using a tri-exponential function (Figure S3 and Table S1). A decrease in
the QD donor PL lifetime from 17.90 ns to 11.42 ns was observed in the presence of Cy5 biotin (Figure 1D). The
faster PL decay observed of the conjugated biotin-streptavidin pair indicates nonradiative energy transfer from
QDs to Cy5 which further confirms binding between streptavidin-functionalized QDs and Cy5 biotin [32-34].
These results demonstrate successful streptavidin functionalization at the QD surface.
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Figure 1. (A) UV-vis absorption spectrum (left axis) and photoluminescence (PL) emission spectrum (right axis)
of CdSe/CdS QDs in hexane. (B) Representative TEM image of the QDs. The inset shows a histogram of the QD
size distribution. (C) PL spectra of streptavidin-conjugated QDs before and after addition of Cy5 biotin, excited at
400 nm. (D) Time-resolved PL decays of streptavidin-conjugated QDs before and after addition of Cy5 biotin.

While successful conjugation of streptavidin was confirmed in vitro, removal of unbound streptavidin is
critical to ensure effective labeling of the targets in the tissue sections by QDs rather than free streptavidin. A 100
kDa molecular weight cut off filter was applied to purify the streptavidin-functionalized QDs to remove unbound
streptavidin. The QDs were evaluated for specific labeling in ultrathin brain tissue sections using an antibody-
based approach as illustrated in Figure 2A. The QDs were then used to visualize GABA, one of the main
neurotransmitters to identify inhibitory cell types in the brain, on ultrathin (70 nm) sections of rat brain [35,36].
Perfusion-fixed rat brains were sectioned on a vibratome and the amygdala region was dissected out and embedded
in resin following the procedure in Section 6 in the Supporting Information. Embedded tissue blocks were
sectioned at 70 nm using an ultramicrotome and sections placed on coverslips or gold pioloform grids were used
for immuno-EM labeling. The tissue sections were then treated with the primary antibody to GABA followed by
a biotinylated secondary antibody. Lastly, the tissue sections were incubated with streptavidin-QDs or AlexaFluor
647 as a control, as detailed in Section 7 in the Supporting Information. The tissues were examined under
fluorescence or transmission electron microscopes. Ultrathin tissue sections ensure that adjacent sections contain
nearly identical structural information, allowing reliable comparison across sections.

In the brain, GABA is found in the neuron cell body, as well as in dendrites and axons [36,37]. Labeling of
GABA cells using streptavidin-AlexaFluor 647 is seen with a strong labeled cell body (arrow in Figure 2B). A
consecutive section labeled with streptavidin-QDs show the same pattern of staining of the same cell (arrow in
Figure 2C), although some non-specific puncta were observed in the tissue (arrowheads in Figure 2C).
Fluorescence microscopy images of QDs were excited at 385 nm and emission was collected with an ET605/52
nm filter. Fluorescence imaging indicates that streptavidin-functionalized QDs preferentially bind in the presence
of biotin in tissue, with minimal QD signal observed in the absence of the primary antibody (Figure 2D). GABA
is widely distributed in the brain making it difficult to confirm non-specific QDs puncta in neuropil (the dense
space between neuronal cell bodies primarily composed of axons, dendrites and glial cells), so EM is needed to
confirm the specificity of the QD labels. Axons and dendrites can be followed through series of consecutive
ultrathin sections [24]. To test streptavidin-QDs labeling at EM resolution, two consecutive ultrathin 70 nm
sections were labeled with GABA, using one section with streptavidin AlexaFluor 647 as a validation of the labeled
structures (magenta signal in Figure 2E), and the following one with QDs directly to tissue on EM gold pioloform
grids (Figure 2F,G). Imaging at high resolution showed individual QDs on tissue structures (arrows in Figure 2G).
GABA positive puncta was aligned to specific neuronal processes using the AlexaFluor 647 signal (Figure 2E),
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and QDs were distributed within these processes (white arrows in Figure 2F,G). However, non-specific binding of
QDs was also present in some GABA-negative processes (arrowheads in Figure 2F), and not all GABA-positive
processes exhibited QD labeling (black arrow in Figure 2F). The presence of streptavidin-functionalized QDs on
some GABA-positive processes supports target-associated labeling; however, nonspecific binding in GABA-
negative structures and incomplete labeling of GABA-positive processes indicate that labeling efficiency and
specificity remain limited. These observations may reflect inefficient binding of the QD probes to the secondary
antibody due to incomplete removal of unbound streptavidin, as excess free streptavidin could occupy the
biotinylated secondary antibody sites. Although size exclusion filters have previously been used for QD
purification [38—40], as well as to remove excess free streptavidin [41], more precise purification methods, such
as high-performance size exclusion chromatography (HPSEC) may further reduce unbound streptavidin and QD
aggregates [42] potentially improving labeling specificity. Together, these factors highlight the importance of
optimizing purification and surface functionalization to improve labeling specificity in tissue sections.
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Figure 2. (A) Schematic of immunolabeling on 70 nm ultrathin sections. Signal from primary antibody is detected

by biotin and streptavidin interaction. Streptavidin is either fluorescent or functionalized with QDs. A GABA
positive cell is detected by fluorescent streptavidin (arrow in B) and streptavidin-QDs (arrow in C) after
immunolabeling is performed on ultrathin sections. A no primary antibody control shows less or no signal of
streptavidin-QDs (D). GABA positive processes are visualized at EM level after immunolabeling is performed on
EM gold pioloform grids. Fluorescence microscopy in a consecutive 70 nm section validates labeled structures
(magenta signal in E). Streptavidin-QDs are seen in positive (white arrows in F and G) and non-positive
(arrowheads in F) GABA processes. A positive GABA axon (black arrow in F) is shown with no QDs. (G) is an
inset magnification of the boxed region in (F). Scale bars: 10 um in (B), 200 nm in (E), and 10 nm in (G).

In conclusion, streptavidin functionalized CdSe/CdS QDs function as dual-modal probes that retain
fluorescence and electron contrast, enabling correlative imaging in ultrathin brain tissue sections. While specific
labeling of GABA neuronal processes was achieved, nonspecific binding and incomplete labeling indicates that
further optimization of purification and surface functionalization is needed. These results demonstrate the
feasibility of using semiconductor QDs for integrated fluorescence and electron microscopy and support their
continued development as multifunctional imaging probes.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2608141007326916/M1-26050111-SL.pdf, Chemicals, instrumentation, QD synthesis and surface functionalization
procedures, tissue embedding, sectioning and labeling procedures, and additional experimental data.

Author Contributions: J.Z. and L.O. conceived the project. H.N.N. and J.P.-G. carried out all the experiments and performed
data analysis under the supervision of J.Z. and L.O. The manuscript was written through contributions of all authors. All authors
have read and agreed to the published version of the manuscript.
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Abstract: Rapid and reliable discrimination of o i N 7
structurally similar small molecules in complex e
systems remains a significant challenge for chemical 0
sensing, particularly when subtle structural variations
lead to highly overlapping spectral features. Herein,
we develop a semiconductor surface-enhanced Il 0
Raman scattering (SERS) platform based on ZnO a o~
superstructures for the reliable discrimination of (1)
structurally similar flavonoids in both single-
component and multicomponent systems. The ZnO- Cl
based SERS platform enables the generation of
molecule-specific spectral fingerprints, with characteristic variations in both skeletal vibration and functional
group regions, allowing effective differentiation of closely related flavonoids. By integrating multivariate
statistical analysis, robust classification, and discrimination of flavonoids with highly similar structures were
achieved, including in mixed-component systems. The practical applicability of the platform is further validated
using real plant-derived samples, where distinct spectral signatures enable effective discrimination of samples with
different compositional profiles, thereby demonstrating its capability for botanical origin authentication. Notably,
the proposed approach allows rapid analysis with minimal sample pretreatment and without the need for
chromatographic separation. These results demonstrate that ZnO-based semiconductor SERS sensing provides a
robust and scalable strategy for the detection and discrimination of structurally similar flavonoids in complex
systems, highlighting its practical applicability for quality control and authenticity assessment in food and plant-
derived materials.

Keywords: SERS; ZnO superstructures; flavonoids; multicomponent analysis; semiconductor sensing

1. Introduction

Rapid and reliable discrimination of structurally similar small molecules in complex systems remains a
significant challenge in chemical sensing, particularly when subtle variations in molecular structure led to highly
overlapping spectral features [1,2]. Such challenges are frequently encountered in plant-derived systems, where
structurally related compounds coexist and exhibit minor differences in functional groups and substitution
patterns [3,4]. Flavonoids, which are widely distributed in plant-derived systems and are known for their
antioxidant and bioactive properties, are a representative class of such compounds, characterized by a common
C6—C3-C6 framework with diverse substitution patterns and oxidation states [5—7] (Scheme 1a). These structural
variations result in highly similar molecular backbones but subtle differences in functional groups, making their
rapid identification and discrimination in complex matrices particularly challenging. Due to their structural diversity
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and abundance, flavonoids are often used as characteristic markers for compositional evaluation of plant-derived
materials. Therefore, developing effective analytical strategies for distinguishing structurally similar flavonoids is of
considerable importance for compositional analysis and quality evaluation of plant-derived materials.

Surface-enhanced Raman scattering (SERS) provides molecular fingerprint specificity, rapid detection,
minimal sample pretreatment, and low sample consumption, making it a promising tool for chemical sensing
applications [8—17]. While noble-metal substrates can deliver high sensitivity, their practical use is often limited
by cost, oxidation instability, and the need for surface modification [18-21]. In contrast, semiconductor-based
SERS substrates offer improved chemical stability and can facilitate molecule-specific interactions through
charge-transfer mechanisms [22-24]. In particular, ZnO is capable of interacting with hydroxyl-rich flavonoids
via surface Zn?* sites and hydroxyl groups, enabling adsorption-dependent signal modulation and enhancing
sensitivity to subtle structural differences [25]. These interactions further modulate charge-transfer processes
between ZnO and adsorbed molecules, providing a basis for selective enhancement of vibrational modes.

In this work, we develop a ZnO superstructure-based SERS platform for the discrimination of structurally
similar flavonoids (Scheme 1b). The platform enables the generation of distinct spectral fingerprints while
preserving intrinsic molecular vibrational features. By integrating chemometric analysis, reliable classification of
flavonoids is achieved in both single-component and multicomponent systems. To demonstrate practical
applicability, Isatis Root (Banlangen), a plant-derived material with known compositional variability, was selected
as a representative system (Scheme 1c). Notably, northern and southern Isatis Root in China originate from
different botanical sources and exhibit distinct chemical profiles, particularly in flavonoid composition [26]. These
differences provide a suitable model system for evaluating the capability of the proposed SERS platform in
discriminating complex samples with subtle compositional variations [27,28]. This approach provides a rapid and
practical strategy for the analysis of structurally similar compounds in complex systems.
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Scheme 1. Conceptual illustration of SERS-based flavonoid discrimination and application workflow. (a)
Representative structural classes of flavonoids. (b) Schematic illustration of SERS-based molecular fingerprinting
of flavonoids on ZnO superstructure substrates. (¢) Taking northern and southern Isatis Roots as examples,
distinguished and classified flavonoids from different plant sources.

2. Experimental Section

2.1. Chemicals

Zinc acetate dihydrate, diethylene glycol, absolute ethanol, chromatographic-grade methanol, luteolin,
chrysin, rutin, quercetin, and kaempferol were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China).
Isorhamnetin, naringenin, liquiritigenin, L-epicatechin, genistein, isoliquiritigenin, linarin, and neohesperidin were
obtained from Rhawn Chemical Technology Co., Ltd. (Shanghai, China). Traditional Chinese medicinal samples
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were collected from Shandong, Gansu, Liaoning, Heilongjiang, Sichuan, Yunnan, Guizhou, and Anhui provinces,
China. All solutions were prepared using analytical-grade reagents and Milli-Q water.

2.2. Characterization Methods

Scanning electron microscopy (SEM) images were acquired using a JSM-7500F field-emission scanning
electron microscope (JEOL Ltd., Tokyo, Japan). X-ray diffraction (XRD) patterns were recorded on a Shimadzu
XRD-6100 diffractometer with Cu Ko radiation (A = 1.5406 A) at room temperature (Shimadzu Corporation,
Kyoto, Japan). Raman and SERS spectra were measured using a Raman spectrometer (Zolix Finder Insight FI1785-
Pro) equipped with a 785 nm excitation laser (Zolix Instruments Co., Ltd., Beijing, China). The instrument was
calibrated using the 520.7 cm™! vibrational band of a silicon wafer.

2.3. Synthesis of ZnO Superstructures

ZnO superstructures were synthesized via a solvothermal method. Briefly, 0.01 mol of zinc acetate dihydrate
was dissolved in 100 mL of diethylene glycol and heated slowly to 160 °C under magnetic stirring for 1 h, forming
a turbid colloidal suspension. After cooling to room temperature, the suspension was centrifuged, and the
supernatant was collected as the seed solution. Subsequently, another 0.01 mol of zinc acetate dihydrate was
dissolved in 100 mL of diethylene glycol and heated to 130 °C. Then, 0.3 mL of the seed solution was introduced
into the hot solution, and the temperature was rapidly increased to 160 °C and maintained for 1 h to obtain spherical
ZnO particles. The resulting nanoparticles were collected by centrifugation, washed three times with distilled water
and absolute ethanol, and finally dried in a vacuum oven at 60 °C for 12 h before use.

2.4. Preparation of Chinese Medicine Samples and SERS Measurements

Chinese medicinal samples from different geographical origins were ground into fine powders using a grinder.
Approximately 0.5 g of powder was dispersed in chromatographic-grade methanol and ultrasonically extracted for
90 min. The organic phase was collected and concentrated to dryness under reduced pressure using a rotary
evaporator. Prior to LC-MS/MS analysis, the extract was re-dissolved in 10 mL of methanol and filtered through a
0.45 pm nylon membrane. For SERS measurements, 10 pL of the crude extract was dropped onto a ZnO
superstructure substrate dispersed in ethanol and allowed to dry naturally. The flavonoid signals were directly
recorded using a 785 nm Raman spectrometer with a laser power of 20 mW and an acquisition time of 3 s. The
obtained spectra were baseline-corrected and smoothed using LabSpec 5 software (Version) prior to further analysis.

2.5. LDA Analysis of SERS Spectra

Linear discriminant analysis (LDA) was performed using the SERS spectra of crude Chinese medicinal
samples extracts collected over the range of 200-2000 cm ™. All spectra were preprocessed by baseline correction
and smoothing before analysis in SPSS Statistics 25.0. The processed data were subsequently visualized and
further analyzed using Origin 2023 to generate two-dimensional LDA score plots, enabling effective
discrimination among different flavonoids and TCM samples from various geographical origins.

3. Result and Discussion
3.1. Analytical Performance of ZnO Superstructure-Based SERS Platform

The ZnO superstructure substrate was designed and evaluated with a focus on its analytical suitability for
SERS-based flavonoid analysis. The near-field scattering efficiency (Qnr) of spherical ZnO particles was
theoretically calculated based on Mie theory (Figure 1a,b), indicating that particles with a diameter around 400 nm
led to enhanced local electric-fields under 785 nm excitation. This size-dependent optical response provides a
rational basis for optimizing SERS performance. Based on this consideration, ZnO superstructures were
synthesized via a polyol-mediated precipitation method, forming uniform spherical architectures assembled from
nanoscale primary particles [8]. As shown in Figure 1c,d, the structures exhibit good morphological uniformity
with an average diameter of approximately 492.62 + 2.02 nm, which is beneficial for achieving reproduceable
SERS responses. X-ray diffraction analysis (Figure 1e) confirms the formation of phase-pure hexagonal wurtzite
ZnO, ensuring structural reliability of the sensing substrate.

The SERS performance of the ZnO superstructures was evaluated using rutin as a model analyte (Figure 1f).
The obtained SERS spectrum shows peak positions highly consistent with its intrinsic Raman spectrum, indicating
that the platform preserves characteristic molecular vibrational features. In contrast, Ag substrate yields weak and
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limited signals due to the lack of adsorption sites for rutin molecules. The superior performance of ZnO is attributed
to its ability to facilitate direct interaction with hydroxyl-rich flavonoid molecules, enabling efficient signal
transduction without additional surface modification. To further evaluate the generality of the platform, the SERS
spectra of multiple representative flavonoids were collected and compared with their intrinsic Raman spectra
(Figures S1-S7). The results show that ZnO superstructures not only provide significant signal enhancement but
also largely preserve intrinsic vibrational features, demonstrating their suitability for fingerprint-based
discrimination of structurally similar compounds. To evaluate the reproducibility of the ZnO superstructure-based
SERS platform, repeated measurements were performed for representative flavonoid molecules, and the
corresponding relative standard deviation (RSD) values were calculated (Figure S8). The obtained RSD values
ranged from 2.76% to 4.86% among the 13 investigated flavonoids, demonstrating high spectral reproducibility
of the substrate. The low variation among repeated measurements can be attributed to the uniform morphology of
ZnO superstructures and the stable molecule substrate interactions, confirming their suitability for reliable
flavonoid sensing and discrimination.
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Figure 1. Structural characterization and SERS performance of ZnO superstructures. (a) Calculated near-field
scattering efficiency of ZnO microspheres as a function of incident wavelength and particle diameter. (b) Near-
field scattering efficiency of ZnO particles as a function of particle diameter under 785 nm excitation. (¢) SEM
image of ZnO superstructures. (d) Particle size distribution of ZnO superstructures. (¢) XRD pattern of ZnO
superstructures. (f) SERS spectra of rutin obtained on ZnO superstructures (green) and Ag nanoparticle (AgNP)
substrates (blue), together with the intrinsic Raman spectrum of rutin powder (yellow).

The enhanced SERS activity of ZnO superstructures can be attributed to the synergistic effect of adsorption-
dependent interactions, charge-transfer (CT) enhancement, and size-induced electric field enhancement. Flavonoid
molecules containing hydroxyl and carbonyl groups can strongly interact with surface Zn*" sites and hydroxyl
groups, leading to favorable adsorption configurations and enhanced electronic coupling. These interactions
facilitate charge-transfer transitions between ZnO and the adsorbed molecules, which selectively enhance specific
vibrational modes. In addition, the optimized particle size contributes to Mie resonance-induced local field
enhancement, further improving the overall SERS response. The synergistic effect of these factors enables
sensitive and discriminative detection of structurally similar flavonoids.

3.2. Spectral Fingerprints and Discrimination of Individual Flavonoids

To evaluate the capability of the ZnO-based SERS platform for discriminating structurally similar molecules,
representative flavonoids with different substitution patterns and structural types were systematically investigated
(Figure 2). Despite sharing a common C6—C3—C6 backbone, variations in the type, position, and number of
substituents on the A, B, and C rings underpin the structural diversity of flavonoid molecules. According to their
structural characteristics, six representative flavonoids from distinct structural subclasses, including chrysin

236



Mater. Interfaces 2026, 3(3), 233-244 https://doi.org/10.53941/mi.2026.100017

(flavone), quercetin (flavonol), naringenin (flavanone), epicatechin (flavanol), genistein (isoflavone), and
isoliquiritigenin (chalcone), were selected to be systematically investigated (Figure 2). To systematically evaluate
the discrimination capability of the proposed SERS platform, structurally similar flavonoids within the same
subclass were first selected to assess its sensitivity to subtle molecular variations, followed by representative
flavonoids from different subclasses to evaluate its ability to distinguish broader structural differences.
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Figure 2. SERS spectral fingerprints of representative flavonoids. (a) Chemical structures and SERS spectra of
three flavonols: kaempferol, quercetin, and isorhamnetin. (b) Chemical structures and SERS spectra of rutin and
quercetin. (¢) Chemical structures and SERS spectra of luteolin and chrysin. (d) Chemical structures and SERS
spectra of naringenin and liquiritigenin. (e) SERS spectra of six representative flavonoid subclasses: chrysin
(flavone), quercetin (flavonol), naringenin (flavanone), epicatechin (flavanol), genistein (isoflavone), and
isoliquiritigenin (chalcone). (f) Corresponding chemical structures of the six flavonoids shown in (e).

Kaempferol, quercetin, and isorhamnetin are representative flavonols (Figure 2a). Specifically, kaempferol
contains a single hydroxyl group at the 5" position of the B ring; quercetin possesses two hydroxyl groups at the 4’
and 5’ positions; and isorhamnetin is derived from quercetin via substitution of the 4'-hydroxyl group with a
methoxy group. Although these structural differences are subtle, their SERS spectra exhibit clear and reproducible
distinctions. For kaempferol, the C—C stretching vibrations of the A, B, and C rings split into two characteristic
peaks at 567 and 581 cm ™! whereas the corresponding vibrations of quercetin and isorhamnetin appear as a single
peak at 595 cm!. Quercetin and isorhamnetin both exhibit two peaks at 787 and 848 cm ™!, attributed to ring
vibrations involving O-H and C—~C modes, while kaempferol shows only one peak at 820 cm™' [29]. In addition,
kaempferol presents a strong peak at 1178 cm ™! assigned to C-OH stretching and C—H bending vibrations of the
B ring, whereas quercetin displays two overlapping peaks at 1161 and 1176 ¢m™, and no prominent peak is
observed for isorhamnetin in this region. Notably, quercetin exhibits a unique peak at 1102 cm™', which is absent
in kaempferol and isorhamnetin, providing a useful diagnostic feature associated with the presence of adjacent
hydroxyl groups on the B ring.

Quercetin and rutin belong to different subclasses of flavonoids. Quercetin is a flavonol, whereas rutin is a
flavonol glycoside formed by linking the 3-hydroxyl group of the aglycone to a rutinose moiety via a glycosidic
bond. Compared with quercetin, rutin contains additional hydroxyl groups and exhibits a more complex molecular
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structure (Figure 2b). Their SERS spectra are highly similar below 900 cm™!; however, at approximately 600 cm™!,
the C—C stretching vibration shows markedly higher intensity for quercetin than that for rutin. Rutin exhibits a
broad band spanning 1390-1490cm™! with a sharp peak at 1419 cm™!, corresponding to the peak at 1430 cm™! for
quercetin, both assigned to C=C stretching and O—H bending vibrations of the B ring [30]. Furthermore, rutin
displays two peaks of comparable intensity at 1567 and 1607 cm™!, which are attributed to C=O stretching and
C>=C; stretching vibrations, whereas quercetin shows only a single peak at 1612 cm™!. These differences provide
effective spectral markers for distinguishing glycosylated and non-glycosylated flavonoids.

Luteolin and chrysin are both flavones, differing from flavonols by the absence of a hydroxyl group at the 3’
position. The key structural difference lies in the presence of two adjacent hydroxyl groups on the B ring of
luteolin, whereas chrysin lacks substituents on its B ring (Figure 2c). In the SERS spectra, chrysin exhibits a
distinct peak at 1002 cm™! that is absent in luteolin, attributable to an undisturbed ring-breathing vibration enabled by
the unsubstituted B ring [31-33]. In the range of 1200-1320 cm!, chrysin displays a single strong peak at 1244 cm™!
assigned to C;—H bending vibration, while luteolin shows three distinct peaks, among which the peak at 1269 cm™!
shares the same vibrational assignment as the 1244 cm™! peak of chrysin. Additionally, luteolin presents two
characteristic peaks at 1574 and 1609 cm™!, whereas chrysin exhibits a single, relatively broad peak at 1598 cm™
corresponding to C=C stretching vibration. These features enable reliable differentiation between substituted and
unsubstituted B-ring structures.

Naringenin and liquiritigenin are flavanones characterized by fully saturated C-ring positions at C, and Cs.
Compared with liquiritigenin (Figure 2d), naringenin contains an additional hydroxyl group at the 5 position of
the A ring, which enhances its interaction with the ZnO surface and results in stronger SERS signals. In addition
to intensity differences, distinct spectral features are observed: liquiritigenin exhibits a sharp peak at 752 cm™!
attributed to A-ring torsional vibration, while peaks associated C-ring torsional vibration appear at 1022 cm™' for
naringenin and 995 cm™! for liquiritigenin, with the latter showing substantially lower intensity [34,35].

These spectral differences can be attributed to structure-dependent adsorption configurations and interfacial
electronic interactions between flavonoids and the ZnO surface. Hydroxyl and carbonyl groups in flavonoids can
interact with surface Zn>' sites and hydroxyl groups, leading to different adsorption geometries. Variations in
adsorption configuration affect the degree of orbital overlap and electronic coupling, thereby modulating charge-
transfer processes between ZnO and the adsorbed molecules. As a result, specific vibrational modes are selectively
enhanced, and small peak shifts are observed in the SERS spectra. These differences further demonstrate the
sensitivity of the ZnO-based SERS platform to subtle structural variations.

Accordingly, systematic spectral assignment and comparison were conducted for representative flavonoids
across multiple subclasses. All flavonoids exhibit distinct fingerprint features, particularly within the 545-880 cm™!
region (Figure 2e), which serves as a key spectral window for classification [32]. For molecules lacking B-ring
substituents, such as chrysin and genistein, display characteristic B-ring breathing vibrations near 1000 cm™,
whereas flavanones and flavanols with saturated C rings show characteristic torsional modes near 1015 cm™. In
addition, variations in peak position, intensity, and line shape within the 1580-1630 cm™! region, corresponding
to C=0 and C,=Cs; stretching vibrations, further contribute to molecular differentiation. These results collectively
establish a set of diagnostic spectral features for flavonoid identification and provide a robust analytical basis for
resolving structurally similar compounds. Importantly, the well-defined and reproducible spectral differences
observed here lay the foundation for extending this approach to the analysis of multicomponent systems, as
discussed in the following section.

3.3. Discrimination of Flavonoids in Multicomponent Systems

The capability of the ZnO-based SERS platform for resolving structurally similar flavonoids was further
evaluated in multicomponent systems. Mixed detection of structurally related molecules provides a direct
assessment of analytical applicability and further validates the diagnostic spectral features identified for individual
compounds. To this end, representative flavonoid subclasses, including flavones and flavonols, were selected for
binary and multicomponent mixture analysis.

For flavones, binary mixtures of chrysin and luteolin were prepared at different ratios (Figure S9a—c). As the
proportion of chrysin decreased, the characteristic peak at 1002 cm ™!, assigned to B-ring breathing vibration, shows
a pronounced reduction in intensity. In the 1150-1350 cm™' region, the gradual shift of the in-plane C-H bending
vibration from 1244 cm™' toward 1269 cm™' was observed with increasing luteolin content, consistent with the
spectral features of the pure components (Figure S9d). These results demonstrate that both intensity variation and
peak position shifts can serve as effective indicators for resolving structurally similar flavonoids in binary systems.
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Similar mixture experiments were conducted for two flavonols, including kaempferol and quercetin
(Figure 3a—c). Samples 1-4 corresponded to kaempferol/quercetin molar ratios of 4:1, 3:2, 2:3, and 1:4,
respectively. As shown in Figure 3d, in the 555620 cm ™' region, when quercetin predominated in sample 4, the
C—C stretching vibration of the A, B, and C rings was dominated by a strong peak at 597 cm™!, with the 585 cm™' peak
appearing as a shoulder. As the quercetin content decreased, this dominant peak gradually shifted toward 585 cm™,
while the characteristic kaempferol peak at 567 cm ! increased markedly with increasing kaempferol proportion.
Meanwhile, in the 750-900 cm™! region, the evolution from a single peak (820 cm ™!, kaempferol) to two distinct
peaks (787 and 848 cm™!, quercetin) further confirms the composition-dependent spectral response. In addition,
the intensity of the kaempferol-specific peak at 1178 cm™' decreased systematically with decreasing kaempferol
proportion. These results indicate that the SERS spectra provide consistent and composition-sensitive features for
distinguishing flavonol mixtures.
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Figure 3. SERS analysis of binary and ternary flavonoid mixtures. (a—d) Binary mixtures of kaempferol and quercetin:
(a) chemical structures; (b) SERS spectra; (¢) composition ratios; (d) expanded spectral regions (555-620, 750-900,
and 1110-1250 cm™). (e-h) Ternary mixtures of kaempferol, quercetin, and rutin: (e) chemical structures; (f) SERS
spectra; (g) composition ratios; (h) expanded spectral regions (550630, 1150-1200, and 1500-1650 cm ™). Binary
mixtures were prepared at molar ratios of 4:1, 3:2, 2:3, and 1:4, while ternary mixtures were prepared at molar
ratios of 3:1:1, 2:1:2, 1:3:1, and 1:1:3. For all binary and ternary mixtures, the total flavonoid concentration was
fixed at 107 M, and the concentration of each component was calculated according to its stated molar fraction. For
the binary ratios of 4:1, 3:2, 2:3, and 1:4, the corresponding component concentrations were 8.0/2.0, 6.0/4.0, 4.0/6.0,
and 2.0/8.0 x 107* M, respectively. For the ternary ratios of 3:1:1, 2:1:2, 1:3:1, and 1:1:3, the corresponding
concentrations were 6.0/2.0/2.0, 4.0/2.0/4.0, 2.0/6.0/2.0, and 2.0/2.0/6.0 x 10~* M, respectively.

To further evaluate the discrimination of glycosylated and non-glycosylated species, mixtures of rutin and
quercetin were analyzed (Figure S9a—c). With increasing quercetin content, the intensity of the C—C stretching
vibration near 597 cm™! increased correspondingly. In the 1380-1470 cm™' region, the spectral profile of the
mixtures gradually evolved from the broad band characteristic of rutin toward that of quercetin, reflecting
differences in molecular structure and hydrogen-bonding interactions. In the high-wavenumber region, the peak
near 1607 cm™! gradually shifted toward 1612 cm™' with increasing quercetin proportion, accompanied by an
increase in intensity (Figure S10d). These composition-dependent spectral changes enable effective differentiation
between glycoside and aglycone forms.

Furthermore, ternary mixture experiments involving kaempferol, quercetin, and rutin were performed to
evaluate the performance of the platform in more complex systems (Figure 3e—g). Across all samples, the SERS
spectra retained characteristic features of the individual components, particularly in the regions of 550-630 cm ™! and
1500-1650 cm ™. The intensity variation of characteristic peaks, such as the kaempferol-specific band at 1178 cm ™!,
closely followed the changes in composition, while minor peak shifts further reflected differences in molecular
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interactions (Figure 3h). Collectively, these results demonstrate that the ZnO-based SERS platform provides
composition-dependent and reproducible spectral responses, enabling reliable discrimination of structurally
similar flavonoids in both binary and multicomponent systems without chromatographic separation.

3.4. Application to Real Samples: Authentication of Isatis Root

Isatis Root is one of the most widely used traditional Chinese medicinal materials and is rich in flavonoid
bioactive components, including quercetin, liquiritigenin, and isorhamnetin [6,32]. Notably, northern Isatis Root
(derived from Isatis indigotica Fort., Brassicaceae) and southern Isatis Root (derived from Baphicacanthus cusia
(Nees) Bremek., Acanthaceae) differ significantly in botanical origin, chemical composition, and pharmacological
activity [27,28,36,37]. Accurate discrimination between northern and southern Isatis Root is therefore important
for compositional analysis and quality evaluation.

Flavonoid components were extracted from commercially available samples using ultrasonic extraction. LC—
MS/MS analysis was first employed as a reference method (Figures 4a,b and S11-S13), confirming distinct
compositional profiles between northern and southern Isatis Root. Northern samples were found to predominantly
contain kaempferol, rutin, neohesperidin, linarin, liquiritigenin, quercetin, and isorhamnetin, whereas southern
samples were enriched in quercetin, kaempferol, isorhamnetin, epicatechin, and luteolin [38,39]. These
compositional differences provide a chemical basis for subsequent SERS-based discrimination. The ZnO
superstructures were subsequently used as SERS substrates to analyze the extracted samples, and linear
discriminant analysis (LDA) was applied for classification (Figure 4c,f). The results demonstrate that distinct
SERS spectral signatures corresponding to different flavonoid compositions were observed, and LDA yielded
well-separated clusters, demonstrating the capability of the method for reliable discrimination of samples with
different botanical origins. To further elucidate the spectral variables responsible for sample discrimination,
principal component loading analysis was performed as a variable contribution assessment (Figure S14). The
loading plots of PC1 and PC2 illustrate the contribution of individual Raman shift variables to the corresponding
principal components. Raman variables with higher absolute loading coefficients represent spectral regions that
contribute more significantly to the differentiation of samples. Several characteristic Raman regions exhibited
relatively large loading coefficients, suggesting that these vibrational features play important roles in describing
the spectral differences among Isatis Root samples. These discriminative regions are mainly associated with
molecular skeletal vibrations and functional group vibrations of flavonoid-related components.
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Figure 4. Application of the ZnO-based SERS platform for discrimination of plant-derived samples. (a,b) LC—
MS/MS analysis of flavonoid composition in crude extracts of northern (Heilongjiang) and southern (Sichuan)
Isatis Root. (¢,d) Representative flavonoids in northern Isatis Root: (¢) SERS spectra (107> M) of quercetin,
isorhamnetin, kaempferol, liquiritigenin, linarin, rutin, and neohesperidin; (d) corresponding LDA score plot. (e,f)
Representative flavonoids in southern Isatis Root: (e) SERS spectra (10 M) of epicatechin, isorhamnetin,
quercetin, kaempferol, and luteolin; (f) corresponding LDA score plot. (g,h) Analysis of crude extracts from
multiple regions: (g) SERS spectra of ultrasonic extracts from northern (red) and southern (blue) Isatis Root
samples; (h) LDA score plot of samples collected from eight different regions.

To further evaluate practical applicability, Isatis Root samples collected from eight provinces across northern
and southern China were analyzed (Figure 4g—h). Although the overall spectral profiles are similar due to shared
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flavonoid components, clear differences in characteristic peak intensities were observed, enabling discrimination
of geographical origin (Figure 4g). Northern samples exhibit prominent peaks in the 995-1160 cm™! region,
associated with C-ring torsional vibrations in liquiritigenin, along with a distinct peak at 1460 cm™ attributed to
C3—H bending vibration of rutin. In contrast, southern samples display a characteristic peak at 710 cm™' related to
C—C stretching vibrations of rings A, B, and C in epicatechin, as well as a broad band in the 1180-1320 cm™!
region corresponding to C;—H bending vibration of luteolin. These spectral differences enabled effective
discrimination of geographical origin.

The LDA results exhibit clear clustering of samples from different provinces, with all samples falling within
their respective 95% confidence ellipses, and more importantly, northern and southern samples symmetrically
separated on opposite sides of the zero axis (Figure 4h). Notably, this differentiation was achieved without
chromatographic separation and with minimal sample pretreatment. These findings demonstrate that ZnO-based
SERS combined with multivariate statistical analysis offers a powerful and reliable strategy for the classification
and identification of traditional Chinese medicine samples, highlighting its potential for quality control and origin
discrimination in complex plant-derived systems.

4. Conclusions

In conclusion, we developed a ZnO superstructure-based semiconductor SERS platform for the rapid
discrimination of structurally similar flavonoids. The optimized ZnO architectures provide effective molecule
substrate interactions and enhanced charge transfer processes, enabling the acquisition of characteristic Raman
fingerprints with high spectral reproducibility. By combining SERS with multivariate statistical analysis, the
proposed platform successfully differentiated individual flavonoids, multicomponent mixtures, and plant-derived
samples with subtle compositional differences. Furthermore, the analysis of real Isatis Root samples demonstrates
the potential of this strategy for rapid quality evaluation and authenticity assessment of complex botanical
materials. This work highlights the capability of semiconductor SERS platforms for resolving challenging
molecular discrimination problems beyond conventional sensitivity-oriented detection, providing a practical
approach for chemical sensing and natural product analysis.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2608261533227573/M1-26060131-SM.pdf. Figure S1: Comparison of the SERS spectra (green) and powder Raman spectra
(yellow) of chrysin (a) and luteolin (b); Figure S2: Comparison of the SERS spectra (green) and powder Raman spectra (yellow)
of kaempferol (a), quercetin (b) and isorhamnetin (c); Figure S3: Comparison of the SERS spectra (green) and powder Raman
spectra (yellow) of naringenin (a) and liquiritigenin (b); Figure S4: Comparison of the SERS spectra (green) and powder Raman
spectra (yellow) of neohesperidin (a) and linarin (b); Figure S5: Comparison of the SERS spectra (green) and powder Raman
spectra (yellow) of isoliquiritigenin; Figure S6: Comparison of the SERS spectra (green) and powder Raman spectra (yellow)
of L-epicatechin; Figure S7: Comparison of the SERS spectra (green) and powder Raman spectra (yellow) of genistein; Figure
S8: Reproducibility evaluation of ZnO superstructure-based SERS measurements. (a—m) Repeated SERS spectra and
corresponding RSD values of 13 representative flavonoids, including chrysin, luteolin, kaempferol, quercetin, isorhamnetin,
naringenin, liquiritigenin, neohesperidin, linarin, rutin, isoliquiritigenin, L-epicatechin, and genistein; Figure S9: (a—d) Binary
mixtures of chrysin and luteolin: (a) chemical structures; (b) SERS spectra (107 M); (¢) composition ratios; (d) expanded
spectral regions (950-1050, 1150-1350, and 1550-1650 cm™!). Binary mixtures were prepared at molar ratios of 4:1, 3:2, 2:3,
and 1:4, corresponding to individual concentrations of 8.0 x 107* and 2.0 x 10* M, 6.0 x 10 and 4.0 x 10* M, 4.0 x 10™* and
6.0 x 10 M, and 2.0 x 10™* and 8.0 x 10 M, respectively; Figure S10: (a—d) Binary mixtures of rutin and quercetin: (a)
chemical structures; (b) SERS spectra; (c) composition ratios; (d) expanded spectral regions (550-650, 13801470, and
1500-1650 ¢m™'). Binary mixtures were prepared at molar ratios of 4:1, 3:2, 2:3, and 1:4, corresponding to individual
concentrations of 8.0 x 10™* and 2.0 x 10# M, 6.0 x 10™* and 4.0 x 107* M, 4.0 x 10* and 6.0 x 107* M, and 2.0 x 10™* and
8.0 x 10* M, respectively; Figure S11: Extracted ion chromatogram and mass chromatograph of Northern Isatis Root
(Heilongjiang); Figure S12: Extracted ion chromatogram and mass chromatograph of Southern Isatis Root (Sichuan); Figure S13.
HPLC Chromatograms of Crude Extracts from Northern (Heilongjiang) and Southern (Sichuan) Isatidis Root; Figure S14. Loading
plots of principal components from LDA analysis of Isatis Root samples. (a,b) Loading plots for northern Isatis Root samples.
(c,d) Loading plots for southern Isatis Root samples. (e,f) Loading plots for Isatis Root samples with different geographical
origins. Table S1: Regions and assignments of characteristic bands of flavones [1-3]; Table S2: Regions and assignments of
characteristic bands of isoflavones [4,5]; Table S3. Regions and assignments of characteristic bands of flavanones [6,7]; Table S4.
Regions and assignments of characteristic bands of flavonols [8,9]; Table S5. Regions and assignments of characteristic bands of
flavanols [10,11]; Table S6. Regions and assignments of characteristic bands of chalcones [12,13]. References [40—48] are cited
in supplementary materials.
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Abstract:  Surface-enhanced Raman scattering

(SERS) is a powerful analytical technique for label- _ 2%
free, ultrasensitive biochemical detection, offering | L o’&o j

broad potential for biomedical, environmental TLLLT ‘ﬁ W <<®>>
monitoring, and defense applications. However, ’ e e e s = <2
conventional noble-metal SERS substrates remain :

limited by chemical instability, insufficient

enhancement reproducibility, and slow analyte detection in dilute aqueous solutions. Recently, hybrid SERS
platforms that integrate plasmonic nanostructures with functional material systems—such as semiconductors, two-
dimensional materials, photonic crystals, and active robotic modules—have emerged as promising strategies to
overcome these limitations. In this review, we examine recent advances in hybrid SERS platforms from the
perspective of material systems. Their working principles can be broadly categorized into two types: functional
materials that regulate interfacial electromagnetic and chemical enhancement, and robotized systems that promote
targeted analyte access or active enrichment at sensing hotspots. By linking material properties, working
mechanisms, and sensing performance, this review provides a materials-based perspective to guide the rational
design of high-performance, application-oriented SERS platforms.

Keywords: surface-enhanced Raman scattering; hybrid nanomaterials; charge transfer; photonic crystals;
nanomotors; analyte enrichment

1. Introduction

Surface-enhanced Raman scattering (SERS) amplifies weak Raman fingerprints of molecules near
nanostructured plasmonic surfaces [1-5]. In conventional SERS substrates, noble metals such as Au, Ag, and Cu
dominate because their localized surface plasmon resonances in the visible and near-infrared regions produce
intense near-field enhancement with relatively low optical losses [5—7]. This plasmonic amplification has enabled
chemical, environmental, and catalytic analysis [8—15], biological and biomedical sensing [2,16-25], and
emerging active or multifunctional SERS formats [26-30].

Despite their great potential, conventional noble-metal SERS substrates face several persistent limitations for
practical applications [31]. Hotspot heterogeneity complicates quantitative comparison and substrate-to-substrate
reproducibility. These challenges are further compounded by the limited stability of many noble-metal
nanostructures, which can undergo oxidation, contamination, or nonspecific fouling in complex media [31-38]. In
addition, the enhancement mechanism of metallic SERS substrates relies primarily on localized surface plasmon
resonance, which is governed by the optoelectronic properties, geometry, and dimensions of the metal
nanostructures [16,39]. This reliance on plasmonic enhancement alone motivates the exploration of
complementary material strategies to further improve sensing performance. To address these practical sensing

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



https://crossmark.crossref.org/dialog/?doi=10.53941/mi.2026.100018&domain=pdf

Mater. Interfaces 2026, 3(3), 245-286 https://doi.org/10.53941/mi.2026.100018

challenges, recent literature has reported various strategies aimed at significantly improving the signal-to-noise
ratio and overall reliability of SERS measurements through optical interface engineering, background noise
modulation, and advanced hybrid plasmonic coupling [40—42]. Beyond sensitivity and stability, passive noble-
metal nanostructures also suffer from low detection throughput in dilute aqueous samples, where analyte capture
is often limited by slow diffusion to nanoscale hotspots [43].

Hybrid SERS platforms are SERS-active architectures that integrate plasmonic nanostructures with
functional materials or active components that can modify the local optical field, interfacial electronic structure,
analyte adsorption, or molecular transport. Material hybridization can address several limitations of conventional
SERS: semiconductors and two-dimensional materials introduce tunable charge transfer (CT) channels, photonic
crystals redistribute optical fields and local concentration, and active or robotic components enable targeted analyte
detection or their enrichment at nanoscale hotspots. Therefore, hybrid SERS platforms can not only introduce new
routes for signal amplification but also actively control analyte transport kinetics for improved throughput.

Although prior reviews have examined various aspects of SERS and its applications [18,33-36,44-51], this
review provides a distinct view of SERS progress through the lens of mechanistically driven hybrid material
platforms. The working mechanisms of these platforms are broadly categorized into two types: functional materials
that regulate interfacial electromagnetic and chemical enhancement, and robotized systems that promote targeted
analyte detection or active enrichment at sensing hotspots. Figure 1 summarizes the different hybrid platforms
reported in the literature. Semiconductor-, two-dimensional-material-, and photonic-crystal-based hybrids fall into
the first category. These interface-regulated platforms enhance SERS performance by tuning charge transfer,
electromagnetic—chemical mechanism coupling, and optical-field localization. In contrast, micro/nanomotor and
magnetic hybrid systems are discussed as robotic platforms that directly target analytes or accelerate their
enrichment at sensing hotspots. Finally, because both interface-regulated enhancement and active enrichment can
generate localized signal variations, this review briefly discusses how digital counting and data-driven spectral
analysis may improve quantitative SERS measurements.
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Figure 1. Mechanistic framework for hybrid SERS platforms. Hybrid SERS architectures improve sensing by

regulating the SERS interface or by improving analyte access to SERS-active regions. (A) Optical-field

localization, as in Mie-resonant ZnO superstructures [52], photonic-crystal-assisted plasmonic substrates [53,54],
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and bio-photonic-crystal platforms [55,56]. (B) Interfacial adsorption and orientation, referring to analyte
localization, binding geometry, and molecule—hotspot contact without necessarily requiring charge transfer;
examples include graphene-spaced plasmonic junctions [11], RGO/Au breath-analyzer substrates [57], and
carbonyl-functionalized organic-SERS interfaces [58]. (C) Charge-transfer accessibility, referring to whether band
alignment, defect states, excitation energy, or adsorption geometry enables a charge-transfer pathway; examples
include TiO>-Ag—MPY-FePc interfaces [59], oxygen-vacancy-mediated TiO2/PIERS systems [60], Ag/Ag-doped
TiOz2 hybrids [61], and PIHET/PICTT metal-semiconductor systems such as Au-ZnO and Au-CdSe [62,63]. (D)
Electronic/surface-chemical states, including surface terminations, vacancies, phase structures, oxidation states,
conductivity, and active sites; examples include TiVC MXene [64,65], Ti2N MXene [66], phase-engineered TMDs [67],
and gas- or UV-modulated RGO/Ag hybrids [68]. (E) Motion-enhanced hotspot sampling, as in magnetic nanorobot
SERS probes [69,70], light-powered nanomotor sensors [71], magnetic-film-actuated diatom frustules [26], and
electric-field-driven rotary SERS nanomotors [72]. (F) Field-guided mobile hotspot positioning, in which optical
or electric fields position, orient, or assemble SERS-active components at defined locations to form controllable
nanogaps or localized sensing interfaces; examples include optical-tweezer-controlled Ag nanoparticle-coated
silica beads [73,74], and 3D electrokinetic tweezer manipulation of SERS-active nanowire probes [75]. (G)
Magnetic capture and separation, in which magnetic—plasmonic probes or magnetic enrichment substrates capture,
isolate, and concentrate target species from complex matrices before Raman readout; examples include magnetic
mesoporous nanosponges for pollutant enrichment [76], antibody-functionalized Mag-SERS strips for respiratory
virus detection [77], and magnetic nanochain microfluidic biochips for rapid bioseparation and SERS detection [20].

2. Interface-Regulated Enhancement at Hybrid Interfaces

The electromagnetic and chemical contributions to SERS have been extensively reviewed [31,34,78] and are
therefore discussed only briefly here to provide the necessary background. Building on this established
understanding, this review focuses on what hybrid architectures contribute beyond conventional plasmonic
enhancement. The approaches include regulation of optical fields, interfacial electronic structure, charge-transfer
accessibility, surface chemistry, and analyte enrichment near SERS-active interfaces [3,6,39,43,79-81]. This
emphasis provides the basis for comparing semiconductor, 2D material, photonic-crystal, and active-enrichment
platforms without reducing their performance to EF or LOD alone. Therefore, EF and LOD are reported together
with mechanistic studies, such as wavelength-dependent measurements, optical-field simulations, band alignment,
defect-state control, adsorption tuning, and charge-transfer signatures.

2.1. Electromagnetic Enhancement Mechanism

Electromagnetic enhancement refers to the optical-field localization and antenna-mediated amplification of
both Raman excitation and emission [82]. In noble-metal SERS, this contribution is commonly associated with
localized surface plasmon resonance (LSPR), nanoscale junctions, sharp features, and spectral overlap between
the excitation/Raman wavelengths and the plasmonic response. In hybrid platforms, however, optical-field
localization can also be shaped by Mie-like resonances in semiconductor structures, guided-mode or slow-light
effects in photonic crystals, and plasmonic gap engineering across atomically thin spacers such as graphene. This
broader interpretation of EM enhancement facilitates a systematic comparison of plasmonic, dielectric, and
photonic contributions within hybrid material architectures.

2.2. Chemical Enhancement Mechanism

Chemical enhancement is used here to describe interfacial electronic effects that alter molecular
polarizability, directly modulating Raman emission, particularly through adsorption-mediated coupling and
ground-state or photoinduced charge transfer (CT) [83—85]. In hybrid systems, this interfacial contribution often
becomes a primary design target. Semiconductors, transition metal dichalcogenides (TMDs), MXenes, graphene,
and molecular semiconductors can tune the energetic and chemical conditions for charge transfer through band
alignment, density of states, defect levels, surface terminations, Fermi-level positions, and adsorption geometries.
Together, these features can help hybrid interfaces support more selective electronic coupling between the
substrate and the analyte, extending beyond simple molecular adsorption alone.

Photoinduced charge transfer, in addition, is particularly important in hybrid SERS because it connects
optical excitation with interfacial electronic coupling. In metal-semiconductor hybrids, for example, this coupling
can occur through several related but distinct pathways [79,85,86]. Plasmon-induced hot-electron transfer (PIHET)
describes the injection of plasmon-generated hot carriers from a metal into an adjacent semiconductor before
carrier relaxation. Direct interfacial charge-transfer transition (DICTT) refers to direct optical excitation across the
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metal-semiconductor interface, whereas plasmon-induced interfacial charge-transfer transition (PICTT) describes
plasmon-assisted interfacial transitions in strongly coupled heterostructures. These detailed pathways provide
useful mechanistic distinctions for discussing hybrid interfaces, especially when correlated to wavelength-
dependent measurements, band alignment, defect-state analysis, charge-transfer signatures, adsorption controls,
and electromagnetic simulations.

While the transfer of plasmon-generated hot carriers facilitates chemical enhancement in SERS, these
energetic carriers concurrently drive unintended plasmon-mediated photochemical reactions at the molecular
interface [87,88]. Such processes have been reported to convert the molecules of interest into different chemical
species during continuous laser excitation [89]. In these circumstances, the acquired Raman spectra reflect the
newly formed photochemical products rather than the original analytes. This structural transformation can
compromise the noninvasive nature of Raman spectroscopy, thereby limiting its reliability as an accurate
molecular fingerprinting tool for quantitative sensing. Addressing this critical limitation is essential for the design
of practical SERS sensors [90—93]. Within hybrid SERS platforms, structural and electronic engineering may offer
viable strategies to preserve molecular integrity. For instance, it has been reported that introducing an ultrathin,
inert dielectric spacer between the plasmonic surface and the target analyte can effectively block direct interfacial
hot-carrier injection while maintaining the long-range electromagnetic field enhancement [91-94]. Furthermore,
engineering the interfacial band alignment in metal-semiconductor heterostructures is reported to regulate hot
carrier relaxation pathways, which may reduce the probability of analyte degradation [31,34,35,78,95]. These
material-driven strategies illustrate how hybrid architectures can be designed to balance signal enhancement with
molecular stability.

2.3. Coupled Contributions and Design Boundaries

The experimentally observed total enhancement (M,.,) has often been discussed using the approximate relation
(Mira1 = Mgy X Mcy), where Mem and Mceum denote the electromagnetic and chemical contributions, respectively;
this relation is useful for conceptual comparison. In hybrid interfaces, however, optical-field localization and
interfacial charge redistribution can mutually reinforce one another: local electromagnetic fields can increase the
probability of charge-transfer transitions, while electronic redistribution can alter the dielectric environment
experienced by the optical mode. The relative contribution of each process therefore depends on material architecture,
excitation wavelength, interfacial electronic structure, and analyte adsorption geometry.

Analyte enrichment is another important factor influencing SERS sensing performance. Active motion,
magnetic capture, optical trapping, field-guided assembly, and related enrichment strategies can increase
molecular delivery to hotspots, improve encounter probability, and shorten detection time. These processes are
essential for practical sensing performance in addition to interfacial enhancement. They are discussed separately.

Collectively, this review is framed into the following sections. Section 3 discusses semiconductor, two-
dimensional-material, and photonic-crystal hybrids as platforms that regulate optical fields, interfacial electronic
structure, or charge-transfer accessibility. Section 4 then considers active and field-guided architectures that
improve molecular delivery, enrichment, separation, and hotspot encounter. Together, these two sections connect
hybrid-material design with both intrinsic enhancement and practical sensing performance.

3. Hybrid SERS Platforms for Interface-Regulated Enhancement

Semiconductors, two-dimensional materials, and photonic crystals can modify SERS performance by tuning
charge-transfer pathways, interfacial electronic structure, surface chemistry, and optical-field localization [34,58,96].
These effects do not replace electromagnetic enhancement from plasmonic nanostructures, but reshape how
electromagnetic and chemical contributions are coupled at hybrid interfaces. The various platforms provide a
useful basis for understanding how material composition, band structure, surface states, and photonic architecture
influence SERS sensitivity, reproducibility, and selectivity.

The section is organized according to the main interfacial role enabled by each material class. Semiconductor
hybrids are discussed first because they provide clear examples of band alignment, defect-state regulation, and
plasmon-mediated charge-transfer processes, including PIHET and PICTT. Two-dimensional-material hybrids are
then considered as atomically thin interfaces in which phase structure, conductivity, surface terminations, and
spacer effects regulate adsorption, charge transfer, and plasmonic coupling. Finally, photonic-crystal hybrids are
discussed as architectures that redistribute optical fields through guided-mode, slow-light, or Mie-like effects.
Table 1 summarizes representative platforms, enhancement factors, detection limits, and operating features, while
the discussion focuses on the mechanistic role played by each hybrid component in the SERS measurement.
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Table 1. Comparative summary of interface-regulated hybrid SERS architectures.
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Table 1. Cont.
Dominant
System Material Hotspot Aex (NmM Probe Analyte LOD EF . Note Ref.
y P (nm) Y Mechanism
. TLC stationary 785 nm Histamine in 10 ppm artificial-
Diatomaceous . (BWS465-785S g . . PC enhancement of
- PC- phase patterned with tuna (artificial-  spiked; quantified .
earth fluidic- . LT BW&TEK . . plasmonic NPs + TLC-SERS
plasmonic fluidic channels spiked + real via PCA-SVR ML NR . L [115]
channel TLC- U portable, 30 . . chromatographic  application
TLC-SERS (lateral-diffusion spoiled samples; (FDA limit 50 ppm; .
SERS suppressed) mW, 5s x3 048 h spoilage) EU 100 ppm) preconcentration
PP averaged) poriag pp
. Pyrene LOD 1
. 785 nm (Horiba yrene LOD 1 ppb
. L. Diatomaceous earth Pyrene + 4- on uDADs (vs. 2
Microfluidic PC- . LabRam PC field
. . . in patterned MBA (model ppm normal TLC,
diatomite plasmonic . o HR&00, 50x . enhancement +
. microfluidic mixture); ~1000x% NR . 1y [116]
analytical TLC-SERS Olympus, 2 pm . . microfluidic
. . . ;. . channels (suppresses cocaine in improvement); .
device (microfluidic) e spot, 200 pm . . preconcentration
lateral diffusion) . human plasma  cocaine 10 ppb in
pinhole) plasma

Abbreviations & notes: EF—enhancement factor. AEF/SSEF/SMEF—analytical EF/SERS substrate EF/single-molecule EF (Le Ru & Etchegoin convention). “NR” indicates not reported.
CM/EM——chemical/electromagnetic mechanism. CT—charge transfer. PICT—photo-induced charge transfer. PIHET—plasmon-induced hot electron transfer. PICTT—plasmon-induced
interfacial charge-transfer transition. PIERS—photo-induced enhanced Raman spectroscopy. LSPR—Iocalized surface plasmon resonance. DOS—density of states; “DOS at EF”

= density of
states at the Fermi level. Resonant probe—analyte with electronic absorption near the laser excitation wavelength (e.g., R6G, crystal violet, rhodamine B, methylene blue at 532 nm). LOD—
limit of detection. Relative EF—value reported as a ratio against an internal reference (e.g., “100x over plain Ag NPs”’). NR—not reported.
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3.1. Semiconductor Hybrids for Charge-Transfer and Optical-Field Regulation

Semiconductor-mediated hybrid SERS platforms are not governed by a single enhancement mechanism;
rather, they provide a versatile hybrid platform in which plasmonic field amplification can be coupled with tunable
semiconductor electronic states. Semiconductors possess band gaps between those of conductors and insulators
and offer adjustable electrical conductivity, Fermi-level position, intermediate electronic states, band-gap
engineering, and high chemical stability [34,78,95]. At the same time, their lower free-carrier density relative to
noble metals generally restricts visible-range localized surface plasmon resonance (LSPR), so standalone
semiconductor-based SERS typically exhibits more modest enhancement, often on the order of =103. The central
value of semiconductor-mediated hybrid architectures therefore lies not simply in increasing the enhancement
factor (EF), but in making several enhancement pathways experimentally tunable, including interfacial charge-
transfer (CT) direction, carrier-density regulation, defect-assisted photoinduced charge transfer (PICT), plasmon-
mediated hot-electron transfer, Mie-assisted field localization, and analyte-selective resonance CT.

One important route begins with interfacial CT and band-structure engineering. In these systems, the
semiconductor component does not merely serve as a passive support for plasmonic nanoparticles, but actively
modulates the direction, probability, or energetic feasibility of interfacial charge transfer. In a TiO,-Ag-MPY-FePc
system (Figure 2A), TiO, nanoparticles were shown to alter the direction and pathway of interfacial CT,
contributing to CT-enhanced SERS and illustrating the usefulness of SERS for probing interfacial CT processes
relevant to photovoltaic systems [59]. A related example is the (Ag)«(ZnS)y system, where controlled ZnS doping
was used to regulate carrier density [99]. The observed linear correlation between the SERS intensity ratio of non-
totally symmetric to totally symmetric vibrational modes and carrier density indicates that carrier-density
modulation can influence the CT contribution to SERS enhancement. Heterojunction engineering further extends
this principle by introducing built-in electric fields and band alignment as additional handles for charge separation
and resonant CT. For example, Cu-doped SnO,—-NiO p—n heterostructures have been used to illustrate how
heterojunction design and band alignment can facilitate CT-related Raman enhancement [102]. These examples
are mechanistically useful because they attempt to control interfacial electronic structure, rather than only reporting
overall EF improvement.

Building on baseline CT control, defect and vacancy engineering provides a second route to semiconductor-
mediated enhancement by introducing intermediate electronic states that improve energetic matching between the
substrate and adsorbed molecules. Improving the efficiency of PICT generally requires favorable alignment
between molecular orbitals, semiconductor band states, and the excitation photon energy [117,118]. Ag/Ag-doped
TiO; hybrid systems, for instance, show an irreversible and accumulated SERS behavior under near-infrared (NIR)
light irradiation, with the enhancement attributed to synergistic TiO»-to-molecule CT and electromagnetic (EM)
amplification from Ag nanoparticles (Figure 2B) [61]. Similarly, PIERS-type systems based on pre-irradiated TiO,
demonstrate that photo-generated oxygen vacancies can transiently enhance Raman signals at plasmonic
nanoparticle sites (Figure 2D) [60]. More broadly, oxygen incorporation or extraction, ultrathin defective
nanosheets, and other defect-state engineering strategies can tune band-edge density of states (DOS), carrier
density, and bandgap structure, thereby facilitating PICT [96,117,119—121]. These observations support a defect-
assisted PICT interpretation, although strict separation from adsorption changes, conductivity variation, local-field
redistribution, and stability effects remain challenging. Therefore, defect-mediated enhancement is most
convincing when performance data are paired with controls that distinguish electronic-state modulation from other
defect-induced changes in surface chemistry and morphology.

Beyond defect mediation, plasmon-mediated charge-transfer mechanisms, particularly plasmon-induced hot-
electron transfer (PIHET) and plasmon-induced interfacial charge-transfer transition (PICTT), provide a more
direct link between noble-metal plasmon decay and semiconductor electronic states. In PIHET, hot electrons
generated by non-radiative plasmon decay in the metal component are injected into the coupled semiconductor
before relaxation losses dominate [100,101,122]. Nanoarrays of Cu,O and amorphous MoO; (a-MoQO3)
monolayers, for instance, reported EFs of 3.19 x 10'% and 2.5 x 10, respectively; the enhancement was attributed
in the original studies mainly to PIHET-related processes [100,101]. Au-ZnO heterogeneous nanorods provide
another representative metal-semiconductor system, in which plasmon-generated hot electrons in Au are
transferred into ZnO; the same architecture also shows reproducibility after visible-light-assisted cleaning,
suggesting potential for recyclable SERS platforms [62]. In contrast, PICTT represents a more direct interfacial
excitation pathway, in which plasmon decay promotes electron transfer from the metal into the semiconductor
conduction band without relying solely on thermalized hot-carrier injection [63,123]. The Au—CdSe nanorods
system is often used as a conceptual model for this distinction, because CdSe, with its narrow bandgap and Au-
CdSe Schottky barrier, can facilitate electron-hole separation. However, direct assignment of PIHET or PICTT in
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SERS systems generally requires careful control of excitation wavelength, band alignment, Schottky barrier
energetics, hot-carrier dynamics, and competing EM contributions. The principal PIHET, PICTT, and DICTT
pathways and their associated contact architectures are summarized in Table 2.
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Figure 2. Semiconductor-Metal Hybrid SERS Substrates: Enhancement Mechanisms and Charge Transfer
Dynamics. (A) Normalized SERS spectra of (i) Ag-MPY, Ag-MPY-FePc, and TiO2-Ag-MPY-FePc systems in
ethanol under 633 nm excitation. All spectra were normalized to the peak at 1008 cm™. (ii) SEM image of the
TiO2-Ag complex. Adapted with permission from Ref. [59]. Copyright 2019 Wiley-VCH Verlag GmbH & Co.
KGaA. (B) NIR light-induced irreversible and accumulated SERS response of the 4AMBA/Ag/Ag-doped TiO2
hybrid system. The enhancement is attributed to a combination of synergistic effects, including NIR-induced
thermal effects that increase crystallinity and modify polarizability, NIR-assisted charge transfer (CT) between the
substrate and 4MBA via oxygen vacancies (Vo), and electrostatic attraction-driven molecular reorientation of
4MBA. Adapted from Ref. [61] under the terms of the Creative Commons Attribution 4.0 License; (C) (i) Optical
image of a vapor-deposited DFH-4T film (5 cm diameter) with the chemical structure shown in the inset. (ii) Top-
view SEM images of nanostructured DFH-4T films. Adapted with permission from Ref. [104]. Copyright 2017
Springer Nature. (D) Schematic of photo-induced enhanced Raman spectroscopy (PIERS). (i) Ultraviolet C light
(UVC) pre-irradiation generates oxygen vacancies (7o) in TiO2 below the conduction band. Subsequent deposition
of the analyte (e.g., dinitrotoluene) followed by 633 nm laser excitation promotes charge transfer from TiOz to the
metal nanoparticles; the resulting increase in nanoparticle charge leads to PIERS enhancement. Furthermore, upon
air exposure, oxygen fills the vacancies, reducing electron excitation and gradually diminishing the PIERS effect
over 30 to 60 min, though the substrate can be subsequently regenerated by UVC exposure. (ii) SEM image of
PIERS-active nanostructures. Adapted from Ref. [60] under the terms of the Creative Commons Attribution 4.0

License; changes were made.

Table 2. Representative Charge-Transfer Pathways in Molecule-Coupled Metal-Semiconductor Heterostructures.

Mechanistic Description Contact Architecture

CT Pathway Schematic Diagram
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Electron Transfer
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SP CB
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Single and Multiple
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Table 2. Cont.

CT Pathway Schematic Diagram Mechanistic Description Contact Architecture
SP P
Plasmon-Induced \ / LUMOW Direct excitation of
Interfacial Charge E / B electrons from metal to .
.S f 4 . Sandwich contact mode
Transfer Transition W O’ molecule to semiconductor
(PICTT) HOMO via plasmon decay
VB
LUMO '.
Direct Interfacial Charge I D1revct CT from meta lto
o hv semiconductor mediated by .
Transfer Transition E p . Sandwich contact mode
(DICTT) o v a molecule, independent of
HOMO plasmon effects

The schematic diagrams are adapted from Ref. [34] with permission from The Royal Society of Chemistry.

In parallel with electronic-state manipulation, semiconductor superstructures can also enhance SERS through
optical-field localization. Besides LSPR, Mie scattering resonances in semiconductor structures, such as
submicrometer-sized ZnO spheres, can generate strong local electromagnetic fields and thereby increase the
probability of exciting charge-transfer states when spatial and energetic overlap is satisfied [52]. In this case, Mie
resonance should be interpreted as an optical antenna effect rather than a direct CT mechanism: it enhances the
local field and photon-matter coupling conditions, whereas CT and PICT modify molecular polarizability through
electronic coupling. Mathematically, Mie scattering can be described by the scattering cross-section:

2
Coea =7 ) @1+ D(lanl? + by ]?) 1)
n=1

Here, k = 2mtnw/Ao is the wavenumber in the surrounding medium, where ny, is the medium refractive index and Ao
is the free-space wavelength; # is the multipole order, and a, and b, are the dimensionless electric and magnetic
multipole scattering coefficients. Accordingly, Cs. has dimensions of area. Although the exact analytical
framework is derived for highly symmetric geometries, Mie-like resonances can also arise in non-spherical
semiconductor morphologies and are commonly evaluated using numerical methods such as discrete dipole
approximation (DDA) or finite-difference time-domain (FDTD) simulations. In the context of hybrid SERS, this
expression is most useful not as a direct quantitative predictor of EF, but as a conceptual boundary: Mie resonance
describes optical field localization, whereas CT and PICT describe electronic coupling that modifies molecular
polarizability. Distinguishing these contributions is important when interpreting semiconductor superstructures
whose enhanced Raman response may arise from both optical antenna effects and interfacial charge transfer.

Organic semiconductors extend semiconductor-mediated SERS beyond inorganic heterostructures by
demonstrating that charge-transfer enhancement can also be designed around molecular selectivity. Their
advantages include structural versatility, solution-processable or vapor-deposited film fabrication, and tunable
optoelectronic properties. For example, DFP-4T films with a fully n-conjugated structure exhibit an EF of 2.7 x
10° and a detection limit of 107° M, attributed to resonance CT between the organic semiconductor and the probe
molecule, enabled by tuned molecular orbitals, electronic structure, and solid-state packing [103]. Nanostructured
DFH-4T films similarly exhibit SERS activity even without a plasmonic layer, with an EF up to 3.4 x 103; after
Au coating, the EF can increase to approximately 10'°, enabling sub-zeptomole-level detection (Figure 2C) [104].
More importantly, Cs-BTBT and D(C;CO)-BTBT films demonstrate molecule-specific Raman enhancement only
for methylene blue, the analyte with the lowest LUMO, suggesting an energy-feasible resonant transition from the
organic semiconductor to the analyte frontier 7 orbitals [58]. These systems indicate that semiconductor-mediated
SERS should not be evaluated solely by maximum EF, since orbital-level matching among the semiconductor,
analyte, and excitation energy can introduce molecular selectivity into the enhancement pathway.

Overall, semiconductor-mediated hybrid SERS platforms should be evaluated by which enhancement
pathway they render experimentally tunable, not only by their EF and limit of detection (LOD). These pathways
include interfacial CT direction, carrier density, p-n band alignment, defect-assisted PICT, plasmon-mediated hot-
electron transfer, Mie-assisted field localization, and analyte-selective resonance CT. EF and LOD remain key
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performance metrics, but they do not by themselves identify the dominant enhancement pathway. Future studies
would benefit from pairing performance evaluation with wavelength-dependent measurements, band-structure
characterization, defect-state control, adsorption controls, and electromagnetic simulations, so that EM
amplification, ground-state CT, PIHET/PICTT, Mie resonance, molecular adsorption, and analyte enrichment can
be more clearly distinguished. Within the framework of this review, the systems discussed in this subsection
correspond primarily to the synergistically coupled EM-CM, PIHET/PICTT-mediated, Mie-assisted, and analyte-
selective CT entries summarized in Table 1.

3.2. Two-Dimensional Material Hybrids for Interface-Controlled Charge Transfer

Two-dimensional (2D) materials provide atomically thin platforms with rich physical and chemical
properties for light-matter interactions, charge transfer, and molecular adsorption [124]. They are discussed here
not as a simple list of SERS substrates, but as interfacial design platforms that control different variables in hybrid
SERS enhancement. TMDs primarily tune phase-dependent density of states (DOS), band alignment, and layer-
dependent charge-transfer (CT) efficiency; MXenes combine conductive carbide/nitride frameworks with
termination-mediated adsorption and plasmonic assembly; and graphene regulates metal-molecule spacing,
passivation, fluorescence quenching, adsorption, and externally induced CT modulation [125-129]. Table 1
provides coverage of representative 2D-material hybrid systems and analytical metrics, whereas the discussion
below focuses on mechanistic design rules instead of ranking platforms by reported enhancement factor (EF) or
limit of detection (LOD). The mechanism discussions are therefore based on the reported combination of energy-
level alignment, phase/DOS analysis, wavelength dependence, molecular selectivity, CT or XPS evidence,
electromagnetic/photonic simulations, and control experiments, rather than EF magnitude alone.

3.2.1. Phase and Layer Coupling in TMD Hybrid Interfaces

Two-dimensional TMDs have the general formula MX,, where M is a transition metal and X is a chalcogen.
Their layer-dependent band gaps, tunable light absorption, and multiple crystalline phases, including 2H, 1T, and
1T', make them useful platforms for CT-mediated SERS [130,131]. In pristine semiconducting TMDs, the finite
band gap and limited electronic coupling between substrate states and molecular frontier orbitals restrict the
chemical mechanism (CM), even though the atomically flat surface can provide high spatial uniformity. Phase
engineering therefore provides the first mechanistic handle: distorted 1T" or quasi-metallic phases increase the
DOS near the Fermi level, lower the energetic barrier for interfacial CT, and strengthen interfacial dipole
formation. Lateral 1T'@2H Mo,-.Re,S; is best viewed as a phase-engineered model substrate, in which rhenium
(Re) incorporation controls the coexistence of semiconducting and quasi-metallic domains and thereby tunes CT-
active DOS and adsorption sites within a continuous 2D lattice [29,67,132—136].

Layer number provides a second, material-dependent control variable. The comparison between PtSe, and
ReS; indicates that layer-dependent SERS is not governed by thickness alone, but by whether interlayer coupling
is strong enough to alter band alignment and charge distribution [137]. This distinction is important because
weakly coupled layers may add surface area without substantially changing the CT pathway, whereas strong
interlayer interactions can make stacking an electronic-structure tuning parameter. Distorted 1T’-ReS; nanosheets
further support a photo-induced charge-transfer (PICT) contribution rather than energy transfer, with monolayer
structures showing the strongest response [97]. Plasmon-free 1T'-WTe, and MoTe; atomic layers extend this point
by showing that high-DOS telluride surfaces can support strong CT-driven SERS without noble-metal hotspots
when analyte energy levels and substrate states are favorably matched [105,137].

Once a CT-active TMD interface is established, optical structures can amplify it through different routes. In 4H-
Au@1T'-WS, nanowires, the 4H-Au core provides plasmonic field enhancement, while the ultrathin semi-metallic
1T'-WS; shell supplies an electronically active interface for CM/CT contribution; this coupled EM-CM architecture
underlies the attomolar SERS detection reported for R6G and SARS-CoV-2 spike proteins (Figure 3B) [98]. In
contrast, DBR-integrated 1T-WTe, amplifies a plasmon-free CT platform through photonic field localization
rather than through a noble-metal plasmonic junction [97]. These examples show why TMD hybrid SERS should
be read through a sequence of linked variables: phase determines whether CT is electronically accessible, layer
coupling determines whether it is tunable, and plasmonic or photonic architectures determine how effectively the
CT-active interface is optically amplified.
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Figure 3. 2D Material-Hybrid Architectures for Advanced SERS Sensing. (A) Schematic illustration of a TiVC—
OH-Au-based wearable SERS sensor for detecting drug molecules, such as nicotine, methotrexate, nikethamide
and 6-acetylmorphine, from human sweat. Adapted with permission from Ref. [65]. Copyright 2024 American
Chemical Society. (B) Synthesis and structural characterization of 4H-Au@1T’-WS2 nanowires. (i) Schematic of
the quasi-epitaxial growth of four types of 1T'-phase transition metal dichalcogenide (TMD) monolayers (WS2,
WSe2, MoSz, and MoSe2) on 4H-phase gold nanowires (4H-Au NWs), forming 4H-Au@1T'-TMD core—shell
nanowires. (ii) STEM image of a representative 4H-Au@1T’-WS2 NW. (iii) HAADF-STEM image of the region
marked in light blue in (ii). (iv) Corresponding FFT pattern obtained from the pink region in (iii). Adapted with
permission from Ref. [98]. Copyright 2024 Springer Nature. (C) Schematic illustration of a SERS sensor integrated
into a breath analysis platform, showing the overall sensing scheme. Adapted with permission from Ref. [57].
Copyright 2016 American Chemical Society. (D) Modulation of SERS signals in an Oz atmosphere. (i) Schematic
of in situ, real-time Raman measurements from a rGO-PS@Ag substrate under UV irradiation in Oz (or Ar)
atmosphere. The UV light is aligned with the Raman laser. (ii) SEM image of the rGO-PS@Ag substrate. Adapted
with permission from Ref. [68]. Copyright 2022 American Chemical Society.

3.2.2. Surface Termination and Plasmonic Coupling in MXene Hybrid Interfaces

While TMDs primarily rely on phase and layer engineering to activate their semiconducting interfaces,
MXenes introduce an alternative enhancement paradigm driven by their intrinsic metallic nature and rich surface
chemistry. MXenes are transition-metal carbides and/or nitrides with the general formula M,,+1X,, Ty, derived from
MAX phases by selective removal of the A element [66,138]. Their SERS behavior is distinguished from TMDs
and graphene by the coexistence of metallic conductivity, high DOS, hydrophilicity, and chemically diverse
surface terminations such as —O, —OH, and —F. These terminations are not merely structural labels: they determine
adsorption geometry, localized dipole interactions, hydrophilicity, and the density of electronically active sites
available for CT. Pristine or lightly modified MXenes therefore operate mainly through CM/CT pathways, while
their limited intrinsic electromagnetic hotspots motivate integration with noble metals for coupled EM-CM
enhancement [29,64,125,139].

Among intrinsic MXene examples, TiVC solid-solution MXene is a representative example because its high
reported EF is linked to a bimetallic, high-DOS surface and a PICT-involved CM pathway [64]. Ti;N paper
substrates similarly show that conductive MXene surfaces can generate strong Raman enhancement without
conventional noble-metal hotspots. Cross-study mechanistic comparisons require caution because EF definitions,
resonant probe molecules, excitation wavelengths, adsorption protocols, and substrate uniformity vary
substantially across reports [66]. The more defensible design rule is that MXene composition and surface chemistry
should be selected to maximize electronically active adsorption sites and CT coupling for the target analyte [66].
Post-treatment can further turn this electronic potential into a more accessible sensing interface. For example,
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alkaline-treated TiVC membranes increase the density of active sites and translate MXene-mediated CT into a
flexible sensing format for molecular-level monitoring (Figure 3A) [65].

Noble-metal integration moves MXenes from predominantly CT-mediated substrates toward coupled EM-
CM platforms. In MXene/graphene oxide/Au nanocluster fibers, Au nanoclusters provide plasmonic hotspots,
while the MXene component contributes conductivity, CT participation, and mechanical flexibility; the reported
retention of Raman intensity after long-term storage further highlights the translational value of stabilizing the
MXene interface [106]. Ti3C,Tx/Au nanoparticle dimer aptasensors illustrate a complementary design: the MXene
sheet acts as a conductive and functional scaffold that brings plasmonic nanogaps and biorecognition elements
into the same interfacial region for target-selective detection [107]. Other MXene-Au nanocomposites and
plasmonic MXene hydrogels add antibacterial, photothermal, pollutant-enrichment, or remediation functions. Yu
et al. synthesized MXene-Au nanocomposites capable of both rapid bacterial detection and efficient photothermal
sterilization, achieving nearly 100% germicidal rates within minutes [108]. For environmental remediation and
sensing, Yang et al. introduced plasmonic MXene hydrogels that not only achieve over 90% dye removal but also
identify organic dyes at femtomolar-to-attomolar concentrations [109]. These deployment advantages should be
distinguished from the primary enhancement pathway, which arises from the coupling of MXene-mediated
adsorption/CT with plasmonic field localization.

3.2.3. Spacer Control and Charge Modulation in Graphene Hybrid Interfaces

Moving beyond the highly active charge-transfer interfaces provided by TMDs and MXenes, graphene
highlights the critical role of structural and environmental regulation in hybrid systems. Graphene, a two-
dimensional atomically thin crystal composed of densely packed sp*-hybridized carbon atoms in a honeycomb
lattice, has attracted significant attention owing to its exceptional electrical, optical, mechanical, and thermal
properties [140]. Graphene-based hybrids should be interpreted with a different emphasis. Pristine graphene can
support molecule-graphene CT, while its visible-frequency plasmonic response and intrinsic Raman enhancement
are weak relative to noble-metal substrates [110,140—142]. Its main contribution in hybrid SERS is therefore
interfacial regulation. Graphene suppresses fluorescence, dissipates heat from plasmonic hotspots, protects
analytes from photodamage, and provides n—m adsorption sites for aromatic molecules. These functions improve
spectral cleanliness, reproducibility, and analyte localization, even when graphene is not the dominant source of
Raman enhancement [68,124,143—-147].

A clearly studied graphene-regulated architecture is the metal/graphene/metal junction. In Au triangular
nanoarray/n-layer graphene/Au nanoparticle sandwich substrates, graphene acts as an atomically thin spacer that
creates dense sub-nanometer plasmonic gaps while limiting uncontrolled metal-molecule contact; this enables
sensitive and uniform Hg?" detection through a TAMRA-tagged DNA probe [11]. This case is best described as EM-
dominated hotspot engineering enabled by graphene-controlled spacing and passivation. Related Ag
nanoparticle/graphene hybrids show that particle size and Ag-to-graphene CT can modulate the response, supporting
arole for graphene-mediated interface control rather than a standalone high-EF graphene mechanism [110,111].

Graphene can also become an actively tunable CT medium when its Fermi level or surface electronic state is
externally modulated. UV- and gas-atmosphere-controlled RGO/Ag hybrids demonstrate this behavior: exposure
to O, CO», Ny, or air under illumination changes the graphene-derived electronic environment and modulates CT
at the plasmonic interface (Figure 3D) [68]. In real-sample sensing, RGO/Au breath-analyzer substrates highlight
a more practical graphene function, namely selective adsorption and enrichment of volatile biomarkers at a
plasmonic interface (Figure 3C) [57]. Together, these examples show that graphene hybrid SERS is strongest as a
platform for controlling junction spacing, passivation, adsorption, and CT modulation, rather than as a direct
analogue of high-DOS TMD or MXene substrates.

Taken together, 2D-material-supported hybrids are most useful when compared by the interfacial variable
they control. TMDs emphasize phase- and layer-engineered CT, MXenes combine conductive and termination-
rich surfaces with plasmonic assembly, and graphene regulates metal-molecule spacing, passivation, adsorption,
and external CT modulation. This distinction allows Table 1 to serve for a mechanism-indexed comparison of
representative architectures, with EF and LOD retained as context-dependent performance indicators rather than
universal ranking metrics.

3.3. Photonic-Crystal Hybrid Interfaces for Field Localization and Analyte Enrichment

Photonic crystals (PCs) are a class of materials that provide novel capabilities in manipulating the flow of
photons [148,149]. These materials consist of nanoscale periodic arrays of materials with different refractive indices,
creating “photonic band gaps” in which photons cannot propagate through the material. PCs can be fabricated by
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high-precision microfabrication, which offers substantial design control at higher cost. Naturally occurring structures
offer low-cost alternatives but less design control. For the latter, materials such as diatoms [150] and opals [151] are
two representative examples that display vivid colors due to their porous, periodic silica nanostructures.

Integrating PCs with traditional plasmonic nanostructures can create a new class of hybrid SERS substrates
with multiple functionalities. Since PCs can intensify optical fields by slow-light effects [152] and guided-mode
resonances (GMRs) [153,154], they can be used to further amplify metallic-nanoparticle plasmonic resonances,
creating high-intensity hotspots for optimized SERS sensing [53,54]. Alongside simulation results showing
meaningful SERS improvement for both individual plasmonic NPs [55] and a collection of randomly distributed
NPs [112], the enhancement has also been experimentally verified by mapping SERS signals around a diatom
frustule (Figure 4a) [56].

(a) SERS Mapping at 532 nm excitation (b) Diatom Meso-capsule in Optofluidic sensing
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Figure 4. Diverse SERS sensing applications enabled by diatom photonic crystals. (a) Comparison of the optical
image of a diatom frustule and its SERS mapping data (Reproduced with permission from Ref. [56]. Copyright
2014 1EEE.); (b) Schematic of diatom meso-capsule for optofluidic sensing with accelerated mass transport
(Reproduced with permission from Ref. [113]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA.); (c)
[lustration of diatom SERS immunoassay and experimental results showing the enhanced sensitivity to detect
mouse IgG (Adapted with permission from Ref. [114]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.);
(d) Schematic of TLC-SERS sensing using diatomaceous earth fluidic channels (Adapted with permission from
Ref. [116]. Copyright 2017 Elsevier B.V.).

Further improvements in SERS performance can be achieved by combining additional strategies such as (1)
accelerating mass-transport to deliver trace analytes to the sensor surface in optofluidic sensing [112,155,156], or
(2) subsequent functionalization of the PCs [157]. For the former, methods such as utilizing evaporation-based
thermal Marangoni effects have shown that the resulting convection flow can combat the diffusive force, leading
to label-free sensing of 4.5 x 1077 g trinitrotoluene (TNT) at the diatom surface [112]. In another example,
microfluidic channel-enabled mixing of PC-enhanced plasmonic meso-capsules and analytes, in conjunction with
porous submicrometer mesocapsules decorated with Ag NPs, leads to an approximately 100-fold higher signal and
a >1000-fold lower LOD, compared with ordinary Ag NPs (Figure 4b) [113]. For the latter, antibody
functionalization of PCs has been explored for enhancing biosensing sensitivity and selectivity. One example
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showcases a sandwiched SERS-active immunoassay substrate, functionalizing diatom PCs with anti-mouse IgG,
showing the detection limit of mouse IgG down to 10 pg/mL (Figure 4c) [114]. Similar SERS immunoassays have
also been applied to detect interleukins in blood plasma [158] and circulating cancer-specific protein biomarkers in
serum [159].

PCs can also be used as the stationary phase of thin-layer chromatography (TLC). Compared with traditional
analytical chemistry methods such as high-performance liquid chromatography (HPLC) and gas chromatography
(GC), TLC is a rapid, cost-effective technique for separating and identifying mixed compounds [160]. The
combination of TLC with SERS, or simply abbreviated as TLC-SERS, creates a lab-on-a-chip sensing platform
that can simultaneously perform chemical separation and spectral sensing [161,162]. However, the biggest
problem is that the TLC stationary phase is usually not a good SERS substrate, and the sensitivity of TLC-SERS
is not sufficient for trace-level chemical sensing. Diatomaceous earth consisting of fossilized remains of ancient
diatoms in geological deposits stands out as the TLC-SERS substrate because: (1) the porous hydrophilic feature
makes it an excellent stationary phase for TLC separation, and (2) the photonic-crystal effect effectively enhances the
plasmonic nanoparticles for SERS sensing. Diatomaceous TLC-SERS has been successfully applied to various real-
world sensing applications, including identifying Sudan I in cooking oil [163], detecting histamine in seafood [115], and
label-free sensing of phenethylamine and miR21cDNA in human plasma [164]. One noticeable improvement to
TLC-SERS sensing is replacing traditional thin-layer plate with patterned fluidic channels formed by
diatomaceous earth as shown in Figure 4d, which can prevent lateral diffusion of analytes as they move along the
stationary phase [115,116]. As a result, the analyte concentration at the detecting spot is significantly improved,
resulting in unprecedented sensitivity down to the parts-per-billion (ppb) level.

In summary, integrating PCs with SERS substrates can greatly improve SERS performance by utilizing their
unique properties such as GMRs. Within the established mechanistic framework, bio-photonic-crystal-plasmonic
platforms operate primarily in the electromagnetic (EM)-dominated regime, further augmented by photonic field
localization. Notably, several of the systems surveyed in this subsection additionally result in localized mass-transport
effects—such as Marangoni convection in evaporating diatomite droplets and chromatographic flow in TLC-SERS
configurations. By dynamically concentrating analytes at the sensing interface, these transport phenomena effectively
bridge passive architectures in Table 1 with the active platforms to be introduced in the following section and Table 3.
Such mechanistically diverse PC-SERS platforms based on biological materials offer a framework for transitioning
laboratory sensing into reliable, real-world biochemical applications.
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Table 3. Comparative summary of active-enrichment and field-guided mobile SERS platforms.
Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
Magnetic corkscrew,
. Carbon Intracellular Hel.a . 6.7 um/s avg; B=15 HeLa cells
Ni/Au- . S cytoplasm + Subcellular Real-time _ .
Magnetic-field- nanocoil with S mT, f=6-8 Hz; (intracellular);
decorated . ; . . . nucleus fingerprints; SERS at fixed .
. Magnetic  driven helical Ni/Au coating; . mechanical also DI water,  [69]
carbon helical . . (endogenous LOD not cell location .
propulsion helix length . penetration of cell FBS, PEG,
nanorobots biomolecule reported after entry . . .
8.6+ 0.8 um pe . membrane + nuclear  intestinal fluid
ingerprints)
envelope
Magnetic Core-island
MAuUNS—  Magnetic + steering + MAuNS = CV +4-MBA Not stated: Aqueous
Fe304 core +  Catalytic + glucose- Fe304 core +  monolayer (model); NR SERS ’ Glucose-fueled (glucose); [165]
gold nanostar Phototherm  oxidase-like Au-nanostar  intracellular HeLa inteeration 10 s enhanced diffusion intracellular
(AuNS) shell al nanozyme + (AuNS) contents & Hela
photothermal islands
Characteristic
capture time,
Teap, SCaled with
rotation rate as
Bio-derived Teap X 0 04!
diatom over the
Magnetic-field- photonic reported
Ag-NP-coated driven crystal frustule Salmon sperm N _ operating Magnetic rotation up
. . . ~80 nM at S/N = .
diatom Magnefic rotational with self- DNA (large S- ranoe 80 nM  ANEE: ~30 min to 1200 rpm; 532 nm Aqueous [26]
frustule + Ni & actuation assembled Ag biomolecule, 724 & f M at 1200 rpm vs.  Raman, 500 pW, 25 solution
magnetic film (asymmetric Ni NPs and 1319 cm™! peaks) K 2 h passive pum spot
patch) asymmetric Ni (>4x capture-
magnetic rate speedup);
coating ~3% detection-
speed
improvement at
80 nM at 630
rpm
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Table 3. Cont.

Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
Cancer biomarkers Magnetic nanochains
(PSA, AFP, CEA— LOD = 10 pg/mL as nanoscale stir bars;
Magnetic Magnetic . clinical serum, n= (proteins); 4/10/5 4 orthogonal .
nanochain mixing + naﬁﬁfgﬁ: in 20); bacteria (E. ng/mL ~8& min from 1 electromagnetic coils; B(}fl)}/lcflliili(cl;ll
integrated Magnetic  bioseparation . L coli O157:H7,S. (PSA/AFP/CEA) . 100x enrichment via - . [20]
. o L g microfluidic ) ) .0 s UL body fluid . microfluidic
microfluidic in microfluidic biochi aureus); SERS ; bacteria 10°-10 volume difference chi
biochip channel p reporters CFU/pL range; (mixing vs. detection p
MATT/DCTP/DFT EF > 10° chamber); Aex 633 +
P/TFTP 785 nm, 2-5 pm spot
. Light-powered self-
Pﬁ?;tocﬁttﬁn : Silver diffusiophoresis
like Light-induced nanowire/silica ~10's of (AgNW@Si05/AgCl Aqueous
Optical . Crystal violet (CV, 10*MCV focused UV matchlike, ~15 pm i
nanomotor self- core-shell with g ) S S (water); fixed
(photocatal ... . . 107* M); MCF-7  demonstrated; no irradiation to long); positive [71]
(Ag- ) diffusiophoresi AgCl . MCEF-7 cells
o ytic) . . breast cancer cells LOD reported form phototaxis
NWrsilica s (phototaxis)  photocatalytic . (cellular)
core-shell + tail aggregates aggregation; SHI.ERS
AgCl tail) via 5-10 nm SiO,
g shell
Optoelectric . . =15 min to
Si- . L1ght-gatgd St nar}orod . reach =150-  LOD improved by five Aqueous
Electric + optoelectric  array with root Adenine; vertebrate . . .
nanorod/Ag- . . 0.6 M adenine fold orders of magnitude at electrochemical [166]
optical enrichment at  electrodes and DNA
NP Raman enhancement at -08V cell
the laser spot  dense Ag NPs
nanosensor -0.8V
Spiky Au 3D rotating B-field
Magnetlc Magnetic-field- nanoshell on 4 ATP (calibration Thlrat}; LOD Bacterial (Bxi =B.= 4.5;an; wvm DI water, lake
micromotors driven magnetic core reporter); thiram 10°M capture from =40 rad s™'); on water, salty
with spiky ~ Magnetic . — high- porter), thira (Ag@Au); 4- P hydrogel 2-3x faster culture [70]
micromotor (target); E. coli, S. . bulk: hours to ) I
gold ropulsion curvature aureus (label-free) ATP linear overnicht than glass; closed-loop medium; blood
nanoshells propu plasmonic Hreu 10711108 M vernig trajectory; dex 785 nm, plasma

hotspots

0.438 mW, 10 s
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Table 3. Cont.

Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
100 nM Dual-trap optical
Optical- . Two AgNP- . L tweezers; sub-nm Aqueous;
Optical o, . . hemoglobin; I 1 s acquisition; . . .
tweezers- trapbing —s coated silica Native protein M flow-through interbead distance native-
controlled Optical pping beads optically structures— K . us control (10-900 nm conformation
. controllable . . lysozyme/BSA; 1 microfluidic o [73]
hotspot—Ag-  (trapping) . focused into a hemoglobin, D . gap); 1.26 um AgNP-  conditions (no
plasmonic UM a-synuclein; continuous . ]
NP-coated . ) tunable lysozyme, BSA o Y . coated silica beads; Aex surface
. junction . 10~ M and 10 detection .
silica beads plasmonic gap M RhB 532 nm Raman + 1064 tethering)
nm trap
500 nM NBA Optlc.al plasmomg trap
Plasmonic proof-of-concept;  Continuous of single AgNP into
Optical Optical . Amylin (hIAPP)— ,7 iy bead-dimer junction
. . Optical tweezer- 107" M MB/10 on/off . )
plasmonic (trapping) . pH-dependent N (~20 nm gap via Aqueous; pH-
plasmonic trapped . . M NBA switching in . . )
tweezer + + . . species; transient . . ) oligonucleotide controlled; [74]
. - . - tweezing in hotspot in . (BiASERS); 10 seconds; 24 h AP . -
microfluidic  microfluidi . . amyloid . . tether); Aex = 532 nm, microfluidic
flow microfluidic . . uM hIAPP at pH pH-incubation -
flow chamber c intermediates . P=2.7mW (Raman);
channel 5.5 & 7.4;50 uM studies - >
Tvr ltrap =1064 nm, Ptrap =
Y 8.0 mW (trapping)
. 20 nm 2D position
Composite -
L precision; 0.5° angular
clectrokinetic precision; rotation up
3D. . effects . Anisotropic to 18,000 rpm; 90 nm
electrokinetic (electrophoresi . General-purpose D Aqueous
tweezers— s nanowire nanowire position accuracy at solution (low
. . Electric . ’ bioprobe in . . NR NR 2.7 um/s; PI feedback .. [75]
anisotropic dielectrophores bioprobing . L ionic strength
. . AC/DC anti-Brownian; 4 in- .
nanowire is, . platform implied)
. . electric field plane + 2 out-of-plane
bioprobe electrorotation, )
electroalignme electrodes; Aex 532 nm
nt) Raman, 360 pW after
20x% obj
Electric-field- Au-Ni-Au Quasi-real-time . .
Plasmonically driven rotation: three-layer Raman Release rate increases DI water;
. . . ’ nanowire Nile Blue and R6G monitoring (0.5  with rotation speed electrically
active Au— Electric rotation speed . . S )
Ni—Au rotary (rotary) modulates core/silica (single and NR spectrum s ');  through convection- actuated [27]
shell/dense multiplex release) release tracked induced diffusion- microelectrode
nanomotor molecular .
Ag-NP outer for up to 30 layer thinning platform
release .
layer min
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Table 3. Cont.

Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
Au nanorod
Blectric-field- (> #m > 280
Porous . . nm) with ~850
superstructura Electric guided nm porous Dual-function Aqueous
P (transport/r  manipulation P . R6G LOD 107 Quasi-real-time o queot
1 Au- . silica R6G; BPE; Nile ultrasensitive suspension
otation and and AC-field- ] . M (1 fM); BPE Raman . [167]
nanorod/Ag- superstructure Blue; adenine 13 Y detection and tunable  under external
release tuned 10°°M monitoring - .
NP Raman and dense Ag release; Aex =532 nm  electric fields
control) molecular .
nanosensor release NPs in
concentric
nanocavities
GSH LOD 0.10
TMB (probe via MM (linear 1-150 . 30 mn Superparamagnetic Huma.m.serum
. . puM); cholesterol  incubation at . (clinical,
L Magnetic . peroxidase o ring-Fe;04 (160/60/50 .
Ring-like . . Reusable ring- N LOD 0.08 uM 37 °C for ) - Xuzhou First
Magnetic +  separation + ) oxidation); GSH . . nm OD/ID/thickness); ,
Fe;04/Au ) . . like Fe;O4/Au (linear 1-100 catalysis; 11 . People’s [168]
Catalytic  peroxidase-like and cholesterol . . . magnetic recovery, 5 .
nanozyme . nanozyme pM); UV-vis min reaction . Hospital);
catalysis (target . ey reuse cycles; Aex 785
biomolecules) comparison equilibrium for nm portable Raman HAc-NaAc
LODs 0.88/0.48  R-Fe;04/Au P buffer pH 4.0
M
3—4 h SERS- Fe;04@TiOs (=200
021 ™M tag/exosome nm) magnetic
. . exosomal incubation + 10 exosome capture via Serum from
Fe;)%ggéoz Maenetic- 1122;%;122 miRNA-10b min TiO,-phosphate PDAC patients
X 1ag LOD; linear 0.33  Fe;04@TiO,  affinity (96.5% in 10  (n=15) and
accumulation . induced target- Exosomal ; . N
T target- Magnetic exosome riggered microRNA (in situ) fM—1.65 pM; magnetic min); LNA- healthy [169]
. . tested 107— capture (no Au@DTNB hotspot controls (n =
triggered accumulation Raman 10 . . o S
SERS reporter 5x10 ultracentrifuge,  trigger inside intact 15); clinical
P exosomes/mL; 4 no lysis, no exosome; Aex 785 nm,  liquid-biopsy
pL serum PCR 10 mW, 50x objective,
amplification) NA=0.751s
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Table 3. Cont.

Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
Carboxyl-coated
Dynabeads MyOne
Magnetic- Magnetic AFP 0.15 pg/mL; ~1h (1.05 pm) for 2% human
induced . SERS . CEA 20 pg/mL; . . magnetic 3D serum; 39
.. Magnetic- . Liver cancer— immunoreactio . . .
mixing . .. substrate with . FER 4 pg/mL o packing/aggregation clinical
. induced mixing simultaneous . nat37°Cx2 . o
SERS— Magnetic . ternary . (LOD); ranges S under external samples; 86.7% [170]
during SERS . detection of three (sandwich); ) . .
ternary readout antigen- specific anficens 0.5-500/50— lus maenet.c magnet; alkyne/nitrile  liver-cancer
specific recognition p & 2000/10-200 p se ara%ion reporters in biosilent diagnostic
antigens labels pg/mL P 2105/2159/2227 cm™! accuracy
window; Aex 632.8 nm,
40% obj, 10 s
Cell culture
Magnetic separation in ~ supernatant
1 min (external (MCEF-7,
Integrated Magnetic 5 h Fes04/Au magnet); . MDA-MB-231,
Label-free ) . N superparamagnetic MCF-10A,
) magnetic SERS platform internalization
magnetic Magnetic separation +  with integrated Exosomes (label- NR + 1 min FesOs (~12 nm core) + HepG2, Hepl- [171]
SERS for & P & free) . Au shell (~20 nm); 6, L02); mouse
exosomes label-free separation magnetic aggregation in serum (health
SERS chamber separation Eeree Y
exosome enhances Vvs. tumor-
SERS; FDTD bearing); PCA
validates hotspots — 100%
sens/spec
dCas9/gRNA ~60.5 min for
sequence- the listed assay
specific steps (50 min Au MNPs (Fe;04 Mouse blood
binding to Au MNP- Species-specific 14.1 M (S. target-binding  ~110 nm core + SiO; and tissue
Biomolecul target genomic dCas9/gRNA virulence-gene aureus); 9.7 fM  incubation + 10 ~95 nm shell + Au; homogenates
CRISPR-Cas- ar DNA, followed  probes with targets: spa (S. (A. baumannii); min MB total ~390 nm); (in vivo—
mediated (CRISPR) by MB MB as an aureus), pgi (A. 8.1 M (K. intercalation + superparamagnetic derived); 3D  [172]
SERS assay + intercalation intercalating baumannii), and  pneumoniae)— 30 s magnetic (M;=58.7emug’' (= nanopillar swab
plasmonic  and magnetic Raman uge (K. without concentration), 58.7 A m? kg 1)); Aex samples
enrichment; no reporter pneumoniae) amplification excluding 632.8 nm He-Ne, 50x  (skin/tail/foot/g
trans-cleavage washing and obj, ~2.5 um spot love)
or target SERS readout;
amplification >6 h for PCR.
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Table 3. Cont.

Actuation . Active Detection Operating
System Mode Mechanism Component Target Analyte LOD Time Note Environment Ref.
Magnetic
mesoporous Magnetic- Mesoporous 3-
nanosponge 1ndpced bulk CD polymer ' Lowers LOD by . ' Aqueous
(B- Magnetic enrichment + nanosponge Organic -3 orders vs ~90% removal =~1000x concentration (environmental  [76]
cyclodextrin & chromatographi with micropollutants static SERS ’ in <I min factor water)
polymer + c-like embedded
magnetic adsorption magnetic NPs
NPs)
RhB and 4-NTP Magnetic separation
Polydopamine Polydopamine- Plasmonic ~ Raman reporters; E. Linear 10—10° enrichment via Fe;O4
-enabled mediated nanogap NPs coli O157:H7 10 min core; polydopamine-
. . . . CFU/mL; . Aqueous
plasmonic plasmonic tailored with (food-borne o ) magnetic templated 2 nm [173]
. ] sensitivity ~10 . ) (general)
nanogapped nanogap polydopamine pathogen); also CFU/mL separation nanogap; Aex 633 nm
nanoparticles engineering spacer MOF and AuNR (RhB) + 785 nm
cores (pathogen)
Fes0s@Ag ~20 min total
304
. NPs | assay Real biological
Fe;04@Ag Magnetic . . Influenza A HIN1 (incubation + N e
. . . functionalized ~2000x% sensitivity samples
magnetic Magnetic +  enrichment + with dual + human HIN1: 50 lateral flow); improvement vs (human
SERS nanotag immunoaffi dual-Raman- adenovirus pfu/mL; HAdV: Aex 785 nm P o [77]
. . Raman dyes + . traditional colloidal-  throat/nasophar
+ lateral-flow nity label sandwich virus-specific (HAdV)— 10 pfu/mL Renishaw Au LFAs ngeal swabs):
strip on LFA strip ca glre simultaneous inVia, 3 mW, 5 IZIO & retrea tmen"c
L s, 50 um spot, p
antibodies 20% obj

Abbreviations & notes: LOD—Iimit of detection. Relative metric—performance reported as a fold-improvement against an internal reference (e.g., “2000x over colloidal-Au LFAs”). LFA—

lateral flow assay. MAuNS—magnetic gold-nanostar nanozyme. p-CD—f-cyclodextrin (used as polymer host in mesoporous nanosponge). CRISPR—Clustered Regularly Interspaced Short

Palindromic Repeats (here: dCas9/gRNA target recognition coupled with MB-based SERS reporting and magnetic enrichment). hIAPP—human islet amyloid polypeptide (amylin); single-
molecule pH-dependent species used to probe amyloid intermediates. NR—not reported.
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4. Hybrid SERS Platforms for Active Molecular Enrichment

Ultrasensitive SERS sensors that rely solely on passive molecular diffusion face an intrinsic barrier: the ultrahigh
sensitivity enabled by nanoscale hotspots for detecting ultra-low-concentration analytes inevitably results in slow
detection kinetics. Conventional nanosensors can require hours to detect analytes in the 1 pM—1 fM range [166]. Such
prolonged detection times increase susceptibility to noise and compromise sensing fidelity.

To address this limitation, active and responsive SERS platforms improve analyte enrichment in three
recurring ways. First, motion-enhanced platforms use mobile SERS-active probes or hotspots to increase
molecular capture speed by a sensor’s surface, reducing diffusion-limited detection times. Second, field-guided
platforms use optical or electric fields to position plasmonic components, assemble hotspots, or bring analytes into
defined sensing regions. Third, capture- and separation-assisted magnetic platforms isolate and concentrate targets
from complex matrices before Raman readout. Across these cases, the inherited SERS enhancement pathway is
coupled to an analyte-enrichment strategy. The examples listed in Table 3 therefore emphasize detection time,
operating environment, and enrichment or actuation mode rather than EF alone.

4.1. Motion-Enhanced Hybrid SERS Platforms

This subsection focuses on hybrid SERS systems in which SERS-active probes or hotspots are actively
transported, rotated, or propelled through the sample. Their main contribution is to accelerate molecular capture
by a sensor’s surface, while preserving the EM, CM, or coupled EM-CM enhancement mechanisms enabled by
the sensing material.

Micro/nanomotors are miniaturized machines capable of dynamic responses such as transport, rotation, and
swarming under chemical, magnetic, optical, or electric stimuli [36,174]. When integrated with SERS-active
plasmonic structures, these platforms create “motile hotspots™ that actively sample analyte-rich regions or enhance
analyte—substrate interaction in solution. This strategy directly addresses a major limitation of static SERS sensors:
at ultralow analyte concentrations, passive diffusion alone can make molecular capture at nanoscale hotspots slow
and inefficient [26,27,175,176]. However, translating this “motile hotspot” concept from idealized, low-viscosity
laboratory solutions to complex biological fluids presents significant challenges. Viscous biological media
inherently limit propulsion efficiency due to the dominant viscous drag forces operating at low Reynolds numbers.
Concurrently, the abundance of biomacromolecules in these environments leads to nonspecific surface adsorption
that can physically block SERS-active nanogaps, impede targeted molecular enrichment, and generate severe
background spectral interference. The propulsion mechanisms, summarized in Table 4, have been detailed in
several review articles [175,177,178].

Magnetic Nanomotor Sensors: Magnetic-field-driven nanorobots represent a particularly attractive class of
active SERS platforms due to their precise spatiotemporal control, fuel-free actuation, high reconfigurability, and
generally benign operation in biological environments. Compared with chemically powered systems, magnetic
actuation avoids the introduction of reactive fuels and offers superior controllability, which is advantageous for in
vivo or intracellular applications. For instance, Ni/Au-decorated carbon helical nanorobots have demonstrated the
capability to mechanically penetrate single-cell membranes and nuclear envelopes, enabling intracellular SERS
interrogation of both cytoplasmic and nuclear compartments [69]. While such demonstrations highlight the
potential for precise cancer theranostics with minimal cytotoxicity, challenges remain in achieving in vivo
precision control and long-term stability.

Magnetic microrobots have also been explored for selective bacterial detection, including discrimination
between E. coli and S. aureus, through active approach, contact formation, and localized SERS acquisition. Detection
limits down to 10 nM for thiram have been reported, with operational stability maintained over weeks [70].

More recently, nanozymatic magnetic nanomotors (MAuNS), integrating a magnetic Fe3O4 core with gold
nanostars, have combined magnetic propulsion with plasmonic and catalytic functionalities [165]. The Fe3O4 core
enables remote magnetic steering, whereas the AuNS provide both strong SERS activity and glucose oxidase—like
catalytic behavior, enhancing mass transport and cellular uptake for improved photothermal therapy. In addition,
multimodal imaging, via magnetic resonance imaging of Fe;O4 and photoacoustic imaging of AuNS, facilitates
real-time tracking. Despite these advances, integrating propulsion, hotspot uniformity, and quantitative SERS
readout into a single robust platform remains an ongoing challenge.

Another notable strategy involves the active actuation of magnetic-film-coated bioparticles to accelerate
biomolecule enrichment and detection [26]. In this study, Ag-nanoparticle-coated diatom frustules were
asymmetrically functionalized with a magnetic Ni film, enabling rotational actuation under an external magnetic
field while providing abundant plasmonic hotspots for SERS detection.
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Table 4. Propulsion mechanisms of typical nanomotors.

Driven Type Schematic Components Propulsion Mechanism Advantage
— Catalytic materials: — High-speed movement
Pt, Au, Ni, MnO> — Performance in high-
H,0, FIU|d flow HH+42e- +H,0 ) . .. .
— Asymmetric —  Self-electrophoresis ionic-strength media
Chemical MOV'"SD -: < structures: Janus ~ — Bubble recoil depends strongly on the
2H"+2e+0, e microspheres, — Self-diffusiophoresis propulsion mechanism
bimetallic and surface chemistry
nanowires — Requires specific fuels
— Magnetic field — Fuel-free operation
— Ferromagnetic gradients with remote
N'iL\g materials: Fe, Ni — Rotating magnetic controllability
Magnetic N'?g V\B — Ferrimagnetic fields induce helical - Suitable for complex
Field Ag o material: y-Fe2Os3 motion environments
— Helical or flexible — Oscillating magnetic — Adjustable helix pitch

H,0,/2h*
O, +2H*

uv _
H,O0/H*
P

Light-Driven

structures fields drive flexible for optimized
chains propulsion efficiency
— High temporal and
— Photochemical spatial resolution
reactions control
— Photothermal — Enables smart
interactions behaviors such as
Photocatalysts:

TiOz2, ZnO, Fe203,
Au

— Generation of

electron-hole pairs

phototaxis and

swarming

leading to — Can operate without
2H'+2¢ > Semiconductor
" Moving erial diffusiophoresis or externally added fuel in
materials . . .
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In both cases, detection kinetics were rationally enhanced through active motion—specifically, increased
rotational or translational speeds—which increased analyte flux toward the sensing surface. Numerical simulations
and theoretical analyses revealed that such active propulsion effectively reduces the effective diffusion-boundary-
layer thickness, thereby accelerating molecular flux to the sensor interface. As a result, detection speed is
substantially improved while preserving high sensitivity [26].

Light-Powered Nanomotor Sensors: Light represents another widely adopted energy source for remotely
actuating nanomotors, offering high spatial and temporal precision without direct physical contact [179].
Photocatalytically powered, matchstick-like nanomotors, which are composed of a silver nanowire/silica core—
shell structure with a silver chloride tail, have been propelled via light-induced self-diffusiophoresis [71]. Their
phototactic motion enhances local analyte concentration and signal intensity for biochemical sensing. Such
systems have demonstrated light-controlled SERS detection of crystal violet as well as MCF-7 breast cancer cells,
highlighting their potential for smart, on-demand sensing at the micro- and nanoscale. Nevertheless, challenges
related to propulsion efficiency in complex media and long-term photostability remain to be addressed. In addition,
optical scattering and inherent light absorption characteristics of complex biological tissues can significantly
attenuate the penetration depth and intensity of driving optical fields, making in vivo applications challenging.
Photocatalytic surfaces can be passivated by biological fluids, which directly suppresses light-induced
diffusiophoresis, making it difficult to maintain sufficient propulsive force.

Electric Nanomotor Sensors: Electric fields are highly versatile for precise manipulation of various
nanostructures, including metals, semiconductors, insulators, and their hybrids. Strategically applied electric fields
can realize multimodal manipulation, including translocation, alignment, and rotation. The rich working
mechanisms, depending on AC frequency, include electrophoresis, dielectrophoresis, electroosmosis,
electrorotation, and electroalignment [75]. In motion-enhanced SERS, these mechanisms are most relevant when
they translate, rotate, or reorient SERS-active probes to improve molecular transport and diffusion near plasmonic
sensing interfaces. Kim et al. reported the rotary NEMS architecture and its operation at more than 18,000 rpm for
15 h [72]. In a related SERS-functionalized implementation, Ag-coated rotors were used to monitor rotation-
dependent molecular release by Raman spectroscopy [27].

Taken together, motion-enhanced hybrid SERS platforms improve sensing primarily by increasing the mass
transport of analyte molecules to (or away from) a sensor. Their value is therefore best assessed not only by EF or
LOD, but also by detection time, dynamics, operational efficiency and durability in complex media, hotspot
stability, and compatibility with quantitative readout.

4.2. Field-Guided Hotspot Positioning and Assembly

Field-guided platforms differ from motion-enhanced nanomotors because the external field is used primarily
to position SERS-active components, assemble plasmonic junctions, or bring analytes into defined sensing regions,
rather than to propel probes continuously through the sample. This strategy is particularly useful when SERS
performance depends on forming reproducible nanogaps, interrogating a specific molecular interface, or
maintaining spatial control over transient analyte—hotspot interactions.

Optical tweezers provide a representative field-guided strategy because highly focused laser beams can
mechanically manipulate plasmonic components at defined locations [180]. When combined with plasmonic
materials, such as Ag-nanoparticle-distributed silica beads, optical trapping enables the dynamic formation and
control of plasmonic hotspots. By optically focusing and precisely positioning two AgNP-coated silica beads, a
controllable plasmonic junction with single-molecule sensitivity has been achieved [73]. This dynamic detection
configuration allows interrogation of protein structures, including hemoglobin, lysozyme, and bovine serum
albumin, without perturbing their native conformations.

Furthermore, integration with microfluidic flow chambers enables real-time detection of globular proteins
and facilitates studies of pH-dependent structural evolution of amylin (hIAPP), successfully capturing low-
concentration, transient intermediates relevant to amyloid formation [74]. The capacity for continuous
measurement at well-defined spatial locations makes optical tweezer-assisted SERS a powerful platform for
probing molecular dynamics in complex biological environments.

Electric-field-guided manipulation provides another approach to hotspot positioning and probe orientation.
Depending on AC frequency and field geometry, electrokinetic forces can translate, rotate, align, or orient
anisotropic nanostructures in solution. Li et al. developed a versatile 3D electrokinetic tweezers technique that
enables simultaneous 2D positional and 3D orientational control of anisotropic nanoparticles, with precision of 20
nm in position and 0.5° in angle (Figure 5B) [75]. Such control is valuable for SERS because the signal often
depends strongly on probe orientation, molecule—surface contact geometry, and the precise placement of
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plasmonic nanostructures near target interfaces. By growing dense Ag nanoparticles on the surface of Au
nanowires, the electrically driven SERS-active motors enable probing of cellular surfaces at the subcellular level
and direct detection of metabolite release [75]. When integrated into a magnetically anchored rotary micromotor,
controlled probe rotation enhanced molecular release from the sensing surface while enabling simultaneous SERS
monitoring [27]. Importantly, this strategy can be generalized to various electronic materials, whose electrical
conductivity can be tuned by light or other stimuli, opening new opportunities for adaptive SERS sensing [181-183].
Meanwhile, extending electric-field-guided SERS manipulation to complex biological media will require careful
control of ionic strength, medium composition, and electrode configuration.

Taken together, field-guided SERS platforms improve analytical performance by controlling where and when
hotspots are positioned for deterministic sensing or targeted detection. The techniques are mostly suitable for on-

chip in vitro applications.
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Figure 5. Stimuli-Responsive Nanostructures for SERS Bioanalysis and Molecular Sensing. (A) (i-ii) Low- and
high-magnification SEM images of Ag/Ni/Ag-core, silica-shell nanocapsules decorated with Ag nanoparticles.
Adapted with permission from Ref. [184]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA. (iii-v) Surface,
cross-sectional, and close-up SEM images of Ag nanoparticles and nanocavities in an Au-core nanoporous Raman
nanosensor. Adapted with permission from Ref. [167]. Copyright 2018 American Chemical Society. (B) Localized
detection of metabolites from a single E. coli cell using SERS-active nanocapsule sensors. (i) SEM image and (ii)
schematic of a vertically aligned, silica-encapsulated nanowire coated with high-density Ag nanoparticles, enabling
direct contact SERS measurement from a bacterial cell. (iii) Raman spectra collected at three positions (20 pm
away, in contact, and 15 pm away after contact), with insets showing the corresponding optical images. Adapted
with permission from Ref. [75]. Copyright 2023 Springer Nature. (C) (i) Schematic of the MiChip assay for
biomarker detection. A sample is mixed with antibody-conjugated magnetic nanochains (Magchains) and SERS-
encoded probes to form sandwich immunocomplexes, which are magnetically isolated and detected via Raman
spectroscopy. Adapted from Ref. [20] under the terms of the Creative Commons Attribution 4.0 License; changes
were made. (ii) Schematic of analyte enrichment and detection using magnetic nanoparticle-immobilized porous B-
cyclodextrin polymer (MN-PCDP): (a) adsorption of organic pollutants from aqueous solution followed by
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magnetic separation of MN-PCDP; (b) optical photograph and TEM image of MN-PCDP; and (c) desorption of the
captured pollutants into ethanol for subsequent spectroscopic detection. The adsorption—desorption process enables
up to approximately 1000-fold enrichment. Adapted from Ref. [76] under the terms of the Creative Commons
Attribution 4.0 License; changes were made. (D) Synthetic route for antibody-modified Fe;O4@Ag magnetic tags
and schematic of a magnetic SERS strip for the simultaneous detection of two respiratory viruses. Adapted with
permission from Ref. [77]. Copyright 2019 American Chemical Society.

4.3. Magnetic Capture and Separation for Enrichment-Assisted SERS

In contrast to motion-enhanced nanomotor platforms and field-guided hotspot positioning, magnetic
enrichment-assisted SERS platforms mainly use magnetic components to capture, isolate, and concentrate target
species from complex samples before Raman readout. Magnetic hybrid nanomaterials, often referred to as
magnetic—plasmonic (MP) nanocomposites, represent a versatile class of substrates for SERS, particularly in
bioanalysis [37,185]. These composites integrate the unique magnetic properties of materials such as iron oxides
(FesO4 or Fe,0s3) with the strong plasmonic capabilities of noble metals within a single particle system. In these
systems, the magnetic component does not necessarily provide the primary electromagnetic or chemical Raman
enhancement. Instead, it improves the probability that low-abundance analytes, target-bound probes, or pathogen-
containing complexes are collected at SERS-active regions while reducing interference from the surrounding
matrix [186].

First, the magnetic component enables efficient and rapid separation of target analytes from complex
biological or environmental matrices, greatly simplifying sample pretreatment and improving analytical precision
by reducing matrix interference [168]. This function is particularly important for detecting low-concentration
biomarkers, pathogens, or contaminants that coexist with abundant interfering species.

Second, Mag-SERS platforms integrate enrichment functions, enabling ultrasensitive detection, even at the
single-molecule level [169—172,187]. For example, Zhang et al. reported an enrichment-assisted sensing strategy
based on a magnetic mesoporous nanosponge [76]. The nanosponges are made of porous pB-cyclodextrin polymers
combined with magnetic nanoparticles. When dispersed in solution, the nanosponges enabled rapid and efficient
removal of organic micropollutants, achieving approximately 90% removal within 1 min and concentrating
pollutants by up to ~1000-fold. This enrichment approach greatly enhances detection sensitivity for common organic
pollutants, lowering detection limits by two to three orders of magnitude (Figure 5C(ii)). Here, the central contribution
of the magnetic component is the physical concentration of target molecules before spectral acquisition.

The magnetic properties also allow for controllable aggregation and manipulation of these SERS substrates,
which can dynamically create “hotspots” (regions of highly concentrated electromagnetic fields) at interparticle
junctions, further boosting signal intensity and reproducibility [186]. However, in enrichment-assisted magnetic
SERS, such hotspot formation should be interpreted together with target concentration and probe collection rather
than treated as the sole origin of improved performance. When functionalized with biorecognition molecules such
as antibodies or aptamers, magnetic—plasmonic probes can combine target isolation, enrichment, and SERS
detection within the same assay format [173]. Additionally, the reusability of these magnetic substrates may further
improve their cost-effectiveness and environmental friendliness [37].

Finally, the modular design and tunable surface chemistry of Mag-SERS platforms allow integration into
diagnostic formats such as clinical assays and automated detection systems. For example, combining SERS-active
particles with lateral flow assays (LFAs) or microfluidic systems can yield rapid, sensitive, and user-friendly
diagnostic solutions [77,188]. In one study, a Mag-SERS-based LFA strip employing Fe;O4@Ag nanoparticles was
developed for simultaneous detection of influenza A HIN1 virus and human adenovirus (HAdV) (Figure 5D) [77].
The magnetic nanotags, functionalized with dual Raman dyes and virus-specific capture antibodies, enabled both
magnetic enrichment and specific viral recognition. The detection limits for HIN1 and HAdV were 50 PFU mL™!
and 10 PFU mL™!, respectively, representing a 2000-fold sensitivity improvement over traditional colloidal gold-
based LFAs. Microfluidic integration further enhances the potential of Mag-SERS platforms for clinical
diagnostics. As shown in Figure 5C(i), Xiong et al. reported a microfluidic biochip featuring magnetic nanochains
that enable rapid mixing, bioseparation, and detection [20]. This system eliminates the need for external mixers or
sensors and achieves highly sensitive detection of cancer biomarkers and bacterial species from just 1 uL of body
fluid within 8 min. These integrated formats are useful when the analytical challenge involves not only Raman signal
generation, but also sample preparation, target recovery, and reproducible probe placement in complex matrices.

Overall, active-enrichment hybrid SERS platforms improve sensing performance by addressing different
stages of the detection process. Motion-enhanced platforms increase convective mass transport and analyte flux to
(or away) from a sensing surface through probe propulsion or rotation. Field-guided platforms enable active
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hotspot positioning and local interrogation. Magnetic capture-assisted systems improve target isolation,
enrichment, and matrix removal. These strategies do not replace electromagnetic or chemical enhancement, but
address a different aspect of nanosensing by improving analyte transport and capture, as well as targeted detection.

5. Summary and Perspective

First observed in 1974, SERS has transitioned from a fundamental spectroscopic phenomenon into a highly
versatile analytical tool with single-molecule sensitivity over the last 50 years. As discussed throughout this
review, hybrid SERS platforms can alleviate persistent limitations of conventional noble-metal substrates. By
strategically integrating plasmonic nanostructures with semiconductors, two-dimensional materials, photonic
crystals, and responsive nanomotor systems, these architectures combine localized electromagnetic field
amplification and charge-transfer processes with dynamic hotspot manipulation and localized analyte enrichment
for active sensing in complex biological media.

Despite the remarkable advancements, the translation of SERS into a practical quantitative tool for ultralow
concentration analytes remains a major obstacle. Even in a simple dilute molecular solution, different molecular
orientations and uneven electromagnetic field distributions within nanostructured hotspots frequently lead to
notable single-molecule intensity fluctuations (SIFs) [189,190]. Standard quantification methods, which rely on
the integrated intensity of all single-molecule signals, often struggle to maintain reproducibility and accuracy under
these highly fluctuating conditions. To overcome this bottleneck, recent developments in digital (nano)colloid-
enhanced Raman spectroscopy (d(n)CERS) present a promising solution [191,192]. By dispersing metallic
colloidal nanoparticles in aqueous solutions to ensure uniform colloid-molecule interaction, this approach converts
variable analog signals into discrete single-molecule counting events. Fundamentally, let 2 = Nevents/Nvoxels denote
the mean number of analyte—hotspot events per voxel. Under a Poisson occupancy model, the ratio of positive
voxels (RPV) is RPV = 1 — e, equivalently A = —In(1 — RPV). Consequently, the detection probability is directly
dictated by the number and density of available hotspots. While an increase in hotspot density enhances molecular
occupancy probability, excessive colloidal concentrations may increase background scattering and reduce the
number of effective hotspots. Furthermore, the accuracy of digital counting relies heavily on establishing a
rigorous signal threshold to define an “on” event. A higher threshold can reduce false-positive detections, but it
inevitably increases the false negative rate by filtering out authentic weak signals arising from hotspot
heterogeneity. To mitigate these statistical fluctuations, practical substrate design must prioritize the spatial and
temporal uniformity of the hotspots. Governed by Poisson statistics, this digitization effectively circumvents the
limitations imposed by SIFs, facilitating reproducible quantification that is ultimately limited by the intrinsic
Poisson noise of the measurement process.

Beyond solution-based colloidal dispersions, the spatial discretization of targets across solid-state arrays
offers a complementary strategy for digital SERS by structurally enforcing the Poisson sampling requirements.
For instance, the physical compartmentalization of molecular targets within uniform, plasmonically active
microchamber arrays can facilitate the sensitive, molecular-selective, and multiplexed monitoring of single-
enzyme reactions [193]. Similarly, digital nanopillar platforms leverage spatially isolated nanostructures to anchor
and detect individual analytes at discrete plasmonic hotspots. Such architectures have demonstrated the capacity
for attomolar-level quantification of cytokine biomarkers, enabling the longitudinal tracking of immune toxicities
in cancer patients [194]. However, the translation of these digital SERS platforms into field-deployable sensors
introduces a critical trade-off between the acquisition time needed for statistical confidence and the practical
demand for rapid detection. Under ideal Poisson counting, the relative standard deviation of the accumulated “on”
event count scales as RSD = 1/YN,,, where No, denotes the accumulated number of “on” event. Achieving a
statistically significant count at ultralow concentrations thus requires collecting a large number of discrete
sampling events, which prolongs the data acquisition process and challenges the feasibility of rapid diagnostics. It
has been reported that integrating wide-field illumination with wavelength-tunable narrow bandpass filters may
offer a potential strategy to accelerate large-area imaging without compromising the extensive statistical sampling
size [193]. Together, these array-based digitalization strategies illustrate the significant translational potential of
converting highly variable spectroscopic phenomena into robust counting metrics for precision clinical diagnostics
and dynamic disease monitoring [195,196].

However, as these solid-state digital platforms scale to accommodate multiplexed analysis across thousands
of discrete spatial entities, they inherently generate massive, high-dimensional spectral datasets. The sheer volume
and intricate complexity of these data—encompassing subtle spectral variations and spatially resolved molecular
fingerprints—frequently surpass the processing efficiency and interpretive capacity of conventional analytical
methods. Consequently, the successful translation and broad implementation of these high-throughput digital and
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hybrid SERS methodologies will increasingly depend on the integration of artificial intelligence (AI) and machine
learning (ML). Rather than operating as isolated analytical add-ons, Al frameworks can be intrinsically woven
into both the design and data-processing phases of SERS development [197-199].

In the foundational design phase, deep learning algorithms, such as generative adversarial networks (GANs)
and variational autoencoders (VAEs), may help map relationships among molecular structures, substrate
properties, and topologies [200]. Such models could support data-driven optimization of hybrid substrates,
although direct experimental validation of inverse-designed SERS substrates remains limited.

During data processing, Al-assisted methods can improve spectral quality, feature extraction, and
interpretation [201,202]. The cited tools serve distinct purposes: RADAR removes spectral artifacts [203], SSNet
performs spectral unmixing [204], PyFasma and RamanSPy provide preprocessing and multivariate-analysis
pipelines [205,206], and peak-sensitive logistic regression (PSE-LR) supports spectral classification and
interpretation [207]. SRS-Net, by contrast, is a physics-informed framework for modeling stimulated Raman
scattering rather than a general SERS preprocessing tool [208]. Deep-learning classification has also been
demonstrated for Raman-based liver-cancer diagnosis [209]. Recent studies have applied deep learning to distinct
SERS tasks, including colloidal digital SERS analysis, therapeutic-drug monitoring on plasmonic metasurfaces,
and leukemia classification [210-212]. More broadly, Al-assisted SERS workflows can support spectral
classification and quality control across diverse sensing platforms [213-215]; these studies do not by themselves
establish direct integration with digital single-molecule counting.

Looking ahead, a particularly promising direction is the development of broadly trained large Raman models
built from expansive, multi-center spectral databases. However, the practical realization of these foundational
models relies on overcoming significant data standardization challenges. SERS datasets frequently exhibit high
variability across different instruments, substrate architectures, and analytical conditions. A major underlying
issue, as previously noted, is the inherent non-reproducibility of SERS hotspots, which produces inconsistent
absolute signal intensities and spectral profiles. To ensure that training datasets are sufficiently standardized and
generalizable, researchers can adopt rigorous data curation protocols, including comprehensive metadata reporting
and the utilization of universal calibration reference materials across different laboratories. Moreover, the
integration of digital SERS methodologies can structurally mitigate this challenge; by converting highly variable
analog signals into threshold-based binary molecular counts, the dependence of the final dataset on spatial
heterogeneity among individual hotspots is partially reduced, thereby providing more reproducible inputs for
model training. Although this field is still emerging, such models could provide a unifying foundation for the
SERS workflow. When strengthened by transfer learning, these models could be efficiently adapted to new
analytical tasks without requiring large task-specific datasets. At the same time, explainable Al could reveal which
spectral features drive each prediction, improving transparency, scientific insight, and user confidence.
Collectively, these advances could link rational nanomaterial design with automated, reliable practical diagnostics.
More broadly, hybrid and digital SERS platforms with integrated Al could offer a potential route toward converting
sensitive SERS analysis into standardized, rapid platforms for real-world applications.
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Abstract: Anodic tantalum oxide films have attracted ST Chemically Eched
significant interest due to their highly favorable properties, SR
such as corrosion resistance and biocompatibility, as well as
the cost-effective and scalable nature of anodization as a
fabrication method. However, the need for morphological
control as well as strong adhesion of the resulting films to the
substrate pose barriers to their application. In this work, the
morphology and adhesion of anodic tantalum oxide films
grown on electropolished, chemically etched, and pristine
tantalum metal substrates in a fluoride-free electrolyte
containing potassium phosphate and glycerol under varying
voltage and temperature conditions were systematically . . . . —
investigated. Electropolishing significantly reduced substrate Ferem ) ot t)
surface roughness and promoted the growth of native '
suboxide species. Current density-time characteristics during
anodization suggest noticeable kinetic effects related to
substrate pre-preparation, which were corroborated by
significantly increased pore size in oxide films grown on
electropolished substrates. Systematic variation in voltage and temperature provided evidence of improved control
over size and morphology of the nanoporous anodized oxide films via anodization parameters in electropolished
samples. In addition, pull tests demonstrated increased film-substrate adhesion in anodized oxide films on both
chemically etched and electropolished substrates. These findings demonstrate that electropolishing is an effective
strategy for improving the controllability of nanostructure morphology, film uniformity, and adhesion of anodic
tantalum oxide coatings.
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1. Introduction

Tantalum oxide has attracted considerable interest for use in a variety of technologically significant
applications, including catalysts [1], information storage devices [2—-5], and protective coatings for biomedical
applications [6]. Across these diverse fields, nanostructure plays a key role by affecting material properties such
as photocatalytic activity [1], hydrophilicity [7], and memristive behavior [8]. In particular, nanoporous and
nanotubular oxide films have been demonstrated to improve lithium ion diffusion kinetics for energy storage
applications [9], as well as increase photocatalytic efficiency of water splitting for hydrogen generation [10]. For
biomedical and photoelectrochemical applications, film structure and adhesion are especially critical, as they
directly affect implant biocompatibility [6] and catalyst performance [11,12]. Consequently, strategies that enable
precise control over oxide nanostructure and adhesion are of significant interest.
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Electrochemical anodization utilizes competing field-assisted oxide formation and dissolution reactions
during electrochemical oxidation of a valve metal substrate to grow nanostructured anodic oxide layers of
controlled thickness and porosity [13,14]. It is notably cost-effective and scalable among the synthesis methods
used for forming oxide coatings, particularly for Ta,Os. In order to facilitate the formation of highly ordered and
well-adhered nanostructures, electropolishing is a popular substrate preparation technique prior to anodic oxide
growth, as it enables efficient polishing to nanoscale smoothness [15,16]. The two techniques have previously
been used in tandem to improve uniformity of oxide films grown via anodization such as A1,O3 [17,18], TiO» [19],
and Nb,Os [16]. However, limited work has been done in understanding the effect of electropolishing on the
anodization of tantalum [6,20-22].

The wide variety of electrolyte systems and conditions which have been investigated for tantalum anodization
have been comprehensively summarized in recent review articles [23,24]. Fluoride-containing solutions
predominate in prior work concerning nanostructured films [23], and the effect of fluoride concentration on oxide growth
rate [25] and porosity [26] has been investigated in detail. However, several studies have indicated that the incorporation
of fluoride ions into the anodic tantalum oxide films is a major factor responsible for film detachment and poor substrate
adhesion [23,27-29], as a result of the enhanced inward mobility of fluoride ions compared to oxygen [30] and the
subsequent build up of fluoride containing species between the oxide layer and the substrate [28]. Consequently, the
use of non-fluoride-containing electrolyte solutions serves as an alternative to improve film adhesion, which is
critical for a wide range of applications [23] including photoelectrochemical [11] and biomedical [6] purposes.
Melody et al. first reported the anodization of tantalum foil using 10% dibasic potassium phosphate in glycerol at
elevated temperatures (90—190 °C) and anodizing potential of 20 V [13]. Later, Lee and Schmuki investigated the effect
of temperature and time on pore ordering and film thickness in the same electrolyte system, identifying a 1-h anodization
procedure at 20 V and 180 °C as the conditions for optimal pore ordering. The formation of a 25 nm barrier layer at the
anodic oxide-substrate interface was identified, but its effect on film adhesion was not studied [31]. By improving
overall homogeneity of the substrate via electropolishing as well as removing the highly soluble fluoride-based
barrier layer, strong attachment of the anodic oxide to the substrate may be facilitated.

Here, we report a systematic study on the effect of electropolishing of Ta substrates on the morphology and
adhesion of anodic Ta,0Os films grown in 10% potassium phosphate in glycerol electrolyte. The influence of
anodization potential, electrolyte temperature, and the presence of the native suboxide species on the substrate
were investigated. Atomic force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS) were utilized to
examine the roughness and surface chemistry of electropolished, chemically etched, and pristine tantalum foils.
Current density transients during anodization were obtained to investigate the effect of native suboxide species on
the anodization process. The morphology and thickness of the resulting anodic oxide films was examined using
scanning electron microscopy (SEM). In addition, pull tests were used to investigate film adhesion. We demonstrate
that while both chemical etching and electropolishing improve film-substrate adhesion compared to pristine samples,
electropolishing offers more control over pore size and morphology of the resulting anodic oxide films, by facilitating
the continuous competition between oxide growth & dissolution fundamental to nanostructure formation.

2. Materials and Methods
2.1. Substrate Preparation

Pieces of tantalum foil (33 x 40 x 0.127 mm, 99.95% purity, Thermo Fisher Scientific, Waltham, MA, USA)
were cleaned by sonication in acetone, isopropanol, and deionized water, for five minutes each, and dried prior to
substrate preparation. The back of each piece was masked using packing tape, with the top edge of the foil left
exposed to ensure good electrical contact in the case of electropolishing. Chemically etched samples were allowed
to soak in a solution of 10% sulfuric acid in methanol for at least one hour before being rinsed in deionized water
and dried immediately prior to anodization. Electropolishing was performed in a two-electrode cell with Ta foil as
both the working and counter electrode using a solution of 10% sulfuric acid in methanol (Thermo Fisher
Scientific, Waltham, MA, USA), prepared as previously described by Barnes et al. [16]. During electropolishing,
the solution was kept below —10 °C in a bath of dry ice and acetone and continuously stirred. Samples were
electropolished at a constant current of 0.1 A for 2 h using a BK 9206 power supply (B&K Precision Corporation,
Yorba Linda, CA, USA). Following polishing, the foils were removed from solution, rinsed in deionized water,
dried, and immediately placed under vacuum and transferred into an inert atmosphere glovebox (Ar, O, <0.5 ppm).
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2.2. Anodization

Total air exposure for both chemically etched and electropolished substrates prior to anodization was kept to
less than 10 min. Kapton tape was used to mask the back of all samples prior to anodization. Exposed working
electrode area was 33 x 40 mm. Anodization was performed in a two-electrode cell using 10% dibasic potassium
phosphate (98% pure, Thermo Fisher Scientific, Waltham, MA, USA) in glycerol (Thermo Fisher Scientific,
Waltham, MA, USA) with Pt mesh as the counter electrode. Anodization was carried out under constant voltage
with a current limit of 2 A. Anodization time was fixed at 5 min, while solution temperature (170-190 °C) and
applied potential (20—40 V) conditions were systematically varied. Following anodization, samples were rinsed in
deionized water and ethanol before being allowed to dry.

2.3. Characterization

The surface roughness of pristine, chemically etched, and electropolished samples was characterized using a
Bruker Dimension Icon atomic force microscope (AFM) with a Nanoscope V controller operated in PeakForce
Tapping Mode by Nanoscope 9.4 software using a ScanAsyst Air probe (2 nm nominal tip radius). 5 X 5 pm images
were taken with a scan rate of 0.5 Hz, 256 samples per line, and Peak Force setpoint of 2 nN. AFM images were
processed using Nano Scope Analysis (Bruker Nano, Santa Barbara, CA, USA). Scanning electron microscopy
(SEM) images were recorded using an FEI Teneo FESEM (Field Electron and Ion Company, Hillsboro, OR, USA)
at 3-5 kV. X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics (PHI) 5600 ESCA
system (Physical Electronics, Chanhassen, MN, USA) with a monochromated Al K-alpha source and 3 x 10 mm
analysis area. Survey scans were performed using 187.85 eV pass energy and 0.8 eV step size; high resolution scans
were performed using 23.50 eV pass energy and 0.05 eV step size. XPS data was analyzed using MultiPak 9.6
(Physical Electronics, Chanhassen, MN, USA) and CasaXPS (Casa Software Ltd., casaxps.com; accessed 26
August 2026). All spectra were referenced to the 1s peak (284.8 eV) of adventitious carbon. Spectra were background
subtracted and subsequently deconvoluted using the standard FWHM positions for each of the known valence states.
Fit constraints included constant binding energy separation and area ratios of 1.91 eV and 4:3 respectively. Adhesion
tests were performed in accordance with ASTM standard D4541-22 using a DeFelsko AT-A20 A-B adhesion tester
(DeFelsko, Ogdensburg, NY, USA). ResinLab EP11HT 2-Part Epoxy (ResinLab, Germantown, WI, USA) was used
to adhere 10 mm Al dollies to the anodic oxide coating prior to pull tests, where the coating was exposed to 7550 N
of pressure for 129.1 s at a rate of 60 N/s with 5 s hold. Measurements were duplicated for each sample grown on
pristine, chemically etched, and electropolished substrates.

3. Results and Discussion
3.1. Effect of Substrate Preparation on Oxide Morphology

Ta foil substrates were prepared under three conditions prior to anodization: (1) pristine foil, which was
degreased via sonication in acetone, isopropyl alcohol, and deionized water for 5 min each prior to use; (2)
chemically etched foil, which was degreased and then soaked in a solution of 10% sulfuric acid (H,SO,) in methanol
for at least 60 min prior to use; and (3) electropolished foils, which were prepared based upon a method adapted from
Barnes et al. [16] and Piotrowski et al. [15]. The effects of pretreatment on substrate morphology were characterized
using AFM and are shown in Figure la—c. Surface roughness increased following chemical etching (Rq = 10.6 nm)
compared to the pristine sample (Rq = 8.54 nm). For the electropolished sample, roughness decreased by
approximately 3.81 nm (Rq =4.73 nm) and surface homogeneity significantly improved. AFM measurements were
conducted on duplicates for the electropolished condition, with <0.36 nm standard deviation in R.

Tantalum metal is known to have native oxide and suboxide species present on the surface, which have been
theorized to be responsible for its notable corrosion resistance and biocompatibility [32]. Consequently, one of the
reasons for the use of hydrofluoric acid (HF) in the majority of anodization solutions used in the literature is the
need for chemicals capable of etching through the native passivation layer. In order to investigate the effect of
surface preparation on the native suboxide, samples were prepared and immediately transferred to an Ar-
atmosphere glovebox, where an air-free vessel was used to enable chemical characterization with XPS (Figure 1d-f);
for the electropolished condition, measurements on duplicates were performed in order to check for differential
charging and verify reproducibility. All XPS spectra were calibrated to the position of the 1s peak of adventitious
carbon (284.8 V) prior to deconvolution and fitting. For the electropolished sample, the Ta>" 4f peak doublet
appears at 26.74 eV (4f;,) and 28.64 eV (4fs5). These values are very close to those previously reported in the
literature (26.8 = 0.2 and 28.6 + 0.2) [33,34]. Interestingly, the 4f peak doublet is shifted in both the pristine and
chemically etched foils, located at 25.79 eV & 27.74 eV and 25.99 eV & 27.89 eV, respectively. Previous work
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by Chakraborti et al. ascribes the peak shift towards lower binding energies as indicative of the presence of non-
stoichiometric oxides of tantalum [35], an observation which has been further corroborated by other researchers
[36,37]. This implies that electropolishing may facilitate the formation of more stoichiometric native oxides, a
phenomenon which may be related to the improvement in surface homogeneity. Analysis of the oxygen spectra
for the same set of samples (Figure S1, Supplementary Information) revealed that the Ols peak for both the
chemically etched and electropolished samples appears at 531.9 eV and 532.2 eV respectively, which is consistent
with pentavalent tantalum oxide [35]. For the pristine sample, two distinct peaks can be observed, located at 530.1
eV and 532.0 eV. One possible explanation for this phenomenon may be the presence of lower oxidation states of
tantalum within the native oxide present on the surface [35].
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Figure 1. Topographic AFM images of (a) pristine, (b) chemically etched, and (c¢) electropolished Ta foil; Ta 4f
XPS spectra of (d) pristine, (e) chemically etched, and (f) electropolished samples. Solid lines represent fitted
curves and open dots are the experimental data.

With regard to the signal from the metal substrate, the Ta’ peak doublet is most prominent in the spectra for
the pristine sample before becoming substantially decreased following both chemical etching and electropolishing.
The intensity of the suboxide peaks (24.66 eV & 26.59 eV) follows an inverse trend, increasing significantly
following both substrate preparation techniques and nearly surpassing the signal from the metal substrate in the
electropolished sample spectra. Quantitative oxidation-state fractions for tantalum oxide, metal, and suboxide are
reported in Table S1 (Supplementary Information). These results indicate that the surface treatment of tantalum
foil by chemical etching or electropolishing, even in cases involving very limited exposure to air following
treatment, facilitates the growth of native suboxides.

In order to study the practical effects of surface roughness and native suboxide prevalence, anodization
studies were performed for 5 min at 20 V 180 °C and a fixed current of 2 A, to allow for direct comparison of the
effects of chemical and electrochemical treatment compared to the pristine foil. The current density-time (j — 7)
curves recorded during anodization are shown in Figure 2. The initial current density is between 0.111 and 0.099
A/cm? for all three samples, with the pristine and chemically etched samples having the highest and lowest values,
respectively. Variations in duration of the current density decay reflect similar trends: for the pristine sample, its
current density shows the most precipitous drop within the first minute before levelling out to a plateau until the end
of the anodization period. The chemically etched sample exhibits the greatest level of decay, dropping below 0.001
A/cm? at just over three minutes. The electropolished sample retains higher overall current density compared to the
chemically etched sample, but the curve decays continuously throughout the entire five minute period, as opposed to
levelling out into the plateau characteristic of the continuous-growth behavior described by Melody et al. [13] and
observed for the pristine foil within this study. One explanation for this behavior may be the increase in native
suboxide prevalence following substrate preparation, which would consequently increase overall resistance at the
interface and slow the electrochemical anodization process.
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Figure 2. (a) Current density-time curves and (b) integrated charge density for anodization of pristine, chemically
etched, and electropolished substrates at 20 V 180 °C.

With regard to the difference between the chemically etched and electropolished samples, namely the
improved current density following electropolishing despite the increase in suboxide as indicated by XPS—the
competing dissolution-growth reactions characteristic of anodization may shed some light on this phenomenon.

Nanostructuring during anodization depends upon the balance between field-assisted oxide dissolution vs.
growth [14,38]. Upon formation of an initial oxide layer, field-aided ion transport of O?" and Ta’' ions controls
further growth [38]. By continued exposure of the growing oxide to an electric field, the Ta-O bond is weakened
by polarization, resulting in field-assisted metal cation dissolution, in addition to chemical dissolution by the
electrolyte [39]. As aresult of the interaction between these processes, suppression of oxide growth is one approach
for promoting a relative increase in oxide dissolution. The shallower decay curve exhibited by the electropolished
sample is consistent with continuous competition between oxide growth and dissolution, as opposed to the distinct
stages seen in the pristine and chemically etched samples for continuous oxide growth. Consequently, the
continuous dissolution of the oxide during relatively slow oxide growth may manifest increased current density at
the electropolished surface by decreasing oxide thickness and subsequent resistance, compared to the increased
resistance produced by faster oxide growth on the chemically etched surface. In order to further elucidate the effect
of electropolishing and chemical etching on the balance between oxide growth and dissolution, the morphology of
the anodized oxide layers, as well as their thickness and porosity, were characterized using SEM (Figure 3a-c).
All three samples exhibited nanoporous morphologies with pore diameters ranging from 10 to 17 nm and an
average pore size of 14.35 nm + 0.366 nm. Interestingly, cross-sectional SEM of a total of six samples revealed
substantial differences in oxide film thickness as a function of surface preparation (Figure 3d-f), providing further
evidence that substrate pretreatment significantly influences anodization kinetics. The oxide film grown on the
pristine substrate reached a thickness of approximately 1.43 pm, whereas the chemically etched and
electropolished substrates produced progressively thinner films of approximately 0.928 pm and 0.405 pm,
respectively. In addition to the reduction in thickness, the chemically etched and electropolished samples exhibited
more uniform oxide layers throughout the film cross section. Several possible explanations for this phenomenon
exist, such as changes in surface composition as a consequence of pre-preparation, and changes in local electric
fields and surface wettability with surface roughness. Furthermore, native oxide thickness may also play a role by
influencing reaction rate, as well as resistance at the electrode-electrolyte interface. With regard to the experimental
results of this work, the thicker oxide formed on the pristine substrate is consistent with the XPS results, which
showed a lower abundance of native suboxide species prior to anodization. A thinner native suboxide barrier
facilitates ionic transport during the early stages of anodization, leading to more rapid field-assisted oxide growth
and ultimately a thicker anodic film. In contrast, the higher abundance of native suboxide species on the chemically
etched and electropolished substrates may increase the initial resistance to ion transport, slowing anodic oxide
growth and resulting in thinner films. Notably, the electropolished substrate produced the thinnest anodic oxide
layer despite exhibiting enhanced pore uniformity and nanostructural control. Combined with the current density
transients, this observation suggests that electropolishing shifts the anodization mechanism toward a dynamic
balance between field-assisted anodic oxide growth and oxide dissolution. In comparison, anodization of the
chemically etched substrate appears to remain predominantly growth-controlled during the plateau region,
resulting in greater film thickness. These findings indicate that electropolishing may modify the substrate surface
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properties in a manner that promotes a more balanced anodization process, leading to improved control over anodic
oxide morphology while limiting overall film growth.
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Figure 3. SEM of the top-view surface and cross-section of anodic tantalum oxide films grown at 20 V 180 °C on
(a,d) pristine, (b,e) chemically etched, and (¢,f) electropolished Ta foil.

3.2. Effect of Anodization Voltage and Temperature

The nanostructure of anodized films plays a key role in coating properties such as hydrophilicity [40] and
diffusion kinetics [41]. During anodization, the relative rate of oxide growth versus dissolution is key to control
over the size and morphology of produced nanostructures. The most typical method of increasing the rate of
dissolution is via the use of stronger chemical etchants like HF, or higher applied potentials which facilitate field-
assisted dissolution in addition to chemical etching. An alternative strategy is to suppress the oxide growth rate
while maintaining a relatively constant dissolution rate. In the previous section, we demonstrate that substrate
surface preparation modifies the abundance of native suboxide species, as well as influences anodic oxide growth
kinetics without directly altering the electrolyte chemistry or anodization conditions. Next, we will investigate
how anodization conditions influence the morphology of the anodized films.

To investigate how substrate pretreatment influences the morphology of the anodic oxide films in relation to
anodization conditions, tantalum substrates with pristine, chemically etched, and electropolished surfaces were
anodized over a range of applied voltages (2040 V) and electrolyte temperatures (170-190 °C). Overall,
electropolished substrates produced significantly larger nanopores (15—41 nm) compared to chemically etched
(14-18 nm) substrates (Figure 4; Table S2, Supplementary Information). Only minor differences were observed
between anodic oxide samples grown on chemically etched versus pristine substrates (Figure 3a—f). For each
condition, 2-3 samples were synthesized for analysis. Pore morphology and uniformity remained relatively
consistent across all conditions and substrates, with some merging of pores present in samples with increased pore
sizes. More importantly, electropolished substrates exhibited a clear relationship between pore size and
anodization conditions. Specifically, pore diameter exhibited a distinct increase with applied voltage (Figure Sa
and Table S2), indicating that electropolishing enhances the responsiveness of pore formation to the role of the
applied voltage in facilitating oxide dissolution. These observations are consistent with previous studies of
tantalum anodization in fluoride-containing electrolytes. Almeida Alvez et al. [30] reported a strong linear
relationship between pore size and applied voltage (20-50 V) for anodization in H,SO4 with HF electrolytes at
room temperature, in agreement with earlier work by El-Sayed et al. [42] and more recent reviews by Mohapatra
and Sulka [23]. In contrast, chemically etched samples showed no discernible correlation between pore size and
anodization voltage over the same range (Figure 5b and Table S2).
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Figure 4. Top view SEM images of anodic oxide films grown at a range of voltage (20-40 V) and temperature
(170-190°) conditions on (a) chemically etched and (b) electropolished substrates.
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Figure 5. Trends in pore size (a,b) and wall thickness (¢,d) as a function of anodization parameters for anodic
tantalum oxide films grown on electropolished vs. chemically etched substrates. Error bars represent standard

deviation in pore size measurements.

A similar trend was observed with electrolyte solution temperature. Increasing the solution temperature led
to an average 7.53 nm increase in pore size with each 10 °C interval for electropolished substrates (Figure 5a),
while the chemically etched samples remained largely insensitive to temperature. Wall thickness exhibited similar
behavior between the two surface preparations (Figure 5c,d). Electropolished samples showed smaller distribution
of wall thicknesses across all conditions (6.9—10.5 nm) as well as decreased standard deviation in wall thickness
measurements (Table S2, Supplementary Information), while chemically etched samples displayed substantially
greater variability (5.6-13.0 nm) as well as higher standard deviation (Figure 5d; Table S2, Supplementary
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Information). For both substrate types, a weak dependence of wall thickness on temperature was observed,
consistent with enhanced ionic diffusion and accelerated oxide dissolution at elevated temperatures.

Overall, the anodic oxide films grown on chemically etched substrates exhibited limited sensitivity to changes
in anodization voltage and temperature, whereas electropolished substrates showed systematic and predictable
variations in pore morphology. We hypothesize that this enhanced sensitivity results from the suppression of oxide
growth kinetics by the electropolished surface, which shifts anodization toward a regime in which pore
morphology is governed more strongly by the competing effects of field-assisted oxide growth and dissolution. As
a result, changes in anodization voltage and electrolyte temperature have a more pronounced influence on the
resulting nanostructure.

3.3. Effect of Substrate Preparation on Film Adhesion

One of the practical properties of anodized Tantalum critical to the performance of protective and
biocompatible coatings is anodic oxide film adhesion to the substrate. One of the previously identified limitations
of current anodization methods for tantalum is the need for coatings capable of withstanding the minimum 30 N
adhesion requirement for abrasion resistant applications [43,44]. Towards this goal, the presence of a fluoride or
oxyfluoride rich barrier layer between the anodic oxide and the substrate is one of the drawbacks of fluorinated
electrolytes due to the increased likelihood of film delamination [10,27-29]. A previous study of films grown in
potassium phosphate-glycerol electrolyte reported the formation of a dense barrier layer over the course of 1-h
anodization [31], and we observed formation of a similar layer in this study (Figure S1, Supplementary
Information). Despite the presence of this barrier layer, films grown in potassium phosphate-glycerol electrolytes
have previously been reported to display exceptional adhesion properties across multiple anodic metal oxides [45].
One possible mechanism for the improved adhesion of such films may be differences in the rate determining step
for formation of the barrier layer between fluoride-containing and phosphate/glycerol electrolytes. Tsuji et al.
investigated the relationship between barrier layer thickness and formation potential during formation of anodic
TiO; in hot phosphate/glycerol electrolyte via cyclic voltammetry [46]. In fluoride-containing electrolyte, the
electric field strength at the barrier layer was reported to decrease during the negative potential sweep, indicating
a continuous increase in barrier layer thickness. In contrast, current density did not decrease even during the
negative sweep in the hot phosphate/glycerol electrolyte, suggesting that diffusion of the oxygen sources in the
electrolyte, rather than ion migration, may act as the rate determining step in barrier layer formation [46]. In the
case of both their work on TiO; and our investigation of Ta,Os, the decrease in build up of foreign species at the
interface may correspondingly promote direct contact between the anodic oxide and the metal substrate, improving
oxide-substrate adhesion [28,47].

In order to investigate the influence of substrate pre-preparation and this type of barrier layer on the adhesion
properties of the anodic oxide film, pull tests were performed in accordance with ASTM standard D4541-22 [48]
on films grown at 20 V 180 °C on pristine, chemically etched, and electropolished substrates. The adhesion of
anodic oxide layers grown on both chemically etched and electropolished samples showed significant improvement
compared to oxide grown on the pristine substrate, resisting 96 MPa at a pull rate of 60 N/s even through repeated
tests. Oxide removal was only achieved for the pristine sample following a 5 s hold under the same conditions,
resulting in delamination of the oxide coating. No delamination or film rupture were observed for coatings grown on
chemically etched and electropolished substrates, indicating a pull-off adhesion strength > 96 MPa. An inverse
correlation was observed between the adhesion strength of the films and the oxide thickness measured by SEM
(Figure 3). These results are in agreement with the higher strain resistance of thinner films previously reported by
Choo and Devereux for films grown on chemically polished substrates, which was attributed to the ability of thin
films to accommodate certain degrees of substrate slip not permitted in thicker films [49]. Further study would be
necessary to determine the precise adhesion strength of the oxide films as well as deconvolute the effects of
substrate roughness versus oxide thickness on film adhesion; however, the resistance of films grown on pre-
prepared substrates to delamination under the tested conditions provides encouraging data with regard to the lower
bounds of adhesion for coatings synthesized by this method. These results demonstrate the highly promising
mechanical characteristics of films grown in potassium phosphate-based electrolyte as well as the potential benefits
of substrate pre-preparation for such applications.

4. Conclusions

An effective strategy for improving the morphology and adhesion of anodic tantalum oxide films has been
developed via electropolishing Ta foil substrates prior to anodization. Electropolishing reduced the substrate
surface roughness below 6 nm while increasing the abundance of native suboxide species at the metal surface.
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These surface modifications are hypothesized to alter the anodization kinetics by suppressing field-assisted oxide
growth, thereby shifting the balance between anodic oxide growth and dissolution. As a result, films grown on
electropolished substrates exhibited enhanced control over nanopore size and morphology as a function of
anodization voltage, together with improved coating uniformity and stronger film—substrate adhesion. These
results indicate that engineering the initial surface condition through electropolishing provides an effective route
for tailoring anodic oxide growth. This approach offers a promising strategy for improving the fabrication of
tantalum oxide coatings and may be extended to other anodic tantalum nanostructures, including highly ordered
nanotubular architectures.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/
articles/others/2609031334329283/M1-26070174-S1.pdf. Figure S1: XPS Ols spectra for (a) pristine, (b) chemically etched,
and (c) electropolished Ta foil.; Figure S2: Cross-sectional SEM of anodic tantalum oxide films grown at 20V180°C on (a)
electropolished, (b) chemically etched, and (c) pristine substrates. Table S1: Quantitative oxidation-state fractions for XPS of
pristine, chemically-etched, and electropolished samples.; Table S2: Pore sizes and wall thicknesses for films grown on
chemically etched and electropolished substrates.
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damping. At the same time, synergistically optimizing
plasmonic enhancement and intrinsic catalytic activity through
precise control of the composition, facets, and thickness of bimetallic alloys remains a major challenge in synthesis
and structural design. In this study, Au@AuxPd, alloy core-shell nanorods with tunable shell composition and
thickness were constructed, achieving a balance between plasmonic enhancement and intrinsic catalytic activity
toward the methanol oxidation reaction (MOR). Through a combination of experimental observations, single-particle
dark-field scattering spectroscopy, and numerical simulations, the alloy-shell-dependent extinction characteristics
and their correlation with the plasmonic enhancement effect were elucidated. Under light irradiation, the optimal
Au@AusPds nanorods show a 1.88-fold enhancement in current density for MOR. The as-designed bimetallic
nanocatalysts can also be used as active substrates for in situ Raman spectroscopic studies of MOR. This work
provides important insights for designing bimetallic nanostructures that integrate efficient plasmonic enhancement
with high catalytic activity for plasmon-promoted catalysis.

Keywords: plasmonics; bimetallic nanoparticles; Au-Pd alloy; plasmon-enhanced electrocatalysis; methanol
oxidation reaction

1. Introduction

Facing the dual pressures of global energy scarcity and environmental degradation, the development of
efficient and stable catalytic systems for clean energy conversion has become a critical direction in scientific
research [1-3]. Metal-based nanomaterials, owing to their unique physicochemical properties, exhibit broad
application prospects in numerous catalytic reactions [4—10]. Through precise regulation of the morphology,
facets, and composition of metal nanomaterials, researchers have significantly enhanced their catalytic
performance [11-14]. Among these strategies, alloying two or more different metals can effectively integrate the
advantages of each component, yielding catalytic behavior superior to that of single metals [15-18]. However,
relying solely on compositional and structural optimization still struggles to overcome the intrinsic activity limits
of catalysts, prompting researchers to explore strategies that introduce external energy, such as light, to further
promote catalytic reactions.
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Among various external energy sources, solar energy is highly attractive due to its renewability and
abundance [19-22]. Plasmonic metal nanoparticles (NPs), leveraging their localized surface plasmon resonance
(LSPR) characteristics, can interact strongly with visible light, thereby converting light energy into chemical
energy efficiently [23-29]. Studies have shown that incorporating plasmonic metals into conventional catalytic
systems significantly enhances the catalytic efficiency of various reactions, including hydrogen evolution, oxygen
evolution, methanol oxidation, and oxygen reduction, under light irradiation [30-34]. The enhancement is
primarily attributed to the hot carriers generated upon LSPR excitation, and these high-energy electrons or holes
can effectively lower reaction barriers and accelerate reaction kinetics [35—40]. Nevertheless, despite substantial
progress in plasmon-assisted catalysis, the full integration of plasmonic functionality and electrocatalytic
functionality at the nanoscale design remains a challenge.

To integrate plasmonic and catalytic functions, bimetallic nanostructures represent an important design
strategy [11,41]. Forming an alloy between a plasmonic metal like Au and a catalytic metal like Pd offers the
prospect of simultaneously introducing light absorption capability and catalytically active sites within a single
nanoparticle [42—45]. However, conventional alloy structures face a significant dilemma. If the proportion of the
plasmonic metal is too low, the LSPR effect is weak, and light utilization becomes insufficient. Conversely, if the
catalytic metal content is too low, the intrinsic catalytic activity fails to meet the requirements [46—49]. Moreover,
the atomic arrangement, facet structure, and particle size and thickness of the different metals in the alloy all exert
complex influences on both plasmonic properties and catalytic performance [50—-52]. Indeed, systematically tuning
the composition, facets, and thickness of bimetallic nanostructures, and thereby optimizing the alloy composition and
morphology design, holds promise for greatly improving light utilization efficiency and generating a significant
synergistic effect between plasmonic and electrocatalytic functions [53]. However, complex heterogeneous alloy
structures are not only difficult to synthesize but also challenging to model clearly for studying their plasmonic
properties, which poses numerous obstacles to the implementation of the above regulation strategies.

In this work, we demonstrate a synthetic strategy that incorporates plasmonic components into the catalytic
shell, substantially alleviating the LSPR damping induced by Pd and overcoming the limitations of existing
plasmonic alloy catalysts. Specifically, we synthesized a series of Au@AuxPdy alloy core-shell bimetallic nanorods
(NRs). By precisely controlling the synthetic parameters, we were able to continuously and controllably tune the
AuPd alloy shell from high-index to low-index facets, thus achieving an optimal balance between catalytic
performance and plasmonic enhancement. Using the methanol oxidation reaction (MOR) as a model
electrochemical reaction, the Au@AusPds NRs exhibited a 1.88-fold increase in peak current under light
irradiation. With the appropriate addition of Ag, the plasmon-promoted catalytic performance could be further
enhanced. Through combined single-particle spectroscopy, numerical simulations, and in sifu surface-enhanced
Raman spectroscopy (SERS), we show the advantages of the alloy shell in tuning plasmonic characteristics as well
as spectroscopically monitoring intermediate species during the MOR. This work creates a framework for designing
bimetallic nanostructures that integrate efficient plasmonic enhancement with high MOR catalytic activity.

2. Material and Methods
2.1. Chemicals and Materials

Gold (IIT) chloride trihydrate (HAuCls-3H>0, 99%), sodium borohydride (NaBH4, 99%), and L-ascorbic acid
(AA, 99.9%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Palladium (II) chloride (PdCl,, 99%),
methanol (CH30H, 99.9%), and anhydrous potassium hydroxide (KOH, granular) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Silver nitrate (AgNOs3, 99.9995% metals basis) was obtained from
Alfa Aesar (Tewksbury, MA, USA). Cetyltrimethylammonium bromide (CTAB, >98%) and sodium oleate
(NaOL, >97%) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). HCI1 (37 wt% in water,
12.1 M) was purchased from Fisher Scientific (Pittsburgh, PA, USA). All reagents were used as received without
further purification. Millipore ultrapure water (18.2 MQ resistivity) was used for all experiments.

2.2. Synthesis of Au NRs

Au NRs were synthesized using a previously published seed-mediated growth protocol with minor
modifications (see more details in Supporting Information) [11]. The Au seeds were prepared by reducing HAuCly
with NaBHy4 in the presence of CTAB. The seed solution was stirred for 2 min and then left undisturbed for 30
min before use. The growth solution was prepared by reducing HAuCl,s with AA in the presence of CTAB, NaOL,
and AgNO:s, followed by the addition of Au seeds to grow Au NRs. The resulting particles were collected by
centrifugation, followed by removal of the supernatant, and finally redispersed in 30 mL of 100 mM CTAB.
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2.3. Synthesis of Au@AucPd, and Au@Au.Pd,Ag, Core-Shell NRs

Au@Au,Pd, core-shell NRs with different structures were prepared through overgrowth of the Au NRs in
the presence of HAuCls, PdCl,, CTAB, and AA, following previously published work with some modifications
(see more details in Supporting Information) [11].The synthesis method for adding Ag to the shell is generally the
same, except that the corresponding proportion of AgNOj is added to the growth solution. The resulting core-shell
NRs were washed twice with water through centrifugation/redispersion cycles and finally redispersed in 200 pL
of 20 mM CTAB.

2.4. Characterizations

The optical extinction spectra of the nanoparticles were measured on aqueous colloidal suspensions at room
temperature using a Shimadzu UV-2600i spectrophotometer. The morphologies and structures of the nanoparticles
were characterized by scanning electron microscopy (SEM) using a Zeiss Merlin Compact and a Zeiss
GeminiSEM 500 field emission scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany). The
samples for SEM were dispersed in water and drop-dried on silicon wafers. Transmission electron microscopy
(TEM) images and EDS elemental maps were obtained using a JEOL JEM-2100 Plus transmission electron
microscope (JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 200 kV. All samples for TEM
measurements were dispersed in water and drop-dried on 300 mesh Formvar/carbon-coated Cu grids.

2.5. Plasmon-Enhanced MOR Measurements

MOR tests were performed in a highly transparent quartz electrolytic cell with a CHI-760e electrochemical
analyzer (Austin, TX, USA) using a three-electrode cell system. The three-electrode cell consisted of a glassy carbon
electrode (GCE, 3 mm diameter) with a catalyst, a graphite rod, and a Hg/HgO electrode (in 1 M KOH), which served
as the working, counter, and reference electrodes, respectively. The MOR test was carried out in 1 M KOH + 0.5 M
methanol solution by applying 0 V to 1.2 V vs. RHE at a scan rate of 50 mV s™!. Plasmon-enhanced tests were
performed by illuminating the center of the GCE with an Xe lamp (350 W) from the side of the cell and then starting
the CV test. The incident light power density was measured to be 127.39 mW/cm? using a power meter. Thus, the
incident photon-to-current conversion efficiency (/PCE) was calculated based on the following equation [54]:

Iy

IPCE = 1239.8 x
A * PL (1)

where J, is the photocurrent density (mA/cm?), 4 is the incident light wavelength (nm), and Py, is the light power
density at the corresponding wavelength (mW/cm?).

2.6. Single-Particle Dark-field Scattering (DFS) Measurements

Single-particle DFS measurements were conducted on a home-built dark-field microscope based on an
inverted microscope body (Zeiss AxioObserver ml, Carl Zeiss AG, Oberkochen, Germany) with a hyperspectral
detection system [55]. Light generated from a tungsten-halogen lamp and filtered through a visible band-pass filter
(500-800 nm, LBTEK, MEFH10-800SP) was circularly polarized and directed through an oil-immersion dark-
field condenser (Carl Zeiss AG, Oberkochen, Germany, numerical aperture (NA) = 1.4) to create annular
symmetric excitation with an incident angle of 69°, resulting in a total internal reflection (TIR) excitation condition
for NPs deposited onto an indexed ITO glass substrate. The annular symmetric excitation geometry effectively
eliminates the effects of extrinsic chirality. The scattered light was collected with a 50% air-spaced objective (Carl
Zeiss AG, Oberkochen, Germany, NA = 0.8) and passed to a hyperspectral detection system consisting of an
imaging spectrograph with a slit aperture (SpectraPro 2156, Teledyne Princeton Instruments, Acton, MA, USA)
coupled to a thermoelectrically cooled back-illuminated CCD camera (Pixis 400BR, Teledyne Princeton
Instruments, Acton, MA, USA) and mounted on a computer-controlled translation stage (LTA-HL, Newport
Corporation, Irvine, CA, USA).

2.7. Numerical Simulations

Simulations of the far-field and near-field optical properties of Au NRs, Au@AuPd NR, and Au@Pd NRs
were performed using the finite-difference time-domain (FDTD) method (Lumerical). The geometric models of
Au NRs, Au@AuPd NR, and Au@Pd NRs were constructed based on orientation-dependent SEM and TEM
images. The dielectric permittivity tabulated by Johnson and Christy was used for Au and Pd [56], and water was
used as a background with a refractive index of 1.33. For the Au-Pd alloys, the composition-dependent dielectric
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function reported by Stofela et al. was adopted [57]. The minimum mesh size was set to 1 nm to guarantee the
convergence of the calculations.

2.8. In situ Surface-Enhanced Raman Scattering (SERS) Measurements

SERS was measured with an XploRA PLUS spectrometer (HORIBA, Ltd., Kyoto, Japan) with an excitation
wavelength of 638 nm. The power of the excitation laser that focused on the samples was adjusted using a 1%
neutral density filter. A 50x objective lens (N.A. = 0.5) and a holographic grating of 600 grooves/mm with a 5 s
acquisition time were used for data collection unless mentioned otherwise. The Raman spectrometer was calibrated
using a standard silicon wafer before measurements. For the in-situ electrochemical SERS measurements of MOR
intermediates, a three-electrode cell system was also employed. The sample was drop-cast onto a custom-made
platinum-carbon electrode surface as the work electrode. A platinum wire and a saturated calomel electrode (SCE)
were employed as the counter electrode and reference electrode, respectively.

3. Results and Discussions

Au@Au,Pdy NRs represent a class of bimetallic functional materials that integrate Au with strong LSPR and
Pd with excellent electrocatalytic activity at the nanoscale, enabling efficient light harvesting across a broad
visible-NIR spectral range while retaining the high intrinsic catalytic activity of Pd for catalytic reactions [58—60].
Since both the plasmonic effect and catalytic performance of the alloy are governed by its composition, we
systematically varied the Au/Pd ratio in the shell over a wide range to balance plasmonic enhancement and catalytic
activity. In this study, the Au@AuPd, NRs (x and y are used to show the estimated ratio of Au/Pd in the alloy
shell) were synthesized via overgrowth on the Au NRs (see Figure S1A in Supporting Information) reported
previously [11], and under the same conditions, we also synthesized Pd nanosheets (Pd NSs) without adding Au
NRs as a control (Figure S1B). As shown in Figure 1A, when only a small amount of Pd precursor
([H,PdCl4)/[HAuCl4] = 2:8) was added during the synthesis, elongated hexoctahedral (ETOH) NRs were formed.
As the proportion of Pd precursor increased ([H,PdCls]/[HAuCls] = 5:5), truncated concave cuboidal (TCCB) NRs
were formed. When the [H,PdCL)/[HAuCl4] ratio was further increased (([H.PdCly]/[HAuCl4] = 8:2), the high-
index-faceted TCCB NRs gradually transformed into low-index-faceted quasi-cuboidal (QCB) NRs. The structural
evolution of these morphologies has been reported in previous work [11], and the SEM images of Au NRs,
Au@AusPd; NRs, Au@AusPds NRs, and Au@Au,Pds NRs in Figure 1B confirm the structural features described
above. The HAADF-STEM image in Figure 1C reveals the TCCB morphology of Au@AusPds NRs, and the EDS
mappings clearly confirm their core-shell structure with an AuPd alloy shell.
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Figure 1. Structurally Modulated AuPd Alloy NRs. (A) Schematic illustration of the geometric and compositional
control of AuPd alloy NRs by tuning the ratio between Au and Pd precursors. Insets: corresponding TEM images.
Scale bars: 20 nm. (B) SEM images of Au NRs, ETOH NRs, TCCB NRs, and QCB NRs. Scale bars: 100 nm.
(C) HAADF-STEM image and EDS elemental mapping of individual Au@AusPds TCCB NRs.
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Photoelectrocatalytic measurements were conducted using a typical three-electrode system in a highly
transparent quartz electrolytic cell, as shown in Figure 2A. In this system, a power-adjustable xenon lamp
illuminated the L-shaped glassy carbon electrode from the side to achieve plasmonic enhancement of methanol
electrooxidation. Numerous studies have demonstrated that Au exhibits LSPR under light illumination, generating
hot carriers, whereas Pd does not [32]. To verify the plasmonic enhancement effect on MOR, electrochemical tests
were performed on Au@AusPds NRs, Pd NSs, and Au NRs before and after light exposure, respectively. As shown in
Figure 2B, the oxidation current of Au@AusPds NRs was significantly enhanced after illumination (from 1.71 mA/cm?
to 3.23 mA/cm? at 0.79 V vs. RHE). In contrast, the MOR current of Pd NSs was hardly enhanced, and the
enhancement of Au NRs was minimal. This can be explained by the fact that Pd exhibits weak LSPR and therefore
cannot effectively promote MOR. For Au, the reaction current indicates that it is not an ideal MOR catalyst (only
0.059 mA/cm? at 0.79 V vs. RHE), and thus its contribution to the MOR current is negligible, even though it can
generate hot carriers under illumination. The above results demonstrate that combining a plasmonic metal with a
catalytically active metal enables effective utilization of LSPR to enhance electrocatalytic performance.

The MOR activities of the three representative nanostructures were evaluated both in darkness and under
light illumination (Figure 2C). For Au@AusPd, NRs and Au@AusPds NRs, the MOR peak currents (1.64 mA/cm?
at 0.81 V vs. RHE and 1.71 mA/cm? at 0.79 V vs. RHE, respectively) are higher than that of Au@Au,Pds NRs
(1.18 mA/cm? at 0.78 V vs. RHE), which can be attributed to the high-index facets of the ETOH and TCCB
structures that are believed to provide highly active catalytic sites [11]. Under light illumination, the MOR current of
Au@AusPds NRs increased significantly to 3.23 mA/cm?, which is higher than that of Au@AusPd> NRs (2.55 mA/cm?).
For Au@Au,Pds NRs, the MOR current increased from 1.18 to 1.88 mA/cm?. Notably, Au@AusPds NRs exhibit
the best enhancement effect for MOR. We also performed MOR enhancement tests on various other catalysts with
different AuPd shell compositions (Figure S2). To compare catalytic performance more accurately, we normalized
the currents by the real electrochemical surface areas (4,..:), as the compositions differ. The A4,.. values were
calculated from cyclic voltammetry (CV) curves measured in 1 M KOH aqueous solution saturated with Ar (see
Figure S3 for details). The PdO reduction peaks for all samples exhibit complete and well-shaped profiles, with
stable peak positions and no significant peak distortion or severe deterioration of the signal-to-noise ratio as the
Pd content decreases. The normalized currents of each catalyst were summarized in Figure 2D. Overall, the
catalytic activities of these catalysts in darkness can be roughly divided into three groups according to their
geometric structures, which are related to their compositions. Au@AusPds, Au@AusPds, and Au@AusPds NRs
share a similar TCCB structure and exhibit the best intrinsic MOR activity owing to their high-index facets and
appropriate AuPd ratios [11]. By contrast, Au@Au¢Pd;, Au@AusPd,, and Au@Au;Pd; NRs, the three catalysts
with an ETOH structure, possess even more abundant high-index facets. However, due to their low Pd content,
there are insufficient reaction sites, resulting in slightly lower activity. As for the other catalysts with a high Pd
content, their MOR performance is the poorest, which may be attributed to their low-index facet structure and the
weak electron modulation effect arising from the small amount of Au. Nevertheless, their MOR performance
changed markedly after light irradiation.

To directly evaluate the plasmonic enhancement effect of different structures on MOR, we defined the ratio
of the peak current after illumination to that before illumination as the enhancement factor (EF). As shown in
Figure 2E, the EF values of different catalysts exhibit a volcano-shaped relationship. The closer the Au/Pd ratio,
the better the plasmonic enhancement effect on MOR. We attribute this phenomenon to the matching between the
hot carrier donor and acceptor. Specifically, when Au is the majority component in the alloy shell, the LSPR is
very strong, and abundant hot holes are generated upon illumination. However, owing to the lack of Pd catalytic
sites, these hot holes cannot be effectively utilized. Conversely, an excessively high Pd content weakens the LSPR
and fails to generate sufficient hot holes to promote the MOR, which is in line with recent observations [52]. A
schematic illustration of the methanol oxidation process driven by hot carriers generated via the plasmonic effect
is shown in Figure S4. Additionally, in the alkaline MOR system, photogenerated hot electrons are mainly
dissipated via external circuit extraction, recombination with hot holes, and the hydrogen evolution reaction
(HER). While we proposed that the hot holes were mainly used for the oxidation of methanol, while the hot
electrons could be transferred to reduce H»O to form H», the underlying mechanisms could be much more
complicated and require further scrutiny. We also quantitatively evaluated the incident photon-to-current
conversion efficiency (IPCE) of materials. The calculation was performed on the Au@AusPds sample under 750
nm monochromatic light excitation. The photocurrent density, taken as the difference between the light and dark
CV curves at the oxidation peak potential, was ~1.71 mA/cm?, and the incident light power density was measured
to be 127.39 mW/cm?. The IPCE value was determined to be approximately 2.21%. This value falls within a
reasonable range for complex multi-electron reaction systems in photoelectrocatalysis, confirming that plasmon-
generated hot carriers indeed participate effectively in the MOR.
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Figure 2. Plasmon-promoted MOR on Au@AuxPdy alloy NRs. (A) Schematic of the electrochemical reaction cell,
atomic model of the catalyst, and MOR reaction diagram. (B) MOR curves of Au@AusPds NRs, Pd NSs, and Au
NRs obtained in 1 M KOH + 0.5 M methanol at a scan rate of 50 mV s! under darkness (dashed lines) and light
illumination (solid lines). (C) MOR curves of Au@AusPd2, Au@AusPds, and Au@AuzPds NRs representing
ETOH, TCCB, and QCB structures, respectively. The test was performed in 1 M KOH + 0.5 M methanol at a scan
rate of 50 mV s™! under darkness (dashed lines) and light illumination (solid lines). (D) Comparison of the specific
activities of catalysts with different Au/Pd ratios before and after illumination. The specific activity was calculated
by normalizing the current by the area of each catalyst. (E) The plasmonic enhancement factor (EF) of each catalyst
as a function of different Au/Pd ratios. The EF was calculated as the ratio of the MOR peak current after light
illumination to that before light illumination.

From the above studies, we have identified the optimal conditions for synthesizing Au@Au,Pd, core-shell
NRs with the best plasmonic enhancement effect. However, one issue still exists: variations in the Au/Pd ratio
occurred simultaneously with facet transformation, and we have previously discussed how facet evolution affects
MOR performance. In addition, it is difficult to evaluate whether different facet structures affect the plasmonic
enhancement of electrocatalysis. To investigate this issue, we synthesized a series of Au@AuxPdy NRs with the
same Au/Pd ratio but different geometric structures by controlling the reaction conditions (Figure 3). As shown in
Figure 3A, when the Au/Pd ratio was fixed at 1:1, the catalyst gradually evolves from TCB NRs to quasi-cuboidal
(QCB) NRs, and eventually to TCCB NRs (denoted as AusPds-1, AusPds-2, and AusPds-3, respectively) with
increasing AA concentration. The extinction spectra of these catalysts are changed, indicating the geometry-
dependent LSPR (Figure S5). As shown in Figure 3B, their MOR performance in darkness differs, and this trend
is maintained after light illumination. However, the MOR test results in Figure 3C indicate that their EFs are very
similar. Although slight differences exist, they are negligible compared to the significant changes observed in
Figure 2E. This indicates that different facet structures have little influence on the EF. Meanwhile, the intrinsic
activity of the catalyst could be regulated by designing the geometric structure. We further performed controlled
experiments with the Au/Pd ratio fixed at 8:2 and 2:8, and similar results were obtained (Figure S6). In addition,
by appropriately adjusting the AA and CTAB concentrations, TCB NRs with different Au/Pd ratios can also be
obtained (Figure 3D). In this way, we can focus solely on the effect of the Au/Pd alloy composition on plasmonic
enhancement. The extinction spectra confirm the continuous and controllable structural evolution of the
synthesized TCB shell. In addition, SEM characterization reveals that the as-prepared nanoparticles exhibit uniform
morphology and good reproducibility (Figure S5). Figure 3E shows the MOR enhancement ratios of this series of
catalysts, and the results still exhibit a volcano-shaped relationship, similar to the trend observed in Figure 2E. Based
on the above results, we can draw two conclusions. First, the intrinsic activity of the alloy can be effectively
improved by tuning the facets, whereas the effect on plasmonic enhancement is negligible. Second, the proportion
of the plasmonic metal in the alloy is the main factor determining the enhancement effect of MOR.
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Figure 3. Impact of surface structure and alloy composition of Au@AuxPdy NRs on plasmon-promoted MOR.
(A) Schematic illustration of the facet transformation and corresponding SEM images of Au@AusPds NRs into
TCB, QCB, and TCCB structures with the same Au/Pd compositional ratios. The reactions were carried out in the
presence of 40 mM CTAB and increasing concentrations of AA at a [H2PdCl4]/[HAuCls] molar ratio of 1:1. Scale
bar: 100 nm. (B,C) Comparison of the (B) specific activity and (C) EFs of Au@AusPds NRs with TCB, QCB, and
TCCB structures before and after light illumination. (D) Schematic illustration of the adjustment of the Au/Pd alloy
ratio with a fixed TCB structure. The reactions were carried out in the presence of 20 mM CTAB, 10 mM AA, and
various [H2PdCls)/[HAuCls] molar ratios with the total concentration of H2PdCl4 + HAuCly fixed at 0.4 mM.
(E) EFs of TCB NRs with different [H2PdCls]/[HAuCls] molar ratios.

Although similar core-shell nanostructures have been reported for plasmonic-enhanced electrocatalysis, their
synthesis often requires careful control of the shell thickness, because an increase in shell thickness causes
exponential attenuation of the properties of the plasmonic properties of the core metal. Interestingly, when
plasmonic metals were incorporated into the shell, the catalysts overcame this limitation to some extent. We
speculate that with Au incorporated into the shell, the plasmonic metal in the shell can co-generate LSPR with the
internal Au NRs as an integrated whole under illumination. This greatly alleviates the LSPR damping induced by
Pd. Meanwhile, alloying Au with Pd induces hybridization of the Au d-band, which activates interband transitions
in the near-IR region and thereby generates additional high-energy hot holes. Also, the interplay between interband
and intraband excitations can be manipulated by varying the alloy compositions, which could also contribute to
the effect of plasmon-enhanced MOR [57,61]. In addition, the Au atoms in the shell are randomly dispersed around
the Pd atoms, which can be regarded as forming hot carrier transfer channels. In this way, the hot carriers can
efficiently participate in the catalytic reaction. Therefore, plasmon-enhanced MOR, in this case, can be attributed
to the balance between plasmonic hot carrier generation and interband/intraband transition contributions. To
confirm this hypothesis, we synthesized Au@AusPds NRs with different shell thicknesses by controlling the
concentration of the metal precursors. The TEM images in Figure S7A clearly show the variation in shell thickness.
In addition, we synthesized Au@Pd NRs with only Pd in the shell as a control. With increasing Pd precursor
concentration, Pd grows into a cuboidal shape along the Au NRs (Figure S7C). From the EDS mapping images in
Figure S8, the Au NR core can be clearly distinguished from the Pd shell, which is markedly different from the
alloyed Au@AusPds NRs (Figure 1C). When tested under the same conditions, the EF values for MOR before and
after light illumination were obtained (Figure S7B). It can be seen that the MOR enhancement effect decreases
with increasing shell thickness, but the attenuation trend is very gradual. In contrast, the EF of the pure Pd-coated
catalyst decreases rapidly with increasing shell thickness (Figure S7D). The shell thickening may alter particle
dimensions and LSPR properties, but the aspect-ratio change is modest, and the EF was measured under broadband
Xe lamp illumination, where minor LSPR shifts remain within the effective spectral coverage. Therefore, the size
effect contributes minimally to EF variation. Furthermore, we fixed the Au/Pd ratio in the shell at 8:2 and 2:8, and
investigated the influence of shell thickness on LSPR for these compositions. As expected, the higher the
proportion of Au in the shell, the smaller the effect of thickness variation on the MOR enhancement (Figure S9).
The above experimental results provide strong evidence for our initial hypothesis that incorporating plasmonic
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metals into the shell can help preserve the LSPR effect of the inner Au core. This greatly simplifies the design of
core-shell catalysts with LSPR properties.

We further introduced a second plasmonic metal (Ag) into the alloy to improve the plasmonic enhancement
of MOR (Figure 4). Again, we continued to use the seed-mediated method, but added AgNOs in an appropriate
proportion to the synthesis of Au@AusPds NRs. From the SEM image in Figure 4A,B, the Au@AusPdsAg:
structure is close to that of TCB with a highly rough surface. This change is also reflected in their extinction spectra
(Figure S10), where three peaks are observed for Au@AusPdsAggs, located around 780, 540, and 400 nm,
respectively. When the Ag content increased, the peak at 780 nm blue-shifted to 730 nm, while the other two peaks
showed no significant change. As the Ag content continued to increase, the peaks around 540 and 730 nm
disappeared and were replaced by a new peak around 560 nm. This phenomenon is accompanied by the
precipitation of small Ag NPs on the catalyst surface, giving rise to complex spectral coupling behavior. When the
catalyst composition reached Au@AusPdsAg;, the peak near 400 nm also became weaker, and eventually the
coupled peak red-shifted to around 590 nm. The addition of Ag brings substantial changes to the optical properties
of the entire system, which inspires us to further investigate their performance in plasmon-promoted MOR. In
Figure 4D, we compared the MOR curves of Au@AusPds and Au@AusPdsAg; in darkness and under light
illumination. It was found that the addition of a small amount of Ag slightly affected the intrinsic performance of
the catalyst, and the peak current measured in darkness decreased. However, under light illumination, the current
of Au@AusPdsAg; exceeded that of Au@AusPds, indicating a stronger plasmonic enhancement effect. By
comparing catalysts with different Ag contents, we observed an interesting phenomenon. The enhancement effect
improved with the addition of a small amount of Ag, but when the Ag content increased beyond a certain level
(beyond 10%), the EF began to decline, showing a volcano curve (Figure 4E). The maximum EF was found to be
~2.02 for Au@AusPdsAg. [d2.1]We attribute this to the precipitation of excess Ag NPs on the surface, which
occupy the catalytic sites. Meanwhile, the excess Ag NPs themselves may undergo oxidation under these conditions,
further consuming the photogenerated holes and resulting in a decreased EF. Furthermore, we synthesized
Au@AugPd,Ag, and Au@Au,PdsAg, NRs for comparison and obtained similar results (Figure S11).
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5 3| Au@AuPdLight 520} 7}< g 70
< 7 [----Au@Au.Pd,+10% Ag-Dark 5 I
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Figure 4. Integration of Ag with Au@AusPds NRs for plasmon-promoted MOR. (A,B) SEM images of
Au@AuPdAg alloy NRs. (C) HAADF image and EDS mapping of Au@AusPdsAg: NRs. Scale bar: 20 nm.
(D) MOR curves of Au@AusPds NRs and Au@AusPdsAgi NRs, obtained in 1 M KOH + 0.5 M methanol at a scan
rate of 50 mV s™! under darkness (dashed lines) and light illumination (solid lines). (E) EFs of Au@AusPdsAgn
NRs obtained with different amounts of Ag.
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The underlying mechanism for plasmonic-enhanced electrocatalysis is complex, including several different
contributions that intertwine with each other, such as hot carrier injection, electromagnetic field enhancement, and
local lattice heating. These phenomena are accompanied by plasmon damping, and this process is completed within
5-20 fs. It is difficult to measure it directly in time-resolved experiments with such fast relaxation. Since the linewidth
I" of the LSPR is proportional to its decay rate, the relaxation process can be indirectly inferred by measuring the
linewidth. For the homogeneous linewidth of an LSPR, there are four main damping pathways [48,62],

F:rh+rrad+F9uif+FHCT (2)

Here, I, and [.,r denote bulk damping and electron-surface scattering, respectively. [ denotes radiative
damping, while /cr represents plasmon damping, arising from charge transfer at the heterogeneous interface.
This refers to the energy attenuation caused by the inability of hot electrons and hot holes to recombine after
separation under plasmon excitation. The attenuation mechanisms mentioned above are related to the shape, size,
material, and dielectric constant of the nanoparticles. For any synthesis method, it is difficult to obtain perfectly
uniform particles. Consequently, the measured ensemble spectra are typically inhomogeneous (Figure SA). Thus,

single-particle scattering measurements are promising to provide optical properties of individual particles that are
free from the averaging effect.
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Figure 5. Experimental and simulated optical properties of Au@AuPd alloy NRs. (A) Optical extinction spectra
of Au, Au@AusPds, and Au@Pd NRs. (B) Single-particle scattering spectra of Au, Au@AusPds, and Au@Pd NRs,
together with their corresponding simulated scattering spectra. (C,D) Fitted cumulative distribution functions
(CDFs) of the resonance energy Eres and linewidth I” extracted from single-particle scattering spectra of Au NRs
(orange lines), Au@AusPds NRs (blue lines), and Au@Pd NRs (green lines). Dotted lines represent the
experimental CDF values, and solid lines are the fitted CDFs. (E) Simulated electromagnetic field intensity
distribution profiles of Au, Au@AusPds, and Au@Pd NRs upon the excitation of 680 nm light.

Under dark-field microscopy, the samples were imaged under white-light illumination, allowing true-color
images of the particles on the glass substrate to be recorded (Figure S12). We measured three samples, namely Au
NRs, Au@AusPds NRs, and Au@Pd NRs, and obtained their representative single-particle scattering spectra
(Figures 5B and S12). These spectra conform to a Lorentzian distribution and are in good agreement with the
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spectra obtained by FDTD simulation. From the single-particle scattering spectra in Figure 5B, it can be seen that
after the AuPd shell grows on the Au NRs, the spectral peak is clearly red-shifted and broadened, indicating that
the presence of Pd induces plasmon damping of the Au core. For Au@Pd NRs, the peak position is blue-shifted
with more severe peak broadening, and the peak shape no longer conforms to a Lorentzian distribution. This
indicates that the Pd shell severely hinders the LSPR of Au, and the spectrum of these particles is closer to that of
Pd black. Each uniform bright spot in the dark-field image represents a single particle. With software assistance,
the scattering spectrum of each bright spot can be scanned and recorded, allowing statistical data to be collected
(Figure S12). All spectral data were compiled as cumulative distribution functions (CDFs) in Figure 5C,D, where
Figure 5C shows the resonance energy (Eres) and Figure 5D shows the linewidth 7. As shown in Figure 5C,
compared with Au NRs, the AuPd alloy shell induces a relatively small shift in Eres, indicating that Au@AusPds
NRs largely retain the plasmon resonance of Au NRs. In contrast, the Eres of Au@Pd NRs shifted significantly.
As mentioned above, the behavior observed here is closer to that of pure Pd. The plasmonic behavior can be more
clearly understood from the change in /" shown in Figure 5D. The I" of Au@AusPds NRs increases by 297 meV
compared with that of Au NRs. Since Au@AusPds NRs still retain the plasmonic characteristics of Au NRs, this
portion of the damping can be attributed to the energy loss from hot carrier transfer at the Au-Pd interface, namely,
Tner. In contrast, Au@Pd NRs exhibit an obvious increase in [, indicating that their hot carrier utilization
efficiency is much lower than that of Au@AusPds NRs. The simulated electromagnetic field enhancement profiles
of the three particles in Figure SE further demonstrate their differences in LSPR at 680 nm light excitation. The
hot spots of both Au@AusPds NRs and Au@Pd NRs are concentrated at the four corners, but the former are clearly
stronger than the latter.

The as-prepared core-shell NPs are also an excellent substrate for surface-enhanced Raman scattering (SERS)
measurement, which allows in situ SERS characterization of MOR (Figure 6) [63]. Under the plasmonic
enhancement effect of the Au core, weak Raman scattering signals can be amplified by a factor of more than 10°.
Importantly, Raman spectroscopy is highly capable of identifying signals at low wavenumbers (<800 cm ), which
contain information on various oxidizing species, hydroxides, and metal-oxygen bonds [64—69]. This capability is
essential for understanding the processes and mechanisms of complex electrocatalytic reactions such as MOR [70],
oxygen reduction reaction (ORR) [71-74], and CO; reduction reaction (CO,RR) [75-78]. To compare the enhancement
effects of different Au/Pd ratios on SERS signals, we first performed Raman spectroscopy measurements on a series of
Au@AuxPdy using thiophenol (TP) as the probe molecule (Figure 6A). Owing to the presence of a benzene ring in the
TP molecule and the strong binding affinity between sulfur and noble metals, the Raman signal of TP is readily
identifiable and can be used to evaluate the SERS effect of the substrate. In Figure 6B, a series of SERS peaks belonging
to TP can be observed at approximately 944, 1004, 1025, and 1578 cm ™' (Table S1) [35]. The peak at 520 cm™!
corresponds to the silicon substrate, and this peak was used to normalize all Raman signals. It can be seen that as
the proportion of Au in the shell decreased, the intensity of the TP Raman signal in the SERS spectra also
decreased. When the Au/Pd ratio in the shell was reduced to 2:8, the TP signal could hardly be detected, indicating
that the plasmonic enhancement effect had been significantly weakened. This demonstrates that the Au in the shell
indeed plays a role in extending the plasmonic effect of the core.

Since Au@AusPds NRs exhibited a pronounced SERS enhancement effect and excellent MOR catalytic
performance, we further conducted in situ SERS tests of MOR using the in situ electrochemical cell (Figure 6C).
The SERS spectra were recorded from negative to positive potentials to avoid irreversible signal interference
caused by oxidation of the catalyst surface and CO poisoning. As shown in Figure 6D, a consistently sharp peak
at 1022 cm™! can be attributed to the C-O stretching mode of methanol. At low potentials (below 0.5 V vs. RHE),
a SERS band near 471 cm™' can be observed (Table S2) [79]. As the potential was shifted from 0.5 to 0.9 V, this
band became less distinct. Upon further increasing the potential, the SERS band near 471 cm™! disappeared and
was replaced by a band near 527 cm™'. These two SERS bands correspond to Pd-C stretching of adsorbed CO and
Pd-O stretching, respectively [80]. Regarding the possible contribution of Au-CO species, the adsorption of CO
on Au is considerably weaker than on Pd, and therefore the Au-CO Raman signal can be reasonably neglected.
The disappearance of the Pd-C band and the appearance of the Pd-O band represent a classical CO oxidation
process, indicating that CO adsorbed on the Pd surface is oxidized as the potential increases. Correspondingly, a
SERS band above 2000 cm ™! was observed, and its intensity increased with increasing potential before abruptly
disappearing beyond 1.2 V. This SERS band is also attributed to the C-O stretching of adsorbed CO. The increase
in its intensity indicates that the MOR process involves the accumulation of CO intermediates. The abrupt
disappearance of this signal beyond 1.2 V coincides with the appearance of the Pd-O band, suggesting that the Pd
surface becomes largely covered by oxygen species at this stage. This prevents further CO adsorption and its
subsequent conversion to CO,, signaling the termination of methanol oxidation. This also explains the decrease in
MOR current at high potentials observed in the CV curves (Figure 2B,C). Admittedly, the potentials obtained from
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the in-situ SERS measurements do not perfectly match those in the CV curves. This discrepancy may arise from
the lag caused by the limited capacity and insufficient diffusion within the in situ electrolytic cell. The bands
located near 1500 cm™ are more complex. The band observed at 1490 cm™ can be attributed to the stretching
vibrations of COO- and CO5?". In the potential range of 0.6 to 1.0 V, the band that appears at 1581 cm ™' may belong
to the intermediates of surface-adsorbed CO, as its appearance and disappearance are slightly delayed relative to CO
adsorption. Although the peak positions differ somewhat from those reported in the literature (Table S2) [79], we
assign this band based on the relative positions of the two sets of peaks, and we attribute the observed shift to the
presence of Au in the catalyst shell. With the aid of in situ SERS spectroscopy, the reaction mechanism of MOR
can be elucidated through analysis of the intermediate species.
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Figure 6. Applications of Au@AuxPdy NRs in SERS measurements of MOR. (A) Schematic diagram of the
collection of SERS signals of TP that is adsorbed on the surface of AuPd alloy. TP: thiolphenol. (B) SERS spectra
obtained by adsorption of TP molecules on Au@AuxPdy NRs of different compositions, as marked in the panel.
(C) Diagram of the in situ electrochemical cell integrated with SERS measurements. (D) /n situ SERS spectra of
Au@AusPds NRs obtained by varying the potential under MOR test conditions. The potential was varied from 0.2
to 1.4 V vs. RHE in steps of 0.1 V. The highlighted bars in different colors correspond to the Raman vibration
modes as marked on the top of each bar.

4. Conclusions

In summary, we report a strategy for promoting plasmon-enhanced MOR through rational regulation of the
structure and composition of the AuPd alloy shell. By balancing the active sites and plasmonic enhancement
effects, the as-synthesized Au@AusPds NRs achieved a 1.88-fold enhancement in MOR current under light
irradiation. With the addition of an appropriate amount of Ag, this enhancement was further increased to 2.02-
fold. Most importantly, this structure, which integrates both plasmonic and catalytic functionalities, is highly
suitable for in situ electrochemical SERS studies. The proposed synthesis strategy can also be extended to other
multimetallic catalytic systems. It holds great potential for applications in plasmon-enhanced electrocatalysis and
in mechanistic studies of electrocatalytic reactions.
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others/2609081417086798/M1-26070137-SL.pdf, with additional experimental details on sample preparation, together with
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EDX mapping, and MOR results, as noted in the text.
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structures such as a-helices and S-sheets, which further
guide assembly into nanostructures, liquid-crystalline phases, and bulk ordered materials. This review summarizes
how polymer structure and secondary conformation govern chiral assembly, chirality transfer, and chiroptical
responses, including circular dichroism, induced circular dichroism, and circularly polarized luminescence. Recent
examples of liquid-crystalline polypeptides, homopolypeptide nanotoroids, chromophore co-assemblies, and

phosphorescent aggregates are discussed. Challenges and opportunities in structural diversity, performance, and
block copolypeptide platforms are also highlighted.
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1. Introduction

In recent years, chiroptical polymer materials have attracted increasing research interest as they organically
integrate optical asymmetry with the processability, robustness, and structural hierarchy of macromolecules [1-4].
By interacting differently with left- and right-handed circularly polarized light, chiral materials can display circular
dichroism, induced circular dichroism, circularly polarized luminescence, and other polarization-dependent
responses. These properties are relevant to chiral sensing, optical encryption, bioimaging, photonic materials, and
polarized optoelectronic devices [5]. Compared with small-molecule chiroptical systems, polymers help amplify
molecular chirality into mesoscopic and macroscopic order through chain conformation, self-assembly, phase
separation, and processing, opening opportunities to better chiroptical performance, flexibility, and scalability [3].

As structural analogues of natural proteins and peptides, synthetic polypeptides are uniquely suited for
translating molecular chirality into hierarchical chiral structures and chiroptical responses. Composed of chiral amino
acid residues linked by peptide bonds, polypeptides possess intrinsic stereochemical information and can adopt well-
defined secondary structures, including a-helix, S-sheet, polyproline helix, and coil-like conformations [6—8]. These
secondary structures serve as intermediate chiral motifs that bridge molecular stereochemistry and higher-order
assembly. Depending on chain length, side-chain structure, monomer sequence, tacticity, and polymer topology, as
well as solvent, temperature, and pH, polypeptides can further organize into micelles [9], vesicles [10], fibers [11,12],
ribbons [13], toroids [14-20], liquid-crystalline phases [21-25], and thin films [26-29]. Such structural hierarchy
provides a pathway for amplifying the molecular chirality of amino acid into material-level chiroptical responses.

Ring-opening polymerization (ROP) of amino acid N-carboxyanhydrides (NCAs) is one of the most efficient
methods for preparing high-molecular-weight synthetic polypeptides with tunable molecular and architectural
features [6,30]. Together with post-polymerization modification (PPM), NCA ROP enables access to
homopolypeptides, statistical copolypeptides, block copolypeptides, hybrid block copolymers, and end- or side-
chain-functionalized polypeptides [31]. Key parameters such as L/D configuration, degree of polymerization,
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dispersity, block sequence, side-chain functionality, and terminal groups can be adjusted to regulate secondary
structure and assembly. Thus, NCA-derived polypeptides represent programmable platforms for hierarchical chiral
assembly [32].

This review focuses on NCA-derived polypeptides as synthetic platforms for hierarchical chiral assembly
and chiroptical materials (Figure 1). Particular attention is given to the relationship between polymer architecture,
secondary structure, hierarchical assembly, chirality transfer, and chiroptical properties. The discussion covers
homopolypeptides, copolypeptides, block copolypeptides, and selected polypeptide-containing hybrids, while
short peptides, proteins, and purely small-molecule systems are not the main focus. A wide range of intriguing
chiroptical properties, including circular dichroism (CD), induced circular dichroism (ICD), and circularly
polarized luminescence (CPL), and their relationship with the chiral structures will be examined.

N-Carboxyanhydride-Derived Polypeptides as Programmable Platforms
for Hierarchical Chiral Assembly and Chiroptical Materials

fa NCA M N [ Programmable\ Secondary A /o Hierarchical N fe Chiroptical Outputs
onomers Polypeptides Structures Assemblies
R 0o circular dichroism (CD)
< H a-helix micelle super helix
O N I
HzN N eV
OH R [\ g f Be| Lo
amino acid polypeptide u v
Wavelength
¢ PH iral toroid induced circular dichroism (ICD)
homopolypeptide B-sheet solvent spira nanotoroi o
* * "#f\‘ temperature * * ::
R Foan Y PWe g (’“*j concentration @ ‘ + < -
R (o -
N /kfo block copolypeptide - | ocossing . it
O)_O . Ilqmg crystal circularly polarized luminescence
random copolypeptide random coil (CPL)
N-carboxyanhydride
. 1Ll
Guum =TT R
R = side chain O " IL*IR
* = chiral center functionalized |ef:l(l:)p|_ ,igT;R;;P,_

polypeptide ) | PAN AN J

Polymer Synthesis Structure Control Hierarchical Assembly Chiroptical Function

Figure 1. Schematic overview of NCA-derived polypeptides as programmable platforms for hierarchical chiral

A\ J

assembly and chiroptical materials.

2. NCA Polymerization and Secondary Structures of Polypeptides

The chemistry of NCA ROP has been comprehensively reviewed in several review and perspective articles
(Figure 2) [6,30,33-36]. Typically, the five-member ring NCA monomers are first synthesized from the
corresponding amino acid derivatives by a cyclization reaction (Figure 2a) [37], after which nucleophilic initiators
such as amines are added to open the NCA ring and generate a growing polypeptide chain. The chain propagation
is known to follow the normal amine mechanism with chain-end amines as the living species and give carbon
dioxide as a byproduct (Figure 2b). Under optimized conditions, NCA ROP can proceed in a living/controlled
manner, yielding polypeptides with predetermined degrees of polymerization defined by the monomer-to-initiator
ratio, while retaining the stereochemical configuration of the amino acid precursor. Sequential monomer addition
enables the synthesis of block copolypeptides, whereas copolymerization of monomer mixtures produces statistical
or gradient copolypeptides depending on the monomer reactivity ratios (Figure 2c). Additionally, when
multifunctional initiators are used, polymers with nonlinear topologies, such as star-like or bottlebrush-like, can
also be prepared.

Beyond these primary structural parameters, one of the most distinctive features of NCA-derived
polypeptides is their ability to adopt ordered secondary structures (Figure 3) [7,8,38]. Unlike many conventional
synthetic polymers whose chain conformations are highly flexible and statistically disordered, polypeptides can
form a-helices, f-sheets, polyproline-type I or II helices, and random-coil conformations depending on molecular
design parameters and external conditions, including monomer structure, degree of polymerization, side-chain
functionality, polymer topology, solvent environment, pH, and temperature. Among these secondary structures,
the a-helix is particularly important for chiral assembly and chiroptical materials (Figure 3a). Typical examples
include poly(y-benzyl-i-glutamate) (PBLG), poly(y-benzyl-p-glutamate) (PBDG), poly(i-lysine), and poly(i-
glutamic acid) under appropriate conditions [39-42]. The a-helical conformation possesses a well-defined
handedness and a macrodipole along the helical axis, which can influence interchain packing, liquid-crystalline
ordering, and the spatial arrangement of attached or co-assembled chromophores [8,25].
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[-Sheet-forming polypeptides represent another important class of chiral structural motifs (Figure 3b). Unlike
a-helices, which are mainly stabilized by intrachain hydrogen bonding, S-sheet structures are often stabilized by
strong interchain hydrogen bonding and can promote the formation of fibrils, ribbons, lamellae, and other
anisotropic assemblies [33,43,44]. In these systems, chirality is expressed not only through the configuration of
individual amino acid residues but also through the twist, lateral packing, and long-range organization of f-sheet-
rich domains [13].

Importantly, polypeptide secondary structures are not static after formation; they can undergo reversible and
stimulus-responsive transitions governed by molecular design and external conditions. Depending on the
processing method, the same polypeptide may form materials with different secondary structures, as
conformational transitions can be kinetically hindered and metastable states may be preserved [40]. Charged
polypeptides such as poly(.-lysine) and poly(L-glutamic acid) can undergo pH-dependent coil-helix transitions,
while solvent polarity, ionic strength, temperature, and counterions further regulate hydrogen bonding,
electrostatic interactions, and interchain association [39,42,45]. In block copolypeptides, secondary structures are
coupled with amphiphilicity and phase separation; for example, a helix-forming block can act as a rigid rod,
whereas a hydrophilic or coil-like block can form a flexible corona, enabling rod—coil self-assembly [46].

3. Hierarchical Chiral Assembly of Polypeptides
3.1. Solution Assemblies

Solution self-assembly of polypeptides and polypeptide-containing block copolymers often follows
principles similar to conventional amphiphilic block copolymers. In selective solvents, the morphology is mainly
governed by the balance between core-forming and corona-forming blocks, solvent quality, ionic strength,
temperature, and the interfacial curvature of the aggregate [47]. Reviews on polypeptide-based block copolymer
amphiphiles summarized that typical solution morphologies include spherical micelles, cylindrical micelles, and
vesicles, with the curvature of the core—corona interface largely determined by block volume fractions and
environmental conditions [46,48].

Representative experimental systems include polypeptide-based diblock copolymers that form well-defined
micelles or vesicles after direct dissolution in water or organic solvents [49-52]. Notably, in these solution
assemblies, the strong tendency of polypeptides to form secondary structures still shows significant effects on the
final morphology, which distinguishes polypeptides from random coil polymers. In this regard, a landmark
example was reported in 2004, which developed diblock copolypeptide vesicles through conformation-specific
assembly (Figure 4a) [51]. The copolypeptides, named K¥L,, contain a longer block of hydrophilic side chain-
modified poly(i-lysine) and a shorter block of hydrophobic poly(i-leucine). As both blocks favor a-helical
conformation, the copolypeptides prefer alignment of helical axes, giving well defined micrometer-scale vesicles
with tunable sizes. In contrast, when racemic monomers were used to disrupt the ordered helical conformations,
no vesicle was observed.

Recent polymerization-induced self-assembly (PISA) approaches further couple NCA chain growth with
self-assembly. For example, the research groups of Du and Bonduelle/Lecommandoux independently reported the
ring-opening polymerization-induced self-assembly of NCA monomers, often referred to as ROPISA or NCA-
PISA, yielding biodegradable polypeptide vesicles or well-dispersed nanoparticles (Figure 4b,c) [53-56]. Poly(y-
proline)-stabilized polypeptide nanostructures have also been prepared by consecutive NCA polymerization
through a ROPISA process, producing rod-like, worm-like, or vesicular morphologies [57]. These examples establish
solution self-assembly as a versatile route to polypeptide nanoobjects, although in many cases the observed micelles
or vesicles mainly reflect amphiphilic packing rather than a direct morphological expression of chirality.
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Figure 4. Solution assemblies of polypeptides. (a) Schematic showing the formation of polypeptide vesicles by
conformation-specific assembly. (b) Schematic overview of NCA-PISA system developed by Du et al. using L-
phenylalanine NCA as the monomer and polyethylene glycol amine (PEG-NH>) as the initiator. (¢) Schematic of
ROPISA developed by Bonduelle/Lecommandoux research group. Reproduced with permission [55]. Copyright
2020, Wiley-VCH.

3.2. Discrete Chiral Nano- and Microstructures

In addition to conventional micelles and vesicles, NCA-derived polypeptides can form discrete nano- and
microstructures with pronounced anisotropy, curvature, or chiral shape expression [32]. These structures are often
generated in solution or at interfaces, but they are different from ordinary amphiphilic aggregates because their
morphologies include super-helices, spirals, fibers, rings, and toroids rather than simple core—corona objects.

Early examples were reported in 2009 using a binary system containing amphiphilic polypeptide block
copolymers (PBLG-b-PEG) and polypeptide homopolymers (PBLG). Super-helical rods and rings were observed
when the polymer solution in a mixed solvent of THF-DMF was precipitated by water, with the polypeptide chains
forming the core and PEG chains forming the shell (Figure 5a) [58]. Mechanistic study suggested that PBLG-b-
PEG and PBLG tended to co-assemble into rod-like structures in THF-DMF as a result of tendency of PBLG to
adopt a liquid crystal alignment. When water-was added, interfacial tension of the surface of the hydrophobic
PBLG rod core increased, causing the PBLG chains to shrink and twist to minimize the total free energy. This
work demonstrated that multicomponent polypeptide systems can generate helical supramolecular objects through
co-assembly, rather than only spherical or vesicular aggregates. A later study extended this strategy by combining
experiments with computer simulations. Through simulation-assisted self-assembly of polypeptide-based block
copolymers and homopolymers, hierarchical nanostructures with designed morphologies were developed, which
could be tuned by adjusting parameters such as temperature, block rigidity, and component molar ratio [59,60].

A different class of discrete chiral structures was reported in 2018, which described the self-assembly of a-
helical polypeptides into microscopic and enantiomorphic spirals by direct emulsification (Figure 5b) [61]. The
final objects were micrometer-scale spiral particles with clear handedness, providing a direct morphological
expression of chiral a-helical polypeptide assembly. A fiber-bundling-mediated mechanism was proposed for the
transfer of helicity and chirality from a-helical chains to higher hierarchical levels. The a-helical polypeptides first
assemble into fibers, which then bundle within a confined spherical geometry to generate micrometer-sized spiral
particles, as supported by SEM analysis. Rather than treating the polypeptide simply as an amphiphilic block, this
work highlighted the ability of a-helical chains to organize hierarchically into visible chiral shapes.

Recent studies have further connected discrete chiral morphology with the process of polymerization. A fast
catalyst-free synthesis of stereoselective polypeptides was achieved through hierarchical chiral assembly in water
(Figure 5c) [62]. In this system, g-benzyloxycarbonyl-pp-lysine NCAs underwent ultrasonication-assisted
ROPISA initiated by PEG-NH; in an aqueous medium. The polymerization of L- and D-enantiomers produced
predominantly right- and left-handed superhelical assemblies, respectively, in a one-pot process. Racemic
monomers could also give stereoselective polypeptide segments through assembly-driven polymerization. This
example differs from post-polymerization self-assembly because chain growth and hierarchical chiral assembly
are coupled during polymer formation.
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Figure 5. Discrete chiral nano-/microstructures of NCA-derived polypeptides. (a) Co-assembly of PBLG and
PBLG-b-PEG into superhelices. (b) Fiber bundling into enantiomorphic spirals. (¢) Polymerization-coupled
superhelical assembly. (d) Toroids formed by a two-step self-assembly of PBLG and PBL(D)G-b-PEG.
Reproduced with permission [17]. Copyright 2020, Wiley-VCH.

Toroidal nanostructures represent another distinctive class of chiral morphology in polypeptide hierarchical
assembly. An early mechanistic example described toroid formation through a supramolecular “cyclization
reaction” of rodlike micelles, showing how one-dimensional polypeptide-containing micellar precursors can bend
and close into ring-shaped objects [63]. Helical toroids were later reported from a two-step self-assembly of the
binary system of PBLG and PBLG-b-PEG, further demonstrating that co-assembly can transform rodlike packing
into closed, twisted, and helically organized toroidal structures (Figure 5d) [17]. These works suggest that toroids
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are not merely geometric rings; their formation involves anisotropic packing and curvature of chiral polypeptide
segments, providing a pathway for amplifying molecular and conformational chirality into nanoscale morphology.
Subsequent studies expanded this family to fluorescent homopolypeptide toroids [64], homochiral “8”-shaped
nanotoroids [19], triangular nanotoroids [15], substrate-induced nanotoroids [14], and hierarchical helical toroids
obtained through one-pot controllable assembly [16].

Together, these studies show that homopolypeptides and block copolypeptides can access discrete chiral
nano- and microstructures beyond conventional amphiphilic packing. Super-helices, microscopic spirals,
nanofibers, nanotoroids all illustrate how polypeptide secondary structure, rod-like packing, or multicomponent
co-assembly can generate anisotropic and curved morphologies. Although not every report fully resolves the
mechanism of chirality transfer, these discrete structures provide an important morphological bridge between
molecular chirality and material-level chiroptical responses, which will be discussed in the next section.

3.3. Liquid-Crystalline and Bulk Assemblies

At higher concentrations, in the bulk state, or under film-forming conditions, polypeptide assembly can
extend from discrete nanoobjects to continuous ordered materials. Classical a-helical polypeptides such as poly(y-
benzyl- -glutamate) (PBLG) are known to behave as rigid-rod-like macromolecules with macrodipoles rather than
flexible polymer coils. Above certain concentrations, these rod-like chains can align with each other and form
liquid-crystalline phases, including nematic and cholesteric phases (Figure 6a) [21-24,65—69]. The ability to form
liquid crystal phase, again, emphasizes the importance of secondary structures of polypeptides for the construction
of long-range ordered materials. As a processing-related example, PBLG nanofibers were prepared by
electrospinning from isotropic and biphasic liquid-crystalline solutions, showing that liquid-crystalline order in a-
helical polypeptides can be further transferred into solid anisotropic fibers [70].
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Figure 6. Liquid-crystalline and bulk assemblies of NCA-derived polypeptides. (a) a-Helical PBLG chains behave
as chiral rigid rods to form liquid crystal phases. (b) Bulk assembly of PBLG-PDMS-PBLG.

This liquid-crystalline tendency also strongly affects the self-assembly of polypeptide-containing block
copolymers. In ordinary flexible block copolymers, the final morphology is mainly controlled by block
incompatibility and volume fraction [71]. In a-helical polypeptide-based block copolymers, however, the helical
block introduces an additional factor: rod-like packing. Utilizing this property, a lot of rod-coil and rod-rod block
copolymer assembly systems has been designed and investigated [72-75]. PBLG-PDMS-PBLG triblock
copolymers provide a representative example: these materials combine two rigid PBLG blocks with a soft
polydimethylsiloxane (PDMS) middle block, and their nano-organization depends strongly on the length and
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conformation of the PBLG segments. PBLG chains with up to 23 repeating units adopt S-sheet while longer ones
favor a-helical conformations, which in turn affects the supramolecular structure in the condensed state, leading
to hexagonal and lamellar phase, respectively (Figure 6b) [76,77]. When the temperature changes, the block
copolymers show reversible transitions relevant to the thermotropic liquid crystal behavior. These suggest that
block copolypeptide assembly should be understood as a balance between two effects: the usual phase separation
of block copolymers and the intrinsic ordering tendency of a-helical polypeptides.

Taken together, the hierarchical assembly of NCA-derived polypeptides spans from solution nanoobjects to
discrete chiral nano-/microstructures and liquid-crystalline or bulk ordered phases. In these systems, secondary
structures are not passive conformations; they influence chain stiffness, packing directionality, interchain
association, and long-range ordering. While conventional amphiphilic packing often dominates simple micelles
and vesicles, more complex morphologies such as spirals, helical toroids, nanotoroids, liquid-crystalline phases,
and ordered block copolymer domains more clearly reflect the role of polypeptide conformation and chirality.
These hierarchical structures provide the physical basis for chiroptical behavior, because optical activity depends
not only on molecular stereochemistry but also on how chains, domains, and chromophores are arranged across
length scales. The following section therefore discusses how these assembled polypeptide architectures are
translated into chiroptical properties.

4. Chiroptical Properties of Polypeptide Materials

4.1. Circular Dichroism and Vibrational Circular Dichroism

Circular dichroism (CD) is the most basic chiroptical signal of polypeptides. In dilute solution, CD is
commonly used to identify secondary structures such as a-helices, f-sheets, and random coils [78]. Representative
CD curves are shown in Figure 7 [8]. However, CD spectra of polypeptide materials should not always be
interpreted only as single-chain conformational signals. Once polypeptide chains aggregate, align, or form liquid-
crystalline phases, the CD response can also be influenced by interchain packing and mesoscale order. For example,
in lyotropic cholesteric polyglutamate solutions, Tsuchihashi and co-workers showed that CD signals at around
800 nm can arise from selective reflection of circularly polarized light by the cholesteric pitch [79].
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Figure 7. Representative CD responses of different conformations of polypeptides.

Vibrational circular dichroism (VCD) provides complementary chiroptical information by measuring the
differential absorption of left- and right-circularly polarized infrared light. While electronic CD probes backbone
and side-chain electronic transitions in the UV region, VCD is sensitive to vibrational modes such as the amide I
and amide II bands, making it a useful tool for distinguishing a-helices, S-sheets, and disordered conformations in
the infrared region [80]. For NCA-derived polypeptides, VCD has been used to study how solvent composition,
temperature, and aggregation state affect secondary structure, as demonstrated by works on PBLG, poly(¢-glutamic
acid), and poly(;-lysine) [44,81,82].
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4.2. Induced Circular Dichroism through Chromophore Organization

Achiral molecules can display induced circular dichroism (ICD) within their absorption bands when
interacting with chiral inducing molecules [83]. ICD signals, in turn, provide evidence for interaction or chiral
transfer between interested chiral-achiral pairs. For polypeptide systems, far-UV CD mainly reflects the peptide
secondary structure. By contrast, when a CD signal appears in the absorption region of a chromophore, it indicates
that the chromophore has been placed in a chiral electronic environment or arranged in a chiral manner. Therefore,
ICD is particularly useful for evaluating whether the chirality of a polypeptide scaffold has been transferred to
side-chain, terminal, or noncovalently incorporated chromophores (Table 1).

For chromophores attached to the side chains of polypeptides, the a-helical backbone can transfer its chirality
to the pendant groups by providing a stereoregular environment. For example, in 1975, achiral side-chain
chromophores in helical polypeptides were shown to exhibit extrinsic chiroptical activities in dilute solutions or
liquid crystalline phases. Poly-S-benzyl-i -aspartate, poly-S-p-nitrobenzyl-; -aspartate, and poly-y-p-nitrobenzyl- -
glutamate gave ICD signals in the absorption regions of the benzyl or p-nitrobenzyl chromophores, which resulted
from the loss of rotational freedom of the chromophores after connecting to the helical backbone [84]. Similarly,
helically arranged azobenzene chromophores with distinct ICD signals were prepared by attaching azobenzene to
the side chain of NCA monomers and then polymerization [85-87]. Other side-chain chromophores studied
include naphthalene, anthracene, and pyrene [88-93].

Terminal chromophore functionalization provides another useful approach. Compared with side-chain
modification, end-group labeling introduces fewer chromophores and usually perturbs the polypeptide secondary
structure less strongly. In 1980, the ICD signals of a-helical PBLG with covalently attached terminal
chromophores were utilized to probe the local conformation of peptide units near the chain ends. The terminal
chromophores were shown to sense both local helical conformation and interchain assembly, giving responses in
ICD signals when external stimuli were applied [94].

A third route is to place achiral chromophores into chiral polypeptide assemblies through noncovalent
interactions. In this case, the chromophore does not need to be chemically attached to the polymer. Instead, it can
be organized by confinement within a chiral liquid-crystalline or supramolecular environment [95]. Sisido and co-
workers provided several important examples of this strategy. Poly(a-amino acid)s bearing amphiphilic side chains
were shown to bind hydrophobic guests and induce CD in the guest absorption region [96], while dye-doped PBLG
gels enabled reversible cholesteric ordering of guest molecules [97,98]. In cholesteric polypeptide films doped
with azobenzene derivatives, induced CD arose from the organization of the achiral dye within the chiral PBLG
matrix [99]. Related liquid-crystalline gels and films further showed that dye orientation could be controlled by
light, indicating that noncovalent chromophore loading can lead to dynamic and stimuli-responsive chiroptical
behavior [100]. These studies establish chiral polypeptide assemblies as host matrices capable of transferring
chirality to guest chromophores without covalent modification.

Table 1. Strategies for ICD in polypeptide—chromophore systems.

Chromophore

Strategy Organization Representative Examples Origin of ICD Design Value
. Provides high

Chromophores are Benzyl-, p-nitrobenzyl-, Ee};frfé_t}slegﬁcrilrgscﬁgi):e chromophore density and
Side-chain covalently installed ~ azobenzene-, naphthalene-, motion and arrarll) os can generate strong
attachment along the polypeptide and pyrene-containing endant erouns ifa chromophore-region CD,

side chains polypeptides p groups n but may perturb secondary

stereoregular environment
structure

Chromophores are Chain-end chromophores ~ Offers a clean probe of
Terminal attache dpto one or both Terminal chromophore-  sense local helical local chirality with
functionalization chain ends functionalized PBLG conformation and interchainminimal modification of

association the backbone
?r;};ggéggeiz are Hydrophobic guests in Ehllllgzl_supsrta;rlrllionl:cular °" Enables modular,
. amphiphilic poly(a-amino quic-cry . reversible, and stimuli-
Noncovalent guestpolypeptide acid)s, dye-doped PBLG environments orient guest responsive chirontical
incorporation assemblies, gels, or » dye-dop chromophores and induce por “11rop
o . gels, azobenzene-doped . . . materials without covalent
liquid-crystalline . CD in their absorption
cholesteric films dye attachment
phases bands

From a materials-design viewpoint, these examples suggest three levels of chirality transfer. At the molecular
level, the local secondary structure of the polypeptide controls the conformation and electronic environment of
covalently attached chromophores. At the supramolecular level, interchain packing and ordered domains can
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organize multiple chromophores into chiral arrangements. At the mesoscopic level, liquid-crystalline or other
hierarchical assemblies can provide chiral fields that induce optical activity in guest dyes. The ICD signal therefore
serves as a bridge between structural chirality and optical function. For the development of chiroptical polypeptide
materials, ICD is also an important design criterion, which is especially relevant for emissive systems as
chromophore-level chirality is often a prerequisite for circularly polarized luminescence.

4.3. Circularly Polarized Luminescence from Emissive Polypeptide Assemblies

Circularly polarized luminescence (CPL) represents a higher level of chiroptical function than CD or ICD
because it requires the emissive excited state to possess chiral asymmetry. For systems without significant
interchromophoric coupling, CPL generally arises when the individual emissive chromophore is intrinsically chiral
or located in a chiral local environment. For systems involving coupled chromophores or aggregate/excimer
emission, CPL requires a chiral spatial arrangement of the emissive units, which gives rise to chiral excitonic or
aggregate excited states [101,102]. For polypeptide-based materials, this is challenging but attractive. The
polypeptide backbone provides intrinsic chirality and secondary structures, but most polypeptides themselves are
not strong luminophores. Therefore, emissive polypeptide CPL systems usually rely on one of three strategies:
introducing luminescent side chains or terminal groups, organizing emissive chromophores in a chiral polypeptide
assembly, or using liquid-crystalline or aggregated structures to amplify the dissymmetry of emission.

An early representative example is the circularly polarized fluorescence (CPF) of polypeptides with side-chain
aromatic rings. Developed by Sisido and coworkers in 1980s, aromatic polypeptides, such as poly(i-1- and 2-
naphthylalanine) (poly(1- and 2-NapAla), poly(anthrylmethyl  -aspartate) (poly[Asp(OCH-9-Ant)]), and poly(r-1-
pyrenylalanine) (poly(r-1-PyrAla), showed different levels of CPF signals in their solution states [91,93,103]. With
the highest luminescent dissymmetry factor (gim) values recorded at the level of 1073, these early studies undoubtedly
supported the chirality transfer from backbone amino acids to the excited states of side-chain fluorophores.

In 2020, luminescent liquid-crystal polyglutamates bearing cyanostilbene-based mesogenic emissive side
chains (named as PGAC-m) showed a more recent example of CPL-active polypeptide materials (Figure 8a) [25].
In PGACs, the polypeptide backbone supplied the chiral scaffold, while the side-chain liquid-crystalline units
acted as the emissive components with aggregation-induced emission enhancement (AIEE) characteristics. The
authors showed that the PGACs can form a lamellar-ordered chiral smectic C phase (Figure 8b) and the properties
could be tuned by manipulating the spacer length between the backbone and cyanostilbene. In glassy liquid crystal
film state, the samples exhibited striking ICD signals at around 350 nm, indicating successful chiral transfer from
polypeptide backbone to cyanostilbene. The system finally showed peaked CPL signals at 458 nm, as well as a
maximum solid fluorescence quantum yield and the gum of PGAC-m of 34.1% and 4.5 x 1072, respectively. This
work therefore provides a useful example of how side-chain engineering and liquid-crystalline ordering can be
combined in polypeptides to produce efficient CPL-active materials.
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Figure 8. Luminescent liquid-crystal polyglutamates bearing emissive side chains. (a) Chemical structure of
PGAC-m. (b) Proposed molecular stacking of PGAC-m.

In 2023, aqueous CPL of polypeptide materials was achieved by the chiral self-assembly of end group-
functionalized a-helical PBLG (Figure 9) [104]. By attaching an aggregation induced emission (AIE) luminogen, named
TNB, at the terminal group of linear PBLG homopolypeptides (the conjugate is named as TN-PBLG), the chirality of
PBLG chains efficiently transferred into an emissive chiral aggregate state through hierarchical assembly (Figure 9).
Specifically, the TN-PBLG was first dissolved in good solvents including tetrahydrofuran (THF) and dioxane (DOA),
after which water as a poor solvent was added to give the nanotoroid or nanorod-dispersed aqueous solutions,
respectively. CD measurements revealed distinct CD signals of the nanotoroid assemblies in the range of 240480 nm,
supporting the chiral arrangement of pendant phenyl groups. Typical mirror-image CPL profiles were observed for L-
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and D-type nanotoroid samples with gium values at 5 x 107, By contrast, the DOA-resulted nanorod control group gave
no CPL response, indicating a morphology dependence. Further hierarchical co-assembly of TN-PBLG and the free
TNB luminogen gave nanotoroids with much higher gjumof 7 x 1073,

_______________________

DOA/H,0 o0 THF/H,0
X no CPL @2 v CPL active

) TN-PBLG

nanorod nanotoroid
Figure 9. Aqueous CPL from a-helical homopolypeptide nanotoroids.

The role of a-helical structure was further clarified in a follow-up research by correlating the CPL behavior with
parameters such as degree of polymerization, self-assembly temperature, and a-helix stability [105]. By directly linking
polypeptide secondary structure to CPL performance, it is indicated that the a-helix is not only a structural motif
observed by CD but also actively regulates how chirality is transferred to the emissive aggregate. Longer or more stable
helical segments can strengthen the chiral environment, while changes in assembly conditions can alter the final CPL
response. This work therefore provides a useful framework for designing future homopolypeptide CPL systems: control
over chain length and helical stability should be considered as important as the choice of luminophore.

Another system of aqueously dispersed homopolypeptide nanotoroids with CPL properties was from the non-
covalent co-assembly of helical polypeptides (PBLGs) with achiral triphenylamine (TPA) derivatives (Figure 10) [18].
This work is different from the above studies as the chiral transfer between luminogens all relies on non-covalent
interactions and luminogens do not need to be pre-installed covalently at the chain end of polypeptides. This
advantage allows the facile introduction of several luminogens with different structures and colors, including blue,
yellow, and red. Notably, a deep-red CPL can be achieved with a record gim of 1.1 x 1072 among aqueously
polypeptide-based nanoparticles by tuning the doping content. The strong CPL from achiral luminophores, again,
indicates that the nanotoroidal homopolypeptide assembly can efficiently induce chiral organization of guest
chromophores. This work therefore expands homopolypeptide nanotoroids from a single emissive assembly motif
to a more modular platform for color-tunable aqueous CPL.

More recently, the scope of polypeptide chiroptical emission has been extended from fluorescence to room-
temperature phosphorescence (RTP). Poly(glutamic acid) aggregates with circularly polarized room-temperature
phosphorescence (CPRTP) were reported with highlighted roles of poly(vinyl alcohol) (PVA) in chirality inversion
and amplification (Figure 11) [106]. Specifically, poly(.-glutamic acid)s (PLGAs) with achiral phosphorescent end
groups were first synthesized and assembled into vesicular architectures that showed weak CPRTP (Figure 11a).
When a second polymer matrix, PVA, was added, however, the authors observed both inversion and amplification
of the CPRTP signal, with the gium improved from 107 to 1072 level (Figure 11b—d). Mechanism study reveals the
extensive hydrogen bonding networks between polypeptide and PVA contributes to the stronger chiral transfer
and inversed chiral packing pattern of the chromophores. The scope of phosphorescent end groups was finally
extended to achieve multicolor afterglow from blue to red (Figure 11e). This work suggests that polypeptide CPL
materials do not need to rely only on the primary polypeptide scaffold; secondary matrices and hydrogen-bonding
networks may provide additional handles for tuning emission handedness and intensity.

Above research works share two common features: they all employ a polyglutamic acid-based backbone, and
they all rely on organic chromophores. In principle, the chiral environment of polyglutamic acid could also induce
chiral absorption and/or emission from metal complexes. In this regard, the CPL of lanthanide complexes induced
by PLGA reported in 2019 showed a representative example [107]. Detailly, the europium compounds, EuCl; or
Nasz[Eu(DPA)s] (DPA = pyridine-2,6-dicarboxylic acid), were mixed with fibrils of PLGA in aqueous solutions
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and incubated, leading to strong CPL signals at ~590 nm and gum values up to 2 x 1072, With higher sensitivity

than VCD, the induced CPL was proposed as a new method for probing protein fibrils.

In addition to polyglutamic acid, poly(r-lysine) (PLL) represents another powerful backbone in the design of
CPL-active polypeptide materials. In neutral state, PLL also favors the formation of a-helical conformation, while
the side-chain free amines provide handrails for hydrogen bonding or forming ion pairs. Utilizing this property,
chirality was transferred from PLL templates to disulfonic fluorescent dyes, such as NK 2571, giving large Stokes
shift of 230 nm and gum of 2 x 1073 (Figure 12a) [108]. Moreover, CPL from clusterization-triggered emission
(CTE) was achieved by solid phase co-assembly of PLL and oleate ion (OL) (Figure 12b). Under mechanical
pressure, PLL aligned well on the interface of self-assembled oleate bilayers, giving transparent films with ordered
multilayer structures. Without the addition of external luminophores, the film generated significant CPL signals at

462 nm with the gm of 1.6 x 1072 via the CTE mechanism [109].
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Figure 12. PLL-based CPL-active polypeptide systems. (a) Co-assembly of NK 2571 with PLL for CPL and large
Stokes shift. Reproduced with permission [108]. Copyright 2023, Wiley-VCH. (b) CPL-active films formed by the
co-assembly of PLL and sodium oleate. Reproduced with permission [109]. Copyright 2021, Springer Nature.

Taken together, these studies reveal several design principles in common (Table 2). First, chromophore-level
chirality is essential. Whether the emissive unit is covalently attached, terminally introduced, or noncovalently co-
assembled, it must experience a chiral environment that can be detected by ICD or translated into CPL. Second,
a-helical secondary structure is a recurring structural origin of chirality transfer. It provides chain stiffness,
stereoregularity, and a persistent chiral field. Third, hierarchical assembly is usually required to amplify the optical
response. Liquid-crystalline ordering, aqueous aggregation, nanotoroid formation, and polymer-matrix
confinement all help convert local chirality into an emissive chiral arrangement.

Table 2. Representative CPL-active NCA-derived polypeptide materials in recent years and their design principles.

Incorporation

System Scaffold Luminophore Mode Assembly/Phase Key CPL Feature Zlum Design Principle  Refs.
Chiral smectic C 45% 102 Liquid-crystal
PGAC  PolyglutamateCyanostilbene Side chain liquid-crystal ~ High solid-state CPL (4 58 nm) organization of [25]
phase emissive mesogens
Terminal AIEgen
TN- . . 3 organized by PBLG
PBLG PBLG TNB (chr(‘f:s‘:;mbl  Nanotoroids queﬁg‘lsocp_fi’e endent (7~2 01(? pmy DNOt0roId [104,105]
(+TNB) y P gy-dep (hierarchical co-
assembly)
Achiral
PBLG + TPA . Multicolor/deep-red  up to 1 x 1072 luminophores
TPA PBLG derivatives Noncovalent - Nanotoroids CPL (multicolor) organized by PBLG (18]
nanotoroid
CPRTP; _, Polymer matrix
PLGA + PLGA Ph.OSphorescemTerminal Aggregates inversion/ampliﬁcation;up o 3 x 10 regulates chiral [106]
PVA unit . (multicolor)
multicolor transfer
Fibril assembly . ) Chirality transfer
PLGA + PLGA Eu(IIn) Coordination In aqueous CPL O.f Lanthanide 2> 10 from fibril to Eu(I1I) [107]
Eu(IIl) complex . metal ion (~590 nm) Lo
solution by coordination
PLL + Noncovalent 3 .
disulfonicPLL disulfonic dyes (electrostatic Meth.and Large Stokes shift 210 Dyes‘orgamzed by [108]
) . solution (~700 nm) a-helical PLL
dyes interaction)
Noncovalent N . _,  Mechanical
+ . . - . .
F())EL PLL PLL-OL (electrostatic  Film gﬁz‘:{gﬁanon triggered (1466; nlrg) pressure-driven solid[109]
interaction) phase co-assembly

5. Conclusions and Outlook

NCA-derived polypeptides provide a unique polymer platform for hierarchical chiral assembly and
chiroptical materials. Their value comes from the combination of synthetic programmability and biomolecule-
inspired conformational order. Through NCA ROP, the stereochemistry, chain length, block sequence, topology,
side-chain functionality, and terminal groups of polypeptides can be adjusted. These molecular parameters further
determine secondary structures such as a-helices, f-sheets, and coil-like conformations, which serve as the first
level of chiral organization. From there, polypeptides can assemble into micelles, vesicles, fibers, spirals,
nanotoroids, liquid-crystalline phases, and bulk ordered structures. These hierarchical assemblies provide the
structural basis for transferring molecular chirality into optical asymmetry [32].

In chiroptical materials, CD and VCD remain essential tools for probing polypeptide secondary structures,
aggregation, and higher-order ordering. ICD further shows whether chirality has been transferred from the
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polypeptide scaffold to side-chain, terminal, or noncovalently incorporated chromophores. CPL represents a more
demanding function, because emissive chromophores must be arranged in a chiral excited-state environment.
Recent examples, including liquid-crystalline polyglutamates, aqueous homopolypeptide nanotoroids, and
circularly polarized room-temperature phosphorescent aggregates, demonstrate that NCA-derived polypeptides
can indeed serve as programmable scaffolds for emissive chiroptical materials.

Despite these advances, the field of chiroptical NCA-derived polypeptide materials remains at an early stage.
Synthetic polypeptides have a long history [33], and chromophore-functionalized, or even CPL-active
polypeptides have been studied for decades [85,93]. Nevertheless, the reported systems still rely on a relatively
limited set of polypeptide scaffolds, luminophores, and assembly motifs, and general structure—property
relationships remain difficult to establish. A particular challenge is that the polypeptide scaffold primarily provides
conformational and supramolecular chirality rather than strong emission itself. Efficient chiroptical emission
therefore requires the simultaneous optimization of chirality transfer, chromophore organization,
photoluminescence quantum yield, and luminescence dissymmetry, which do not necessarily improve in parallel.
In addition, hierarchical polypeptide assemblies can be sensitive to concentration, solvent composition, pH, ionic
strength, temperature, and processing history. Such responsiveness is attractive for sensing and adaptive materials,
but it also presents challenges for long-term structural stability and reproducibility.

Further development is therefore highly desired in both chiroptical performance and material format. Current
polypeptide-based CPL materials still have room for improvement in brightness, dissymmetry factor,
processability, long-term stability, and batch-to-batch reproducibility. Future studies would benefit from reporting
Z2uum together with quantum yield, lifetime, morphology distribution, concentration dependence, and preparation
reproducibility, thereby enabling more meaningful comparison between different material platforms. In addition,
most examples are based on solution assemblies, aqueous dispersions, liquid-crystalline phases, or polymer
aggregates, whereas processable films, coatings, fibers, elastomers, and device-compatible solid materials remain
less developed.

The structural toolbox can be expanded beyond a-helical PBLG-derived systems. 5-Sheet-forming polypeptides
are comparatively underexplored for CPL materials, even though peptide and amyloid-like assemblies often form
twisted ribbons, fibrils, and helical nanostructures. Extending these concepts to NCA-derived p-sheet-rich
polypeptides may provide new routes to chromophore organization and CPL generation. Block copolypeptides are
another promising direction, because they can couple secondary-structure chirality with nanoscale phase separation
and polymer processability. Topology is also an interesting variant to study with. By designing polypeptide materials
with topology beyond linear, we may benefit from the unique connectivity of cyclic, star-like, or bottlebrush-like
polymers and achieve unrevealed self-assembly structures and chiroptical properties.

Importantly, the most compelling applications of NCA-derived chiroptical materials may not necessarily lie
in competing directly with established inorganic, organic small-molecule, or liquid-crystalline materials in
conventional optoelectronic devices. Instead, the distinctive combination of molecular chirality, chemical
programmability, self-assembly, biodegradability, and potential biocompatibility may create opportunities where
the material itself interacts with biological environments or disappear after completing its function. Water-
dispersible CPL-active polypeptide nanoparticles, for example, could potentially provide a basis for polarization-
resolved bioimaging and chiral biosensing, in which circularly polarized emission offers an additional optical
dimension beyond fluorescence intensity or wavelength [110-112]. Environment-responsive changes in
polypeptide conformation and assembly could further be translated into changes in CD, CPL intensity, handedness,
or emission wavelength, enabling optical reporting of local chemical or biological environments [113,114].

One particularly attractive direction is the development of transient chiroptical materials. Biodegradable
CPL-active nanoparticles, fibers, or coatings could potentially serve as temporary optical probes, implantable or
wearable sensors, degradable optical tags, or polarization-encoded information materials that function for a defined
period and subsequently undergo degradation [115]. In such applications, biocompatibility and biodegradability
may distinguish polypeptide-based systems from many persistent inorganic or organic chiroptical materials,
especially when direct contact with cells and tissues is necessary. At the same time, these advantages should not
be assumed solely from the polypeptide backbone: the toxicity and degradation products of incorporated
chromophores and other components must also be evaluated. Moreover, the degradability that is desirable for
biomedical or transient applications may conflict with the long-term photochemical and mechanical stability
required for displays and conventional optoelectronic devices. Application-specific control over degradation and
stability will therefore be essential.

Looking forward, progress will require moving from the demonstration of chiroptical activity toward
application-oriented molecular and materials design. Combining NCA polymerization with post-polymerization
chromophore installation can broaden the accessible emissive structures, while noncovalent co-assembly with
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achiral dyes can enable modular tuning of emission color and excited-state organization. Block copolypeptides
and topological polypeptides may provide routes to robust, hierarchically ordered CPL-active materials, whereas
hybrid matrices and responsive environments could allow dynamic control over handedness, intensity, lifetime,
and emission wavelength. Ultimately, establishing quantitative connections among polymer sequence and
topology, secondary structure, hierarchical assembly, chromophore organization, and chiroptical output will be
necessary to transform NCA-derived polypeptides from model systems into functional chiroptical materials. Their
strongest future opportunities may lie where this structural programmability is combined with properties that
conventional chiroptical materials do not readily provide—particularly aqueous compatibility, biodegradability,
and transient functionality.
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Abstract: Ischemic stroke is a leading cause of mortality

and long-term disability worldwide and is characterized by " Injectable Fiber-Hydrogel Hybrid Scaffolds
neuronal loss, vascular impairment, and limited endogenous
repair. Recovery after ischemic injury requires coordinated
vascular and neural responses. However, the unfavorable
post-stroke microenvironment, rapid loss of trophic factors, ié)VEGFIGDNF
and poor retention of therapeutic proteins remain major e i Rcela
barriers to tissue regeneration. Here, we developed an
injectable hierarchical fiber-hydrogel hybrid scaffold for localized delivery of angiogenic and neurotrophic factors.
Core-shell gelatin methacryloyl/polycaprolactone (GeIMA/PCL) electrospun nanofibers were fabricated by
coaxial electrospinning, in which vascular endothelial growth factor (VEGF) and glial cell line-derived
neurotrophic factor (GDNF) were encapsulated within the GeIMA core, while PCL served as the outer shell. The
growth factor-loaded nanofibers were then processed into short fibers and incorporated into a VEGF-containing
hydrogel matrix composed of thiol-modified hyaluronic acid/heparin and gelatin. The resulting hybrid scaffold
combined an injectable hydrogel network with embedded fibrous components and provided localized release of
VEGF and GDNF. In vitro studies showed that the hybrid scaffold promoted endothelial cell migration, supported
endothelial cell growth, and maintained angiogenic activity under oxygen-glucose deprivation (OGD) conditions.
In addition, the scaffold enhanced SH-SYS5Y cell growth and supported PC12 neurite outgrowth. By integrating
hydrogel-based injectable support, and localized trophic factor delivery, this scaffold provides a biomaterial
platform for modulating vascular and neuronal cell responses under ischemia-mimicking conditions, which is
promising for recovery after ischemic injury.

G R VEGF
0 r® =

_.PCL

Keywords: Ischemic stroke; trophic factors; localized release; core-shell short nanofibers; hybrid scaffold

1. Introduction

Ischemic stroke remains one of the leading causes of mortality and long-term disability worldwide [1,2]. The
abrupt interruption of cerebral blood flow induces severe neuronal death, vascular damage, blood-brain barrier
disruption, and persistent neuroinflammatory responses, ultimately leading to long-term neurological deficits [3,4].
Although thrombolytic therapy and mechanical thrombectomy have substantially improved acute stroke
management, their clinical benefits are limited by narrow therapeutic windows and their inability to rebuild
damaged neural tissue [5,6]. Therefore, developing regenerative strategies that promote structural and functional
recovery of the injured brain is an important objective in stroke therapy.

Increasing evidence suggests that post-stroke recovery depends on coordinated reconstruction of the
neurovascular unit, a dynamic microenvironment composed of neurons, endothelial cells, glial cells, and extracellular
matrix components [5,7]. Within the neurovascular unit, vascular remodeling and neuronal regeneration are highly

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://crossmark.crossref.org/dialog/?doi=10.53941/mi.2026.100022&domain=pdf

Mater. Interfaces 2026, 3(3), 333-344 https://doi.org/10.53941/mi.2026.100022

interdependent. Newly formed blood vessels supply oxygen, nutrients, and trophic cues that support neuronal
survival and differentiation, while regenerating neural cells contribute to vascular stabilization and functional
integration [8]. Accordingly, simultaneous promotion of angiogenesis and neurogenesis has emerged as a promising
strategy for enhancing neurovascular repair after ischemic injury.

Growth factor-based therapies have attracted considerable attention because of their ability to regulate
multiple regenerative processes. Among them, vascular endothelial growth factor (VEGF) is a potent angiogenic
factor that promotes endothelial cell proliferation, migration, and vascular network formation, while glial cell line-
derived neurotrophic factor (GDNF) plays a critical role in neuronal survival, neurite extension, and neural
differentiation [9—15]. Despite their therapeutic potential, direct administration of growth factors is limited by
rapid degradation, short biological half-life, and poor retention at the injury site [5,16]. Biomaterial-based delivery
systems that protect bioactive proteins and enable localized release over a defined period are therefore highly
desirable for improving therapeutic efficacy [17-19].

Hydrogels have been widely investigated for neural tissue engineering owing to their high water content,
tissue-like mechanical properties, and potential for minimally invasive delivery. In particular, injectable hydrogel
precursors with flowable characteristics can be readily administered into irregular defect, enabling conformal filling
of the lesion site and rapid in situ gelation to establish a three-dimensional regenerative microenvironment [20-22].
However, hydrogels alone generally provide limited structural guidance for tissue regeneration and may show
limited retention of encapsulated bioactive agents because of relatively rapid diffusion [20-22].

Electrospun fibrous materials offer tunable morphology, orientation, and composition for tissue-engineering
applications. Polymeric electrospun fibers and microfibers provide versatile platforms for structural design,
functionalization, and biomedical applications [23—-25]. Beyond structural support, electrospun nanofibers can also
be used for biomolecule delivery and release regulation [26—28]. In particular, core-shell nanofibers fabricated by
coaxial electrospinning can physically isolate sensitive biomolecules within the fiber core, thereby protecting their
bioactivity during fabrication and regulating release through the surrounding shell layer [29-31]. This
compartmentalized structure separates the bioactive core from the protective shell and can improve protein
preservation and delivery performance [32,33]. However, the continuous morphology of electrospun nanofibers
limits their suitability for minimally invasive injection and their ability to conform to irregular lesion cavities.
Processing nanofibers into short fibers can improve their injectability, dispersibility, and integration within
hydrogel matrices [23,34,35]. Recent studies have demonstrated that incorporating short electrospun fibers into
hydrogels enables hierarchical fiber-hydrogel composites that combine biomimetic fibrous architecture, structural
support, and tissue-like microenvironments [36—40]. Such hybrid systems have shown promise in musculoskeletal
and other soft-tissue regeneration, whereas their application in ischemic brain repair remains largely unexplored.
Ischemic brain injury presents additional challenges, including irregular lesion cavities, the extremely soft
mechanical properties of brain tissue, and the need for coordinated neurovascular regeneration and appropriately
timed therapeutic delivery.

In this study, we developed an injectable fiber-hydrogel hybrid scaffold by incorporating VEGF/GDNF-
loaded gelatin methacryloyl/polycaprolactone (GelMA/PCL) core-shell short electrospun fibers into a VEGF-
containing hydrogel matrix composed of thiol-modified hyaluronic acid/heparin and gelatin. The hierarchical
architecture combines an injectable hydrogel matrix with embedded short fibrous components to enable localized
delivery of VEGF and GDNF. The scaffold was evaluated under oxygen-glucose deprivation (OGD) conditions
for its effects on endothelial cell migration, angiogenic activity, SH-SY5Y cell metabolic activity, and PC12
neurite outgrowth. This study aimed to establish a fiber-hydrogel platform for localized delivery of angiogenic and
neurotrophic factors and coordinated modulation of vascular and neuronal cellular responses under ischemia-
mimicking conditions.

2. Experimental Section
2.1. Materials

PCL (M, = 80,000) was purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
GelMA was obtained from EFL Biotechnology Co., Ltd. (Suzhou, China). VEGF and GDNF were purchased from
Abcam (Cambridge, UK) and Wuhan Huamei Bioengineering Co., Ltd. (Wuhan, China), respectively. Human
VEGF and GDNF enzyme-linked immunosorbent assay (ELISA) kits were supplied by Wuhan Huamei
Bioengineering Co., Ltd. Cell Counting Kit-8 (CCK-8) and Live/Dead Cell Viability/Cytotoxicity Assay Kit were
purchased from Solarbio Life Sciences (Beijing, China). Alexa Fluo 555 phalloidin, 4',6-diamidino-2-phenylindole
(DAPI), and Alexa Fluor 488-conjugated secondary antibody were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Anti-neurofilament 200 (NF200) antibody (1:500) was purchased from Sigma-Aldrich.
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The injectable hydrogel precursor, HyStem-HP, composed of thiol-modified hyaluronic acid/heparin, gelatin, and
a polyethylene glycol diacrylate (PEGDA) crosslinker, was obtained from Advanced BioMatrix (Carlsbad, CA,
USA). All other reagents were of analytical grade and used as received unless otherwise stated.

2.2. Fabrication of Hybrid Scaffolds

Growth factor-loaded GeIMA@PCL core-shell nanofibers were fabricated by coaxial electrospinning.
Briefly, PCL and GelMA were separately dissolved in trifluoroethanol at concentrations of 10% w/v. Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (0.25% w/v) was added to the GeIMA solution as a photoinitiator. For
the preparation of VEGF/GDNF-loaded nanofibers, VEGF and GDNF were added to the GelMA core solution at
a final concentration of 10 pg/mL immediately before electrospinning. During coaxial electrospinning, the GeIMA
solution containing VEGF and GDNF was used as the core phase, while the PCL solution was used as the shell
phase. Coaxial electrospinning was performed at an applied voltage of 15 kV, with the core and shell flow rates
set at 0.3 and 1.0 mL/h, respectively. The nanofibers were collected on a rotating drum collector at 1300 rpm to
obtain aligned nanofibrous membranes. During the 6 h electrospinning process, the GelMA core solution
containing VEGF and GDNF was freshly prepared every hour to minimize prolonged exposure to trifluoroethanol
and preserve the bioactivity of the encapsulated growth factors. The collected membranes were then exposed to
405 nm light (10 mW/cm?) for 30 s to photocrosslink the GeIMA core. Oxygen plasma treatment was subsequently
performed at 30 W for 20 s to improve the surface hydrophilicity of the nanofibers. To visualize the separate core
and shell streams during coaxial electrospinning, rhodamine B and indocyanine green (ICG) were separately
incorporated into the GeIMA core and PCL shell solutions, respectively, before electrospinning.

The aligned core-shell nanofibrous membranes were processed into short fiber fragments by cryosectioning.
Briefly, the membranes were cut into 1.5 x 1.5 cm? pieces, embedded in optimal cutting temperature compound,
and frozen at —20 °C. The frozen fiber blocks were cryosectioned into short fiber fragments with approximate
dimensions of 100 x 50 um? Residual compound was removed by repeated washing with deionized water,
followed by ultrasonic dispersion for 30 min. The dispersed short fibers were then lyophilized and stored for
subsequent use.

For the fabrication of the injectable growth factor-loaded hybrid scaffold, two flowable precursor solutions
were prepared according to the manufacturer’s protocol. The first precursor consisted of thiol-modified hyaluronic
acid/heparin (10 mg) and gelatin (10 mg) dissolved in 2 mL of phosphate-buffered saline (PBS), into which soluble
VEGF and VEGF/GDNF-loaded GelMA@PCL short fibers were uniformly dispersed. The second precursor
contained the PEGDA crosslinker (5 mg in 0.5 mL). Upon co-injection, the two precursor solutions rapidly mixed
and initiated thiol-mediated crosslinking, enabling in situ hydrogel formation after incubation at 37 °C for 20 min.
The final concentrations of free VEGF and VEGF/GDNF-loaded short fibers in the hybrid hydrogel precursor
were 100 ng/mL and 5 mg/mL, respectively. Pristine hybrid scaffolds containing 5 mg/mL pristine GeIMA@PCL
short fibers without growth factors were prepared as controls.

2.3. Characterization of Hybrid Scaffolds

The core-shell architecture of the electrospun nanofibers was characterized using transmission electron
microscopy (TEM, HT7700, Hitachi, Japan). The morphology of the electrospun nanofibers, short fibers,
hydrogels, and hybrid scaffolds was examined by scanning electron microscopy (SEM, S-4800, Hitachi, Japan).
The fiber diameter was quantified using ImageJ by measuring 30 randomly selected fibers per sample from
representative SEM images, and the results were presented as mean + SD. Fiber alignment was independently
evaluated using a fast Fourier transform-based image analysis in ImagelJ. Briefly, selected regions of the SEM
images were subjected to 2D fast Fourier transform to generate the corresponding Fourier spectra. The angular
distribution of the Fourier intensity was subsequently analyzed to obtain the fiber orientation distribution, which
was used to characterize the overall alignment of the fibrous membranes. For hydrogel-based samples, freeze-
dried specimens were used to examine scaffold morphology and the distribution of short fibers within the dried
matrix. The surface hydrophilicity of the nanofibers before and after plasma treatment was evaluated by water
contact angle measurements using an OCA20 contact angle analyzer (Kriiss, Germany).

To evaluate injectability at different gelation times, the two precursor solutions were mixed and incubated at
37 °C for 0, 10, and 20 min. At each time point, the hybrid hydrogel was loaded into a syringe and manually
extruded through a 26 G needle, and the injection process was photographed. The rheological properties of the
gelled hybrid hydrogel (d = 5 mm) were characterized using a rotational rheometer.

The degradation behavior of the nanofibers and hybrid scaffolds was evaluated in PBS at 37 °C under gentle
shaking. PCL nanofibers and growth factor-loaded core-shell nanofibers (Fiber-GF) were prepared as circular
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samples with a diameter of 15.6 mm. Pristine hydrogels and hybrid scaffolds were prepared with a volume of 350 pL.
Each sample was immersed in 500 pL PBS and collected at predetermined time points. After washing with
deionized water, the samples were lyophilized and weighed. The remaining mass was calculated as the percentage
of dry weight relative to the initial dry weight.

To investigate the release of VEGF and GDNF, hybrid scaffolds with a volume of 100 uL were incubated in
100 puL PBS at 37 °C. At predetermined time points (2, 4, 6, 8, 10, 12, and 14 days), the release medium was
completely collected and replaced with an equal volume of fresh PBS. The concentrations of VEGF and GDNF in
the collected media were quantified using ELISA kits according to the manufacturers’ instructions, and cumulative
release was calculated by summing the amounts measured at each time point. The final cumulative released amount
was considered the total releasable amount of each growth factor from the scaffold and was used to determine the
corresponding dose for the free growth factor control groups.

2.4. In Vitro Evaluation of Angiogenic Activity under OGD Conditions

An OGD model was established to simulate ischemic injury in vitro. Briefly, human umbilical vein
endothelial cells (HUVECs) were cultured in glucose-free medium and placed in an anaerobic chamber with less
than 1% O, for 1 h before subsequent experiments. After OGD treatment, cells were assigned to four groups:
untreated control group (Blank), free VEGF group (Free-VEGF), scaffold without growth factors group (Scaffold),
and growth factor-loaded hybrid scaffold group (Scaffold-GF). The Free-VEGF group was treated with free VEGF
at a dose equivalent to the total releasable amount from 100 pL of the Scaffold-GF scaffold (19.6 + 3.2 ng per 100 pL.
scaffold). Scaffold extracts were prepared by incubating scaffolds with a volume of 100 pL in 500 pL serum-free
DMEM for 24 h, followed by filtration through a 0.22 pm membrane. For the scratch assay, OGD-treated HUVECs
were seeded into 24-well plates at a density of 1 x 10* cells per well and cultured until a confluent monolayer
formed. A linear wound was generated using a sterile 200 pL pipette tip, and different scaffold extracts were then
added. After 24 h of incubation, cells were fixed with 3% glutaraldehyde, permeabilized with 0.1% Triton X-100,
blocked with 1% bovine serum albumin, and stained with Alexa Fluor 555 phalloidin and DAPI. The remaining
wound area was quantified using ImagelJ.

For cell growth analysis, sterilized scaffolds (100 puL) were placed in 24-well plates, and OGD-treated
HUVECs were seeded at a density of 1 x 10* cells per well. Cell growth was evaluated on days 1, 3, 5, and 7 using
the CCK-8 assay. Cell viability and cytocompatibility were further assessed by Live/Dead staining on day 7 using
calcein-AM and propidium iodide, followed by fluorescence microscopy.

For the tube formation assay, Matrigel was diluted with serum-free DMEM at a volume ratio of 1:1 on ice
and added to 24-well plates. After 45 min at 37 °C, OGD-treated HUVECSs were seeded onto Matrigel at a density
of 3 x 10* cells per well and then incubated with different scaffold extracts prepared as described in the scratch
assay. After 4 h, capillary-like networks were imaged using optical microscopy. Total number of junctions, total
vessel length, and vessel percentage area were quantified using ImageJ.

2.5. In Vitro Evaluation of Neural Cell Growth and Differentiation under OGD Conditions

SH-SYS5Y and PCI12 cells were used to evaluate the neuroprotective and neuroregenerative effects of the
hybrid scaffold under ischemia-mimicking conditions. Briefly, cells were cultured in glucose-free medium and
placed in an anaerobic chamber with less than 1% O, for 1 h before subsequent experiments. After OGD treatment,
cells were assigned to four groups: untreated control group (Blank), free GDNF group (Free-GDNF), scaffold
without growth factors group (Scaffold), and growth factor-loaded hybrid scaffold group (Scaffold-GF). The Free-
GDNF group was treated with free GDNF at a dose equivalent to the total releasable amount from 100 pL of the
Scaffold-GF scaffold (9.9 + 1.8 ng).

For cell growth analysis, SH-SY5Y neuroblastoma cells were cultured in DMEM supplemented with 10%
fetal bovine serum at 37 °C. After OGD treatment, scaffolds (100 pL) were placed in 24-well plates, and SH-
SYSY cells were seeded at 1 x 10* cells per well. Cell growth was assessed on days 1, 3, and 5 using the CCK-8
assay. Cell viability and cytocompatibility was evaluated by Live/Dead staining on day 5 and observed using
fluorescence microscopy.

For neuronal differentiation, OGD-treated PC12 cells were seeded into 24-well plates and cultured in
differentiation medium containing nerve growth factor (NGF) at 50 ng/mL. To evaluate the effects of growth
factors released from the scaffolds while minimizing direct physical contact between the scaffolds and PC12 cells,
200 pL of the hybrid scaffold was placed in the upper chamber of each Transwell insert. After 10 days of co-
culture, cells were fixed and immunostained with anti-NF200 antibody, followed by Alexa Fluor 488-conjugated
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secondary antibody. Cell nuclei were counterstained with DAPI. Neurite outgrowth was visualized using confocal
laser scanning microscopy and quantitatively analyzed using Imagel.

2.6. Statistica Analysis

All experiments included at least three parallel samples, and data are presented as mean =+ standard deviation
(SD). Statistical analyses were performed using GraphPad Prism 10. Comparisons between two groups were
performed using Student’s t-test. Comparisons among more than two groups were performed using one-way
analysis of variance (ANOVA), followed by Tukey’s multiple-comparisons test. Statistical significance was
defined as p < 0.05.

3. Results and Discussion
3.1. Fabrication and Characterization of Injectable Fiber-Hydrogel Hybrid Scaffolds

VEGF/GDNF-loaded GeIMA@PCL core-shell nanofibers were fabricated by coaxial electrospinning, using
the VEGF/GDNF-containing GeIMA solution as the core phase and the PCL solution as the shell phase. In this
configuration, the hydrophilic GeIMA core provided a compartment for protein encapsulation, while the PCL shell
maintained the fibrous morphology and was expected to retard the outward diffusion of the loaded proteins. As
shown in the inset of Figure 1a, rhodamine B and ICG were used to visualize the core and shell streams within the
coaxial needle, respectively, illustrating their spatially separated configuration during electrospinning. The TEM image
further showed the core-shell structure of the resulting nanofibers (Figure 1a). SEM observation further confirmed the
formation of continuous and uniform nanofibers, with an average diameter of 940 + 180 nm (Figures 1b and S1). The
as-spun nanofibers exhibited a water contact angle of 120.5°, reflecting the hydrophobic nature of the PCL-rich
surface. After oxygen plasma treatment, the water contact angle decreased to 53.4°, indicating improved surface
wettability (Figure S2).

The electrospun nanofiber membranes were then processed into short fibers by cryosectioning followed by
ultrasonic dispersion. Optical microscopy confirmed that the resulting GeIMA@PCL short fibers had an average
length of 58.5+20.2 um, allowing their homogeneous dispersion within the thiol-modified hyaluronic acid/heparin
and gelatin precursor (Figure 1c). The injectable system comprised two precursors: a thiol-modified hyaluronic
acid/heparin and gelatin solution containing soluble VEGF and short fibers, and PEGDA crosslinker solution.
Upon co-injection, the two flowable precursor solutions rapidly mixed and underwent thiol-mediated crosslinking,
enabling rapid in situ gelation to form a stable fiber-hydrogel hybrid scaffold. The morphology of the hydrogel-
based scaffolds was examined by SEM after freeze-drying. The pristine HyStem-HP hydrogel exhibited a porous
interconnected morphology (Figure 1d). After incorporation of short fibers, the hybrid scaffold maintained a
similar porous architecture, with short fibers distributed throughout the hydrogel matrix (Figure 1e).

The injectability of the hybrid hydrogel was evaluated at 0, 10, and 20 min after mixing the two precursor
solutions (Figure S3a). The hydrogel could be injected through a 26 G needle at all tested time points, including
after gelation at 37 °C for 20 min. Rheological analysis of the gelled hydrogel further showed shear-thinning
behavior, with viscosity decreasing as the shear rate increased (Figure S3b). These results demonstrate that the
hybrid hydrogel remained injectable through a 26 G needle under the tested conditions.

The mass retention of different scaffold components was evaluated in PBS at 37 °C. PCL nanofibers showed
minimal mass loss over 30 days, whereas Fiber-GF showed approximately 24% mass loss during the same period
(Figure 1f). This mass decrease was mainly associated with the hydrated GeIMA core and the release or loss of
encapsulated components, while the PCL shell remained relatively stable. For the hydrogel-based samples, the
pristine HyStem-HP hydrogel retained 29.2 + 6.0% of its initial mass after 30 days, whereas the hybrid scaffold
retained 47.1 + 12.9% due to slower degradation of the embedded nanofibers (Figure 1g).

Each 100 pL of hybrid scaffold contained 19.6 = 3.2 ng of VEGF and 9.9 + 1.8 ng of GDNF, confirming the
successful incorporation of both types of growth factors in the scaffold. The release profiles of VEGF and GDNF
from the hybrid scaffold were further quantified by ELISA. Both growth factors showed an early release phase
during the initial incubation period, followed by a marked decrease in release rate at later time points (Figure 1h,i).
VEGEF release reached 19.6 £ 3.2 ng by day 8 and was no longer detectable at day 10, whereas GDNF release
remained detectable through day 10, reaching 9.9 £ 1.8 ng, but was no longer detectable at day 12. The resulting
release profile from the hydrogel matrix and embedded core-shell short fibers may provide locally available
angiogenic and neurotrophic cues during the initial cellular response to ischemic injury.
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Figure 1. Characterization of GeIMA@PCL short fibers and hybrid scaffolds. (a) TEM image of GeIMA@PCL
core-shell nanofibers, with the inset showing the spatially separated core and shell streams within the coaxial needle
labeled with rhodamine B and ICG, respectively. (b) SEM image of GeIMA@PCL core-shell nanofibers. (c)
Optical microscopy image of GeIMA@PCL short fibers. (d,e) SEM images of freeze-dried (d) pristine HyStem-
HP hydrogel and (e) GeIMA@PCL short fiber/HyStem-HP hybrid scaffold, respectively. (f) Mass retention profile
of PCL nanofibers and Fiber-GF in PBS at 37 °C. (g) Mass retention profiles of pristine hydrogel and hybrid
scaffold in PBS at 37 °C. (h,i) Cumulatively released profiles of (h) VEGF and (i) GDNF from the hybrid scaffold,
respectively. Data are presented as mean + SD (n = 3).

3.2. Regulation of Endothelial Cell Migration, Growth, and Tube Formation under OGD Conditions

Endothelial cell migration is an early event during angiogenesis and is important for vascular remodeling
after ischemic injury. To evaluate the effect of the hybrid scaffold on endothelial migration under ischemic
conditions, HUVECs were first subjected to OGD for 1 h and then assigned to the Blank, Free-VEGF, Scaffold,
and Scaffold-GF groups. The cells were treated with basal culture medium, free VEGF-containing medium,
scaffold extract, or Scaffold-GF extract, respectively, and their migratory response was evaluated using a scratch
assay. After incubation for 24 h, HUVECsS in the Blank group showed limited migration into the scratched area,
indicating impaired endothelial cell motility after OGD treatment (Figure 2a). In contrast, the Free-VEGEF,
Scaffold, and Scaffold-GF groups showed reduced remaining wound areas, suggesting improved cell migration
after treatment. The Scaffold group also reduced the remaining wound area compared with the Blank group,
indicating that the scaffold extract itself provided a favorable environment for HUVECs migration. Quantitative
analysis showed that the Scaffold-GF group exhibited the smallest remaining wound area, reaching 10.1 £ 0.6%,
while the Free-VEGF group showed a comparable value of 11.4 + 1.1% (Figure 2b). These results indicate that
the VEGF-containing hybrid scaffold extract retained pro-migratory activity under OGD conditions.
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Figure 2. Effect of hybrid scaffolds on HUVECs migration under OGD conditions. (a) Representative images of
the scratch assay by OGD-treated HUVECs after incubation with basal culture medium, free VEGF-containing
medium, scaffold extract, or Scaffold-GF extract at 0 and 24 h. F-actin was stained with phalloidin, and nuclei were
stained with DAPI. White dashed lines indicate the initial scratch boundaries. (b) Quantification of the remaining
wound area after 24 h. Data are presented as mean £+ SD (n = 3). Statistical significance was analyzed using one-
way ANOVA followed by Tukey’s multiple-comparisons test. * p < 0.05; n.s., not significant.

The effect of the scaffold on endothelial cell growth was further evaluated using the CCK-8 assay. As shown
in Figure 3a, the optical density (OD) value increased gradually from day 1 to day 7 in all groups. On days 3, 5,
and 7, the Free-VEGF, Scaffold, and Scaffold-GF groups showed higher OD values than the Blank group. The
increased OD value in the Scaffold group suggests that the scaffold matrix itself may contribute to the cellular
response. This effect may be associated with the presence of gelatin and hyaluronic acid/heparin, which have been
reported to support cell-matrix interactions and cellular activity [41-43]. The Scaffold-GF group showed a further
increase in the OD value compared with the Scaffold group, suggesting an additional effect of the released growth
factors. Live/Dead staining at day 7 showed predominantly viable cells with few dead cells in all groups, indicating
good cytocompatibility of the scaffolds (Figure 3b).
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Figure 3. (a) OD values of HUVECs cultured with different scaffolds for 1, 3, 5, and 7 days, measured using the
CCK-8 assay. (b) Live/Dead staining of HUVECs at day 7 (green: live; red: dead). Data are presented as mean + SD
(n = 3). At each time point, statistical significance among groups was analyzed using one-way ANOVA followed
by Tukey’s multiple-comparisons test. * p < 0.05.

Functional angiogenic activity was evaluated using a Matrigel tube formation assay. After OGD treatment,
HUVECs were seeded on Matrigel and incubated with basal culture medium, free VEGF-containing medium,
scaffold extract, or Scaffold-GF extract. After 4 h of incubation, HUVECsS in the Free-VEGF and Scaffold-GF
groups formed more evident capillary-like networks than those in the Blank and Scaffold groups (Figure 4a).
Quantitative analysis showed that total number of junctions, total vessel length, and vessel percentage area were
increased in the Free-VEGF and Scaffold-GF groups compared with the Blank and Scaffold groups (Figure 4b).
No significant difference was observed between the Free-VEGF and Scaffold-GF groups, although Free-VEGF
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showed a slight trend toward higher tube formation parameters. This result is reasonable because the tube
formation assay is a short-term assay in which soluble VEGF can directly stimulate endothelial network formation.
The comparable response in the Scaffold-GF group indicates that the scaffold-derived growth factors retained
angiogenic bioactivity under OGD conditions.
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Figure 4. Effect of hybrid scaffolds on HUVECsS tube formation under OGD conditions. (a) Representative images of
capillary-like networks formed by OGD-treated HUVECs on Matrigel after incubation with basal culture medium,
free VEGF-containing medium, scaffold extract, or Scaffold-GF extract for 4 h. (b) Quantitative analysis of total
number of junctions, total vessel length, and vessel percentage area. Data are presented as mean + SD (n = 3). Statistical
significance was analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. * p < 0.05.

3.3. SH-SY5Y Cell Growth and PC12 Neurite Differentiation under OGD Conditions

Supporting neuronal cell survival and neurite outgrowth is important for neural repair after ischemic injury.
To evaluate the effect of the hybrid scaffold on neuronal cell behavior, SH-SYSY cells were subjected to OGD for
1 h and then treated with basal culture medium (Blank), free GDNF-containing medium (Free-GDNF), pristine
scaffold (Scaffold), or growth factor containing scaffold (Scaffold-GF), respectively. Cell growth was evaluated
on days 1, 3, and 5 using the CCK-8 assay. As shown in Figure 5a, the OD values increased over time in all groups.
On days 3 and 5, the Free-GDNF group showed higher OD values than the Blank and Scaffold groups. The
Scaffold-GF group exhibited the highest OD values among the tested groups, suggesting a favorable effect of the
growth factor-loaded scaffold on SH-SYSY cell growth under OGD conditions. Live/Dead staining on day 5
showed predominantly viable cells with few dead cells in all groups, indicating no obvious cytotoxicity toward
SH-SYS5Y cells (Figure 5b).

PC12 cells were used to evaluate neuronal differentiation and neurite outgrowth. After OGD treatment, PC12
cells were cultured in NGF-containing differentiation medium, while different scaffolds were placed in Transwell
inserts to minimize direct scaffold—cell contact and assess the effects of released GDNF on neurite outgrowth.
After 10 days of co-culture, NF200 immunostaining showed neurite extension in all groups, with more pronounced
neurite outgrowth in the Free-GDNF and Scaffold-GF groups than in the Blank and Scaffold groups (Figure 6a).
Quantitative analysis showed that the average neurite lengths in the Scaffold-GF and Free-GDNF groups were
181.7+48.8 pm and 185.3 & 58.5 um, respectively, which were higher than those in the Blank group (123.8 +28.4 um)
and Scaffold group (137.0 + 44.6 um) (Figure 6b). No significant difference in average neurite length was observed
between the Scaffold-GF and Free-GDNF groups. A similar trend was observed for the longest neurite length.
These results indicate that GDNF-containing treatments supported neurite outgrowth of OGD-treated PC12 cells
in the presence of NGF, and Scaffold-GF achieved a comparable effect to free GDNF treatment.
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Figure 5. Effect of hybrid scaffolds on SH-SY5Y cell growth and viability under OGD conditions. (a) OD values
of SH-SYS5Y cells cultured with different treatments for 1, 3, and 5 days, measured using the CCK-8 assay. (b)
Live/Dead staining of SH-SYSY cells on day 5. Green fluorescence indicates live cells, and red fluorescence
indicates dead cells. Data are presented as mean + SD (n = 3). At each time point, statistical significance among
groups was analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons test. * p < 0.05.
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Figure 6. Effect of hybrid scaffolds on PC12 neurite outgrowth under OGD conditions. (a) Representative
fluorescence images of PC12 cells showing neurite extension after co-culture with different scaffolds in a Transwell
system. NF200, green; DAPI, blue. (b) Quantitative analysis of average neurite length and longest neurite length.
Data are presented as mean + SD (n = 3). Statistical significance was analyzed using one-way ANOVA followed
by Tukey’s multiple-comparisons test. * p < 0.05.

Taken together, these findings suggest that the hybrid scaffold can modulate endothelial and neuronal cell
responses under ischemia-mimicking OGD conditions. Nevertheless, the present study is limited to an in vitro
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OGD model and therefore does not fully capture the complex pathophysiological environment of ischemic brain
injury. Further animal studies will be required to determine whether these cellular responses translate into
therapeutic benefit and to assess scaffold retention, degradation, and biological performance in vivo.

4. Conclusions

In this study, we developed a hierarchical fiber-hydrogel hybrid scaffold by incorporating VEGF/GDNF-
loaded GeIMA@PCL short nanofibers into a VEGF-containing hyaluronic acid/heparin and gelatin hydrogel
matrix. The scaffold combined a hydrogel network with embedded fibrous components and provided localized
release of angiogenic and neurotrophic factors mainly during the early incubation period. The core-shell short
fibers improved the structural retention of the hydrogel scaffold while serving as additional growth factor
reservoirs. Under OGD conditions, the hybrid scaffold promoted HUVECs migration, supported endothelial cell
responses, and maintained angiogenic activity in a tube formation assay. It also enhanced SH-SY5Y cell growth
and supported PC12 neurite outgrowth in the presence of NGF. These results suggest that the hybrid scaffold can
modulate vascular and neuronal cell responses in an ischemia-mimicking microenvironment. This work provides
a biomaterial platform for the design of injectable materials aimed at neurovascular repair.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2609301642414796/M1-26070026-SL.pdf. Figure S1. (a) Diameter distribution of GeIMA@PCL core-shell nanofibers
obtained from SEM images and (b) fiber orientation distribution determined by fast Fourier transform-based analysis of SEM
images. Figure S2. Water contact angle measurements of Fiber-GF before and after plasma treatment. Figure S3. Injectability
of the hybrid scaffold. (a) Representative images showing extrusion through a 26 G needle at 0, 10, and 20 min after precursor
mixing. (b) Shear-thinning behavior of the hybrid hydrogel after gelation at 37 °C for 20 min.
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