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Single-cell heterogeneity is a defining feature of biology and medicine, and the cell membrane
presents spatially heterogeneous biochemicals that govern cellular interactions. Although
fluorescence techniques and Raman spectroscopy have been used to investigate single-cell
molecular heterogeneity, label-free, non-destructive acquisition of spatially resolved molecular
profiles from living cells remains challenging. Surface-enhanced Raman spectroscopy (SERS) offers
high sensitivity and molecular specificity, yet reliable spatial readouts at the single-cell level are limited
by the lack of reproducible nano-bio interfaces. Here, we present a membrane-interfaced 3D Au-silica
SERS substrate for spatial biochemical profiling of living single cells. By establishing a tight
membrane-hotspot interface with uniform SERS performance, the platform supports 2D SERS
mapping across individual cell areas and visualizes membrane-associated molecular distributions,
revealing biochemical heterogeneity within and between cells. This platform provides a robust basis
for precision medicine applications, including cancer subtype identification and monitoring

heterogeneous drug responses at the single-cell level.

Single cells constitute the fundamental structural and functional units of
living organisms, and understanding cellular activity is essential for medical
innovation, including personalized medicine, precision drug delivery, dis-
ease diagnostics, and regenerative therapy"*. While population-level studies
provide valuable insights into collective behavior and network interactions,
they average over diverse states and can obscure rare or transient pheno-
types. In contrast, single-cell analysis enables interrogation of cellular het-
erogeneity and independent functional characteristics with enhanced
precision, yielding deeper views of drug response variability and mechan-
isms underlying cancer progression, immune reactions, and antibiotic
resistance’”. Single-cell interrogation mainly relies on fluorescence-based
approaches, most notably confocal fluorescence microscopy and flow
cytometry™’. These methods offer high specificity and sensitivity, enabling
subcellular visualization of cellular structures, organelles, and molecular
signatures. However, fluorescence-based approaches generally require
nontrivial sample preparation, including dye labeling and fixation to pre-
serve morphology, constraining live and dynamic measurements'.
Although living cell staining strategies are applicable, phototoxicity can arise
through light-driven generation of reactive oxygen species, and preparation
steps can stress or damage cellular components to varying degrees, hin-

dering the observation of native cells'"".

Raman spectroscopy has been explored as a label-free alternative that
provides molecular-specific information with strong multiplexing
capacity”™. This technique allows researchers to investigate cellular
dynamics and spatial mapping of molecular distributions without labeling
or fixation. In practice, the intrinsically small Raman scattering cross section
often necessitates higher laser powers and longer integration times, which
increase the risk of photodamage. Conversely, reducing power to preserve
cells leads to exceedingly long acquisition times, limiting throughput and
precluding studies of fast biological events in living cells. This trade-off
motivates approaches that maintain the advantages of label-free spectro-
scopy while enabling gentle, time-resolved measurements at the single-
cell level.

Surface-enhanced Raman spectroscopy (SERS) has emerged as a non-
destructive and ultrasensitive technique that significantly amplifies Raman
fingerprints through plasmonic hotspots'. Inelastic Raman scattering
occurring within these plasmonic hotspots, coupled to surface plasmon-
mediated local electromagnetic field enhancement, can push sensitivity
toward the single-molecule regime”. Such ultrahigh sensitivity enables
label-free identification of chemical signatures at low excitation laser power,
offering non-destructive and high-throughput analysis. In addition to the
Raman character of multiplexing and molecule-specific vibrational
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information, SERS has been applied widely in bioanalytical applications,
including pathogen and extracellular vesicle detection, protein analysis,
DNA/RNA sequencing, and dopamine detection'"™. Label-free SERS
approaches have played a significant role in cellular analysis, including cell
type classification and detection of intracellular metabolites and
biomolecules™ ™.

For single-cell SERS, both label-free and labeled nanoparticle-based
strategies have been widely employed™ ™. These approaches enable tracking
of cellular uptake processes, imaging of suborganelles, and simultaneous
readout of multiplexed metabolites. However, colloidal systems suffer from
variable plasmonic hotspots due to random aggregation in intra- and
extracellular environments, undermining reproducibility. Additionally,
internalized nanoparticles are often affected by endosomal and lysosomal
pathways, limiting access to the broader cytoplasmic or membrane regions,
thereby hindering subcellular spatial investigations. Their performance is
further modulated by environmental conditions such as pH, which affect
nanoparticle stability and aggregation, and can lead to fragmentation or
breakage within the cellular environment. To achieve controlled nano-
particle localization and precise subcellular targeting, labeled-SERS has been
explored, yet these require prior knowledge of targets, involve costly probe
synthesis, and may perturb native cellular states, potentially compromising
the authenticity of biological measurements.

On the other hand, solid SERS substrates for single-cell analysis
have been reported only in limited contexts, such as pH sensing and
real-time monitoring of dopamine secretion’. In these configura-
tions, cells are directly cultured on SERS-active surfaces, where a
stable nano-bio interface (e.g., membrane-hotspot interface) is the
key factor for reliable SERS signal acquisition. A comparative sum-
mary of representative SERS substrates, including their nanos-
tructures, enhancement factors, and biological applications, is
provided in Table S1. While 3D protruding geometries of nanos-
tructures can significantly influence the membrane-substrate inter-
face, simultaneously optimizing interface geometry and hotspot
density remains challenging. Furthermore, although high-
performance 3D SERS substrates have been reported, many plat-
forms are not readily scalable, offer low-throughput, and provide
insufficient area for embedding cells”™’. These manufacturing and

design constraints have made direct molecular profiling of the
extracellular environment difficult to translate into robust and
practical single-cell applications.

In this work, we introduce a membrane-interfaced Au-silica SERS
substrate with 3D nanotopography that enables a tight membrane-hotspot
interface for spatially resolved molecular analysis of living single cells. The
3D protruding nanostructure of the multilayered Au-silica nanostructure
can induce cell engulfment via vertical topography-driven membrane cur-
vature, which serves as a biochemical cue to trigger actin reorganization
through the curvature-sensitive protein FBP17*. This curvature-mediated
response can induce engulfment of the cell membrane around the 3D
nanoscale protrusions, resulting in a robust membrane-hotspot interface.
Leveraging such a tight membrane-hotspot interface and excellent hotspot
uniformity, we perform 2D SERS mapping that covers a single-cell area to
achieve spatial molecular profiling at the individual living cell level. As a
proof-of-concept demonstration, the platform visualizes spatial distribu-
tions of characteristic membrane-associated peaks that reflect cellular het-
erogeneity at the molecular scale, providing insights into spatially resolved
biochemical variations within single cells. We anticipate applications in
cancer cell characterization, drug response monitoring, and understanding
cellular heterogeneity in disease progression.

Results

Overview of a single-cell spatial SERS analysis platform

Figure 1 outlines a label-free SERS workflow for spatial molecular profiling
of living single cells. We fabricated multilayered metal-insulator-metal
nanoantenna arrays (Au-silica-Au) that have a wafer-scale device footprint
with high SERS performance and a protruding 3D nanotopography. Living
cells cultured directly on the SERS substrates engulf individual 3D
nanoantennas, establishing a tight membrane-hotspot interface that sup-
ports consistent, reproducible 2D SERS mapping for single cells. The
resulting maps provide molecular information of the extracellular space,
enabling label-free spatial molecular profiling. We use 785 nm near-infrared
excitation to suppress autofluorescence and minimize phototoxicity, and
the broadband plasmonic property of multilayered nanoantennas is tuned
to resonate from 785 nm to the biologically relevant Stokes-Raman region.
Unsupervised clustering of pixel-wise spectra segments each single-cell into

Fig. 1 | Schematic of label-free molecular profiling
of a living single-cell. 2D SERS mapping of cell-
interfaced Au-Silica SERS substrate provides inten-
sity maps, used for subsequent statistical clustering
analysis.

’ Living cell .-"|Cellmembrane Intracellular
/ i - \ S IS
27 i . R .Au

e PU Silica

SERS N\ ~ | Cross-section view S~
substrate Piezostage ~
Intensity map
SERS spectra -
Single-cell SERS mapping 3
@
___________ L mmmmmm==a g
(0] 1 ‘é
/ T ~ Raman shift (cm-) el
= L ||

Spatial
L_._V,J / Molecular
N _ Living cell Profiling

npj Biosensing | (2026)3:9


www.nature.com/npjbiosensing

https://doi.org/10.1038/s44328-025-00076-5

Article

1077 cm™

* Benzenethiol

3
8,
)
k)
c
2
E ¢
400 800 1200 1600
Raman shift (cm™)
e A= 785nm f
Background refractive index 104F
. —1.33 —1.38 —1.43 —1.48 E
2 A —153 —158 e |
Dl “//‘ 5 sl W
3 E'%
& 50 s
i E 10%F
% A
x -
‘ 10'¢
|

1 1
600 800 1000

Wavelength (nm)

Fig. 2 | Au-silica SERS substrate characterization. a An optical image and a
scanning electron microscope image of the substrate. The cross-sectional FIB-SEM
image (top) shows the region marked by the red line. b Representative BZT SERS
spectra obtained from the mapping measurement. ¢ 2D SERS mapping image (20 x
20 pm®) using 1077 cm ™" peak of BZT. d FDTD-calculated reflectance spectra with
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different background refractive index values from 1.33 to 1.58. e Electric field
intensity distribution map at 785 nm under a background refractive index of 1.38.
f Calculated maximum |E|* values at 785 nm with different background refractive
index values.

molecularly distinct domains, revealing patterns not apparent by manual
inspection. This spatially resolved chemical information provides a practical
handle for mechanism-focused single-cell studies, including acute stimulus
responses, drug action, and metabolic state mapping.

Characterization of Au-silica SERS substrate

In Fig. 2a, an optical image of the large-scale multilayered Au-silica SERS
substrate shows a vivid diffraction pattern, and the inset scanning electron
microscope image confirms uniform and periodic arrays of Au-silica
nanoantennas. The surface topography of the fabricated nanopillar arrays
was further characterized by atomic force microscopy (AFM) to verify their
periodicity and uniformity (Fig. S1). The AFM results show consistent
nanopillar arrays with a periodicity of 400 nm. Unlike SERS substrates
composed of randomly aggregated nanoparticles, the periodic arrangement
of nanoantennas provides uniform electromagnetic hotspots, thereby
minimizing spot-to-spot variability and enhancing signal reproducibility
across large areas. The cross-sectional view focused-ion beam scanning
electron microscope (FIB-SEM) image at the top of Fig. 2a reveals the
vertically stacked Au-silica-Au multilayer nanoantenna structure. To fab-
ricate SERS substrates with multilayered Au-silica nanoantennas, we created
a nanowell composite hard-polydimethylsiloxane (PDMS) stamp from a
nanopillar-structured silicon wafer”’. Next, we molded the PDMS stamp
with UV-curable polyurethane (PU) to create nanopillar arrays on polyester
film. Layers of gold and silica were alternately deposited by electron-beam
deposition to fabricate the multilayered Au-silica nanostructures®. The gold
and silica layer thicknesses were carefully optimized to achieve high hotspot
density and stable membrane interfacing simultaneously. Vertically stacked
layer nanoantennas were designed to support multiple plasmonic modes,

including magnetic dipole resonances. Specifically, we employed 30 nm Au
layers and silica insulator layers of 6, 8, and 12 nm (from bottom to top) to
ensure broadband plasmonic resonance covering both the excitation
(785 nm) and Stokes-Raman scattering regions. This multi-resonant con-
figuration enables strong and stable SERS enhancement under near-infrared
excitation, while maintaining biocompatibility and minimizing photo-
damage during live-cell measurements. Compared with other high-
performance 3D SERS substrates, the soft lithography-based SERS sub-
strates with a 16 cm® device footprint on polyester film are cost-effective and
can be readily cut into small pieces for cell studies.

To characterize SERS performance of the multilayered Au-silica SERS
substrate, we performed 2D SERS mapping (400 pixels) using benzenethiol
(BZT) self-assembled monolayer, a non-resonant Raman analyte, while
immersing the substrate in water to mimic biological conditions. Figure 2b
shows 20 representative BZT SERS spectra and displays the expected BZT
signature peaks. The primary peaks at 420, 1001, 1024, 1077, and 1576 cm™*
are attributed to distinct vibrational modes in the BZT molecule”. To
qualitatively assess hotspot uniformity, we plotted a 2D intensity map using
the 1077 cm ™" peak (Fig. 2c). The calculated relative standard deviation is
6.9% across 400 pixel points, indicating great hotspot uniformity of Au-silica
SERS substrates and supporting a reproducible SERS signal acquisition over
a single-cell region.

To investigate the optical properties of the SERS substrates, we per-
formed 3D finite-difference time-domain (FDTD) simulations. First, Fig. 2d
shows calculated far-field reflectance spectra from 400 nm to 1100 nm with
different background refractive index (RI) values ranging from 1.33 to 1.58
in 0.05 increments to reflect the varying local RI values of the extracellular
cell membrane*>*. Multiple resonant dips appear over the wide wavelength
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range with different redshifting trends as the background RI increases. The
peaks reveal different degrees of redshifting due to the various physical
origins of plasmonic mode hybridization. The near-field electric field dis-
tribution maps are shown in Fig. S2 to visualize mode origins. The mode at
near 600 nm arises from hybridization of the electric dipole localized surface
plasmon (LSP) mode in multilayered nanoantennas and the surface plas-
mon polariton (SPP) Bloch mode in bottom multilayered nanohole arrays,
both background RI-sensitive, thus redshifting as RI increases. On the other
hand, two resonant dips at near 730 nm show negligible redshifting as
background RI changes, consistent with SPP Bloch mode character in the
nanohole arrays. The resonances at 830 and 950 nm redshift only slightly,
attributable to hybridization of RI-insensitive SPP Bloch modes with RI-
sensitive magnetic dipole gap modes™*. Overall, the numerical studies
show that the multilayered Au-silica SERS substrates exhibit a broadband
plasmonic response that covers the excitation wavelength and extends into
the biologically relevant Stokes-Raman region up to 1000 nm (2738 cm™"),
helping preserve SERS performance under local RI variations of cellular
membrane environment. For conventional single-resonant SERS substrates,
in contrast, their SERS performances are likely to be off-resonant and sig-
nificantly degraded due to different local RI values of living cells, and may
provide biased quantification.

We used an excitation wavelength of 785 nm because it minimizes
autofluorescence and provides high plasmonic efficiency for gold-based
nanostructures. Among 532, 633, and 785 nm, electromagnetic field dis-
tribution profiles (Fig. S3) confirm that the 785 nm excitation produces
stronger and more spatially confined near-field enhancement around the
nanoantenna structure, validating it as the optimal wavelength for our
platform. As shown in Fig. 2e, we calculated the electric field intensities and
plotted a distribution map at 785 nm with a background RI value of 1.38 to
mimic a cell membrane environment. The near-field map shows strong field
enhancement at three vertical nanogap regions and along the nanodisk
sidewalls that form direct physical contact with the cell membrane. The
calculated maximum |E[* is 1020, and using the |E|* approximation® yields
an estimated SERS enhancement factor of 1.0 x 10°, sufficient to provide
membrane biomolecular information in a label-free manner. To quantita-
tively evaluate the SERS performance, the enhancement factor of the sub-
strate was determined using BZT*. Based on 400 mapping points in Fig. 2c,
the average EF was calculated to be approximately 4.5 x 10° in good
agreement with simulation results.

As the local RI values of the membrane vary, we further calculated the
maximum electric field intensity of Au-silica SERS substrates with different
background RI values from 1.33 to 1.58. From 1.33 to 1.58 RI values with
0.05 increment, the maximum electric field intensities are 780, 1020, 1300,
1550, 1690, and 1500, respectively, indicating minimal background RI-
induced SERS modulation. These numerical results support robust mole-
cular profiling of single living cells.

Label-free spatial molecular profiling of single-cell

To demonstrate a proof-of-concept of label-free spatial molecular profiling
of living single cells, we directly cultured breast cancer cells (MCF-7) onto
the Au-silica multilayered SERS substrates. MCF-7 cells were selected as a
representative model for this proof-of-concept demonstration because they
are one of the most extensively characterized breast cancer cell lines,
representing estrogen-receptor-positive luminal-type cancer. We first
measured SERS spectra from individual cells to confirm that the platform
can directly capture features of the extracellular environment in single living
cells. Figure 3a and b present the representative SERS spectra of MCF-7 cells,
and the corresponding spatial locations are star-marked in bright field
images (Fig. 3c). As expected, each spectrum exhibits different spectral
profiles, reflecting submicron-scale variation in the local extracellular
environment and ongoing biological dynamics. Several characteristic peaks
are observed, and the average spectra with the 5th-95th percentile dis-
tribution are provided in Fig. 4. To confirm that the signals originated from
the membrane-associated environment rather than background noise, we
measured the control spectrum obtained from culture media alone (without

cells) on the SERS substrate in Fig. S5. No distinct Raman peaks char-
acteristic of biomolecules were detected, confirming that the culture med-
ium does not produce interfering signals and that residual media
components do not significantly contribute to the observed SERS signals.

Each characteristic Raman peak in the spectra of Fig. 3a and b reports
specific and comprehensive biochemical features, and we focused on three
frequently observed peaks of 679, 726, and 1121 cm™". The 679 cm ™" peak is
consistent with glutathione-related vibrations, a crucial protein component
of the cellular antioxidant defense system. As a biomolecule directly linked
to cell survival, this peak may reflect the enhanced cancer cell survival”. The
peak at 726 cm ™' corresponds to the adenine ring breathing mode, which
potentially reflects local abundance from heightened adenine-containing
metabolic activity and dysregulated signaling processes™. Moreover, the
presence of the C-C stretching of the phospholipid peak at 1121 cm™ is
directly related to membrane components and indicative of membrane
integrity and composition”. Together, such peak assignment observed at
membrane-proximal sites supports an extracellular origin of the measured
spectra.

Figure 3c shows bright field images of MCF-7 cells, which do not
exhibit morphological signs of apoptosis (e.g., cell blebbing), indirectly
supporting the biocompatibility of the Au-silica SERS substrates. To further
validate the biocompatibility of the Au-silica SERS substrate, we conducted a
live/dead assay (Fig. S6), which revealed no significant difference in cell
viability between standard culture dishes and the SERS substrate. We
conducted label-free 2D SERS mapping over 40 x 40 um’, sufficient to cover
a single-cell region with its local extracellular space, and visualized intensity
maps of the three peaks (Fig. 3d—f). The detected SERS signals primarily
arise from biomolecules associated with the cell membrane and its
immediate pericellular environment, as the electromagnetic enhancement
occurs exclusively within the nanoscale plasmonic hotspots of the 3D Au-
silica nanoantennas. Given the 3D Au-silica nanoantenna topography and
high cell viability, nanoantennas do not appear to penetrate the membrane
and reach the intracellular region; instead, they are engulfed by the cell
membrane, allowing the hotspots to interact predominantly with extra-
cellular membrane-associated and nearby pericellular environments. To
verify that no significant cell displacement occurred during the mapping
process, bright-field images were captured immediately before and after
SERS acquisition. As shown in Fig. S7, detectable positional drift or mor-
phological change was minor.

To facilitate spatial distribution, the bright field images are overlaid on
the maps with reduced brightness. Raw 2D SERS intensity maps are
attached in Fig. S8. Overall, we observed meaningful spatial similarities
between intensity maps and the overlaid bright-field images. The 2D SERS
maps display that molecular signatures are not uniformly distributed, but
instead exhibit localized patterns near the cell boundary or cytoplasmic
region that align with cell morphology. As shown in Fig. 3d-f, cell 1 and cell
3 exhibit strong signal intensities distributed throughout the entire cell,
whereas cell 2 shows relatively localized accumulation in specific regions. In
addition, the spatial distributions of the characteristic molecular bands at
679, 726, and 1121 cm ™! differ within the same single cell, indicating that
each molecular species exhibits a distinct localization pattern. Notably,
although most high-intensity regions spatially correlate with the morpho-
logical cell boundary, some are not strictly confined to it. Given the dynamic
biological activities of living cells, cell-derived pericellular biomolecules (e.g.,
metabolites and extracellular vesicles) in the vicinity of the membrane may
occupy plasmonic hotspots. These observations demonstrate that molecular
distributions are spatially heterogeneous even within a single living cell
(spot-to-spot molecular heterogeneity), and that the degree of such het-
erogeneity varies across different individual cells, reflecting diversity in
biomolecular composition and spatial organization™. To confirm repro-
ducibility, additional single-cell SERS mappings were performed on cell 4
and cell 5 under identical conditions, as shown in Fig. S9. The overall spatial
distributions and peak-specific patterns observed in these cells were con-
sistent with those in Fig. 3c—f, supporting the reproducibility and robustness
of the mapping results across multiple individual cells.
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Furthermore, spatial maps of the characteristic peaks delineate
biomolecular regional features and spatial analyses. For example, in
the case of glutathione peak 679 cm™ (Fig. 3d), recent studies have
shown that glutathione levels decline drastically after anticancer drug
treatment, indicating its potential use as a therapeutic response
marker”. Mapping this peak across individual cells possibly allows
visualization of spatially-resolved changes in glutathione distribution,

thereby revealing drug-induced molecular alterations at the single-
cell level. Similarly, spatial mapping of the 726 cm™" (Fig. 3e) adenine
ring-breathing vibration and the 1121 cm™" (Fig. 3f) phospholipid
C-C stretching band can provide a comprehensive view of localized
biomolecular activities of cancer cell membranes, offering deeper
insights into nucleotide metabolism and membrane lipid dynamics.
However, manual inspection of such complex mapping data with
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molecular signatures remains subjective and human-error prone, and
may lead to lab-to-lab variability and misinterpretation.

Identification of coherent molecular domains using HCA

To establish a reproducible analytical framework, we performed hier-
archical clustering analysis (HCA) for unbiased spectral pattern recognition.
HCA is an unsupervised machine learning technique that organizes spectral
data into a hierarchical structure (dendrogram) based on similarity,
allowing for objective identification of distinct molecular signatures. This
method has been previously used in SERS multivariate analysis for spectral
classification and spatial mapping of biochemical variations in cells™. Figure
4a, d, and g present dendrograms for cells 1, 2, and 3, respectively, illus-
trating how HCA systematically grouped the spectral dataset into distinct
cluster populations based on spectral pattern similarity and relative peak
intensity variations. The dendrogram structure reveals the hierarchical
relationships between different spectral signatures, where the vertical axis
represents individual spectra and the horizontal axis indicates the

dissimilarity distance at which clusters merge. To maximize spectral dis-
tinction, the clustering number k was set to 3, allowing for optimal
separation of distinct molecular signatures, and the three resulting clusters
were assigned different colors of blue (cluster 1), yellow (cluster 2), and red
(cluster 3).

Figure 4b, e, and h show the corresponding clustering pixel maps of
cells 1, 2, and 3, demonstrating spatially coherent molecular domains.
Notably, the clustered regions closely exhibit morphologies that resemble
the actual cellular boundaries of each cell, supporting the reliability and
biological relevance of label-free spatial molecular profiling achieved
through 2D SERS mapping. Enrichment of specific clusters along the
membrane further aligns with the membrane-associated components. The
spatial coherence of clusters indicates that the observed peak patterns can
reflect the distinct biochemical composition of the extracellular
environment.

Figure 4c, f, and i show the cluster-averaged spectra of cell 1, cell 2, and
cell 3, with shaded regions showing the 5th-95th percentile distributions for
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each cluster, thereby summarizing intracluster variability. For clusters 1 and
2, which most clearly demarcate distinct cellular regions, the principal
spectral differences are observed in the intensity variations at 679 and
726 cm™, consistent with the assignments described above. These findings
further indicate heterogeneity of the corresponding biomolecules in the
extracellular environments. Notably, cluster 3 (red) exhibits a distinct peak
distribution, capturing localized and heterogeneous molecular signatures
across membranes. This regional specificity points to spatially restricted
membrane domains and can potentially enable deeper cellular interroga-
tion. Such heterogeneity aligns with the concept of functional membrane
compartmentalization and with recent reports of lipid rafts and localized
signaling hubs that facilitate selective protein clustering and enhanced signal
transduction in cancer cells***’. The same HCA was also performed for cell 4
and cell 5 under identical conditions, as shown in Fig. S10. The resulting
clustering maps exhibited broadly consistent molecular domain patterns
and regions where the clustered boundaries roughly followed the overall
cellular morphology, further supporting the general reproducibility of the
analysis across multiple single cells.

Through systematic pixel-level hierarchical clustering, we demon-
strated spatial molecular analysis through characteristic peak assignments
while capturing overall spatial distributions across entire single cells. This
spatially resolved multivariate approach yields a comprehensive inter-
pretation of molecular fingerprints and captures complex biomolecular
interactions within native cellular environments. Therefore, SERS-based
spatial molecular profiling of living cells can bridge traditional Raman band
assignment with data-driven multivariate approaches, establishing a
reproducible framework for future label-free single-cell studies.

Discussion

We developed a membrane-interfaced 3D Au-silica SERS platform that
integrates topography-induced cell engulfment with exceptional hotspot
uniformity and broadband plasmonic enhancement, enabling spatially
resolved molecular profiling of living single cells. The platform demon-
strates uniform SERS performance (RSD = 6.9%) and mitigates the repro-
ducibility issues of colloidal systems, which often suffer from aggregation in
biological environments. The multilayered Au-silica nanoantenna design
provides a broadband plasmonic response that is insensitive to variations in
the local cellular RI, addressing limitations of single-resonant SERS sub-
strates. By establishing tight membrane-hotspot interfaces through con-
trolled 3D nanotopography, the SERS substrate yields consistent nano-bio
interfaces allowing for reproducible signal acquisition from the extracellular
molecular environment. The use of 785 nm near-infrared excitation can
reduce phototoxicity and autofluorescence interference, critical considera-
tions previously identified as major challenges in SERS-based cellular ana-
lysis. Label-free spatially resolved molecular profiling reveals spatial
molecular heterogeneity within individual living cells, with characteristic
peaks at 679, 726, and 1121cm™" potentially providing information
regarding cellular antioxidant status, nucleotide metabolism, and mem-
brane composition, respectively. Combined with HCA, the results provide
objective identification of spatially coherent domains that correspond to
cellular morphology, validating the biological relevance of label-free read-
outs and the platform’s ability to capture membrane-associated biochemical
variations without labeling artifacts.

While the present work focuses on static molecular profiling, extending
the approach to time-resolved measurements should illuminate the
dynamics of cellular heterogeneity, including how molecular patterns evolve
during drug exposure or stress. Additionally, systematic optimization of
geometric parameters governing cell engulfment may further refine the
membrane-hotspot interface and broaden applicability across cell types of
diverse morphologies. In parallel, advanced Al methods for peak selection,
denoising, and feature attribution could reduce operator bias and improve
analytical consistency, in line with recent advances in automated SERS
interpretation.

It is noted that when applying the platform to other cell types, several
factors must be carefully considered, such as differences in cell adhesion,

morphology, and membrane stiffness, which can influence the degree of
membrane-nanostructure contact and hotspot accessibility. In particular,
highly motile or weakly adherent cell types may require optimization of
substrate surface chemistry or nanoantenna geometry to maintain stable
cell-substrate interfaces during live-cell SERS mapping. Unambiguous peak
assignment in label-free cellular SERS remains challenging because multiple
biomolecules colocalize within plasmonic hotspots and contribute over-
lapping vibrational signatures to the measured spectra. Moreover, rigorous
validation strategies, such as isotopic labeling, targeted inhibitor assays, or
chemical perturbations, are generally incompatible with membrane-
interfaced living cell SERS measurements, as they are likely to disrupt the
nano-bio interface that is essential for membrane-associated signal acqui-
sition. Consequently, molecular assignments in living cell studies have often
been tentative, inferred from vibrational energies and prior literature under
the assumption that the measured signals are cell-specific. We therefore
envision that systematic and interface-preserving assays can markedly
improve the feasibility and interpretability of label-free cellular SERS and
extend its use to spatiotemporally-resolved analyses under diverse external
stimuli.

In summary, we demonstrate a membrane-interfaced 3D Au-silica
SERS platform that enables label-free extracellular mapping for spatial
molecular profiling at the single-cell level. The multilayered nanoantenna
arrays demonstrate exceptional hotspot uniformity and robust SERS
enhancement under biologically relevant conditions. The key enabling
factor is the formation of tight membrane-hotspot interfaces via 3D
nanotopography-induced cell engulfment, allowing consistent and repro-
ducible signal acquisition from the extracellular environment. Our 2D SERS
mapping approach successfully captured spatial distributions of char-
acteristic biomolecular signatures, and the implementation of HCA pro-
vides an objective framework for identifying spatially coherent molecular
domains that correspond to cellular morphology and membrane com-
partmentalization. Therefore, we believe that the platform’s label-free and
minimally perturbative operation makes it well-suited for future studies of
dynamic cellular responses and for advancing our understanding of fun-
damental biological processes at single-cell resolution.

Methods

Fabrication of Au-silica-based SERS substrate

We initially fabricated a composite polydimethylsiloxane (PDMS) template
containing nanowell arrays featuring 400 nm periodicity, 100 nm diameter,
and 150 nm depth through soft lithography processes using a silicon wafer
with patterned nanopillar structures. Using this PDMS template as a mold,
UV-curable polyurethane (PU) was employed to create nanopillar arrays on
flexible, optically transparent polyester substrates. Following a 10-minute
UV exposure, additional thermal curing was conducted at 80 °C in a con-
vection oven overnight. Subsequently, sequential deposition of gold and
silica layers was performed via electron-beam evaporation techniques. Four
gold layers were deposited with 30 nm thickness each, while three silica
layers were deposited with thicknesses of 6 nm, 8 nm, and 12 nm from
bottom to top, respectively. Chromium (1 nm) was deposited as an adhesion
layer between the polymer nanopillar array and the initial gold layer, with
titanium (0.7 nm) serving as adhesion layers between gold and insulator
interfaces. Finally, selective etching of silica layers was achieved using a 10:1
buffered oxide etchant for 20 seconds to expose the embedded metal-
insulator-metal plasmonic hotspots.

Finite-difference time domain (FDTD)

3D FDTD simulations were performed by commercial software (Ansys
Lumerical Inc.). A uniform 2nm mesh was used for x-, y-, and
z-directions. The optical constants of gold were taken from Johnson and
Christy. The Bloch boundary condition was used in x- and y-directions
with a periodicity of 400 nm and the perfectly matched layer boundary
condition was used in the z-direction. The refractive index of Silica, and
PU were set as 1.5 and 1.56, respectively. The background RI value was
varied from 1.33 to 1.58.
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Enhancement factor (EF) calculation

The enhancement factor (EF) of the multilayered Au-SiO, SERS substrate
was evaluated using benzenethiol (BZT) as a non-resonant Raman analyte.
The EF was calculated using the standard expression, EF = (Isgrs/Iraman) X
(NRaman/Nsgrs), where Isgrs and Iraman represent the measured SERS and
neat Raman intensities, respectively, and Nggrs and Ngaman denote the
number of molecules contributing to each signal. Nggrs was estimated as
Nsers = SA X psgrs, Where SA is the illuminated surface area on the SERS
substrate and psggs is the molecular packing density of BZT (6.8 x 10"
molecules/cm?). Ng,man Was determined using Ngaman = A X degr X Pramans
where A is the laser-illuminated area, d.g is the effective focal depth, and
PRaman is the molecular density of neat BZT (5.9 x 10*' molecules/cm’). The
desr value was experimentally measured using a bare silicon wafer by
adjusting the objective focus in incremental steps.

Single cell culture

MCEF-7 cells were grown in EMEM with 10% FBS and 2x L glutamine. Cells
were grown in culture flasks at 37 °C in a 5% CO, atmosphere. Cells were
then trypsinized and seeded on Au-silica SERS substrates.

Live/dead assay

Cell viability was assessed using the LIVE/DEAD Viability/Cytotoxicity Kit
(Thermo Fisher Scientific). Calcein-AM stock solution was equilibrated to
room temperature and diluted with PBS (5 pL calcein-AM per 10 mL PBS).
After medium removal and PBS washing, the cells in the plates were
incubated with 2 mL of staining solution for 30 minutes at room tem-
perature. Cells were then imaged using fluorescence microscopy at 494/
517 nm excitation/emission wavelengths to visualize viable cells.

SERS measurement

For SERS measurements, we employed a confocal Raman microscope with
785 nm laser excitation delivered through a 20x objective (NA = 0.4). When
conducting 2D SERS mapping experiments on living cells, we switched to a
20x water immersion objective (NA =0.5) and collected spectra with a
1-second integration time per pixel across 40 pm x 40 pm scanning area.
Before each measurement session, we verified instrumental calibration by
confirming the silicon reference peak at 520 cm™" to ensure spectral accuracy.
We performed all experiments using a backscattering geometric configura-
tion. The collected backscattered photons were then spectrally dispersed
using a 300 groove/mm diffraction grating and captured by a CCD detector.

Data analysis

Cosmic ray removal and baseline correction were conducted. Extraction of
intensities at the 679, 726, and 1121 cm ™' peaks and data truncation from
200 to 2000 cm™"' for HCA input were carried out with the R package
hyperSpec. Outlier spectra were excluded before clustering; these excluded
regions are displayed in gray on the HCA maps. For HCA, calculation of
distance matrices, dendrograms, and clustering was performed using the
stats package.

Data availability

The data associated with this study are provided in this manuscript and
accompanying Supplementary Information. Raw data are available from the
corresponding authors upon reasonable request.
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