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Cutting-edge Advances in Raman Imaging Technology and
Its Interdisciplinary Research with Aggregate Science

LI Yuting, LUO Liang’
(College of Life Science and Technology , Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract Raman imaging, as a molecular spectroscopy technique, has been widely studied and applied in research
fields such as life sciences and food safety due to its excellent specificity and high resolution. However, its
development still faces challenges such as weak signals, slow acquisition speed, and insufficient penetration depth.
In recent years, the rapid development of aggregate science has provided new insights for addressing these
limitations. Aggregation-induced emission (ATE) materials exhibit enhanced signals in the aggregated state, which
may compensate for the inherent weak Raman signals. This article reviews the cutting-edge progress of Raman
imaging technology and its current status in cross-disciplinary research with aggregate science, emphasizing the
strategy of constructing AIE-Raman dual-responsive probes through molecular engineering to achieve functional
complementarity between fluorescence localization and Raman quantification, thereby significantly improving
detection sensitivity and specificity. These probes have demonstrated single-cell resolution and high spatiotemporal
accuracy in applications such as tumor surgical navigation, diagnosis and treatment of drug-resistant bacteria, and
dynamic monitoring of organelles. We also analyze the bottlenecks in this field, such as biological safety and the

complexity of molecular design, and outline the future development directions, including intelligent responsive
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probes, artificial intelligence-assisted analysis, and multimodal fusion platforms. The integration of Raman imaging
and AIE sheds new light in the field of medical imaging.

Keywords Raman imaging; Probe; Aggregate; Aggregation-induced emission(AIE)

1 Introduction

The Raman scattering effect refers to the inelastic scattering of light resulting from interactions between

1

photons and molecules'"’. When photons collide with molecules and exchange energy, the frequency of the

scattered light shifts relative to the incident light. This frequency shift reflects changes in the vibrational and

2,3]

rotational energy levels of the molecules' Owing to this vibrational fingerprint characteristic, Raman

1

spectroscopy has become a pivotal tool for elucidating chemical structures™’. As an optical method that

requires no exogenous labeling, Raman spectroscopy enables label-free detection based on the intrinsic

56/ This not only simplifies sample preparation but also circumvents issues

molecular vibrations of analytes
associated with fluorescent dyes, such as potential toxicity, photobleaching, and limited photostability'”’.
Furthermore, the narrow spectral bandwidth of Raman signals allows for the discrimination of molecules with

similar chemical structures, forming a critical foundation for highly selective analysis®.

Advances in
hardware technologies including lasers, filters, and single-photon detectors, have substantially improved the
signal-to-noise ratio and acquisition efficiency of Raman systems, laying a solid groundwork for the

progression of Raman imaging'®'",

In imaging mode, when combined with the spatial resolution of
microscopic optical systems, Raman technology facilitates structural and compositional analysis at the
sub-micron scale, providing high-spatial-resolution chemical mapping for fields such as life sciences,
materials science, and pharmaceutical analysis'"'"'.

Early Raman-based imaging modalities primarily relied on confocal Raman microscopy. This technique
involves point-scanning the sample with excitation light, recording complete vibrational spectra at each pixel,
and reconstructing spatial information from the spectral data to generate two- or three-dimensional chemical

14,15]

composition maps’ It offers high spatial resolution, strong spectral specificity, and the capability for

quantitative analysis in complex systems, making it a valuable tool for studying chemical reaction kinetics,

cellular metabolism, and material structures''®’.

However, the point-scanning nature of confocal Raman
microscopy often results in relatively slow imaging speeds, limiting its applicability for real-time monitoring of
rapid dynamic processes'”. To address this limitation, various signal enhancement and acceleration strategies
have been developed. A prominent example is surface-enhanced Raman scattering (SERS) , which leverages
localized surface plasmon resonances generated by metallic nanostructures to amplify Raman signals by several
orders of magnitude, therefore enabling highly sensitive detection even down to the single-molecule level ™',

Concurrently, the rapid development of coherent Raman imaging techniques has provided crucial pathways to
overcome the speed constraints of conventional scanning. Coherent anti-Stokes Raman scattering (CARS) and
stimulated Raman scattering (SRS) utilize coherent optical fields to enhance vibrational signals, significantly

boosting signal levels and suppressing background noise'"” .

These techniques can achieve video-rate
imaging speeds, making them suitable for real-time observation of living tissues and fast biological processes.
Moreover, emerging technologies such as wide-field Raman imaging, compressive sensing Raman imaging,
and deep learning-assisted spectral reconstruction have further accelerated Raman data acquisition and

2721 Qverall, the evolution of

processing, enabling high-throughput, multi-dimensional Raman analysis'
Raman imaging is shifting from traditional high-spectral-resolution scanning toward high-speed, low-
photodamage, real-time, and dynamic imaging modalities.

Despite the continuous refinement of Raman imaging technologies, their development remains
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constrained by several challenges. First, the inherently small Raman scattering cross-section leads to weak
intrinsic signals, necessitating long acquisition times to achieve sufficient signal-to-noise ratios. This not only
limits imaging speed but also increases risks such as photobleaching and thermal effects, which are

particularly problematic in biological tissues?'.

Second, there exists a fundamental trade-off among high
spectral resolution, broad spectral range, and high acquisition speed. Rapid imaging often relies on spectral
compression or reduced sampling, which inevitably compromises spectral detail and thereby affects the

2.3 More importantly, Raman imaging exhibits limited penetration

accuracy of compositional discrimination'
depth in thick tissues. Significant scattering and absorption in biological samples attenuate the signal,
restricting the effective imaging depth of Raman techniques compared to established methods such as
multiphoton fluorescence microscopy®”. Furthermore, although high-speed coherent Raman methods
markedly improve imaging efficiency, their system complexity, high costs, and stringent requirements for
laser source stability hinder widespread adoption in conventional laboratory and clinical settings?.
Therefore, Raman spectroscopic imaging urgently requires the integration of novel technical approaches to
overcome these existing limitations.

Aggregation-induced emission (AIE) , a landmark concept in aggregate science, was first proposed in
2001 by Prof. Tang and coworkers'®**. In stark contrast to aggregation-caused quenching(ACQ) materials,
AIE materials exhibit weak emission in the monomeric state while demonstrating significantly enhanced

fluorescence intensity upon aggregation or in the solid state"*.

Representative AIE chromophores such as
tetraphenyl ethylene (TPE) , characterized by their non-planar propeller-shaped configurations, exemplify the
transition from molecular behavior to emergent aggregate properties, establishing a research paradigm
spanning from molecular design to aggregate regulation'**"",

The introduction of the AIE concept has not only overcome the critical limitation of ACQ in solid-state
luminescence but also opened new avenues for constructing high-performance functional materials through

1

precise control of molecular aggregation'®’. In the realm of biosensing and bioimaging, AIE materials have

demonstrated tremendous potential owing to their high emission efficiency in aggregated states, exceptional

photostability, and minimal background interference'**"

. With ongoing research advancements, AIE systems
have expanded from classical structures like TPE and triphenylamine (TPA) to sophisticated architectures
featuring donor-acceptor (D-A) configurations, as well as complex systems exhibiting excited-state intra-
molecular proton transfer (ESIPT) or twisted intramolecular charge transfer (TICT) characteristics*'*'. These
developments have substantially broadened the scope of luminescence modulation and application boundaries.
AlE-based probes have shown outstanding performance
in detecting various analytes, including metal ions,
reactive oxygen species, gaseous signaling molecules,
pH variations, enzymatic activities, and disease
biomarkers “ . Particularly noteworthy is the progress
in second near-infrared window (NIR-II) AIE probes,
which have considerably improved tissue penetration
depth and spatial resolution for in vivo imaging'*"’.

In recent years, the integration of AIF, with Raman

imaging has emerged as a prominent research focus.

Innovative strategies include the development of AIE-

Raman dual-modal probes and aggregation-enhanced  Fig.1 Research progress of Raman imaging and

Raman signal systems (Fig.1). These approaches provide its integration with aggregate science
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powerful tools for tumor imaging, drug delivery, and real-time monitoring of live cell metabolism. The synergy
between AIE and Raman imaging effectively compensates for the inherent weaknesses of Raman imaging, such
as weak signals and slow acquisition speeds, while offering novel design strategies for multimodal imaging

[48]

platforms and high-sensitivity analytical techniques*. This convergence represents a significant future

direction for biomedical imaging applications.

2 Core Technologies and Development of Raman Imaging

2.1 Spontaneous Raman Imaging

Spontaneous Raman Imaging is a spectroscopic technique based on molecular inelastic scattering, whose
principle originates from the interaction of photons with molecular vibrational modes. When a monochromatic
laser irradiates a sample, the vast majority of photons undergo elastic Rayleigh scattering, while only about

#.39] " This process reveals vibrational information of

one in 10° events produces Raman scattering'
chemical bonds through changes in molecular polarizability, generating molecule-specific “fingerprint
spectra”’. In biological systems, approximately 90% of spontaneous Raman bands are concentrated in the
characteristic region of 400—1800 cm™, with the remainder distributed in the C—H/O—H stretching vibration

', allowing precise reflection of the composition and conformational changes

region spanning 2700—3300 cm™
of major biomacromolecules such as proteins, lipids, and nucleic acids™". Unlike SERS which requires metal
nanostructures for enhancement, spontaneous Raman can directly detect the intrinsic biochemical information
of samples without exogenous labels or substrates' ™.

In cellular and tissue research, spontaneous Raman imaging has demonstrated unique application value.
At the cellular level, this technique can track organelle dynamics and interactions in real-time, monitor
molecular redistribution during mitosis, and achieve precise identification of physiological and pathological
processes such as stem cell differentiation and apoptosis through spectral fingerprint analysis™***'. At the
tissue level, spontaneous Raman is widely used for tumor pathological diagnosis, such as detecting
5, 6-dihydroxyindole metabolites in melanoma, distinguishing pancreatic cancer from pancreatitis, and

[49,55

analyzing cholesterol metabolism abnormalities in colon cancer ®*'. Recent studies have further expanded its

application scenarios. One hundred percent accuracy has been achieved in diagnosis of rheumatoid arthritis

0l Micro-spectral analysis

via intelligent two-dimensional biopsy through scanning the skin of affected joints
of brain tissues from epilepsy model animals in field of neuroscience has revealed abnormal expressions of glial
fibrillary acidic protein (GFAP) "', Additionally, the spatial distribution of hypoxia-inducible factor-1
(HIF-1) and programmed death-ligand 1(PD-L1) has been mapped in research related to the tumor microenvi-
ronment ). These applications are all based on the label-free analytical capability of spontaneous Raman for
tissue biochemical composition, enabling the revelation of disease-related macromolecular structural changes
at the molecular level.

However, inherent defects in spontaneous Raman imaging significantly constrain its clinical translation.
The most prominent limitation is its extremely weak signal intensity, leading to a low signal-to-noise ratio.
This often necessitates optimization of laser power and integration time. High-quality spectral acquisition at a
single point can take about 100 ms, and imaging a 10 mmX10 mm tissue sample can take up to 3 h, severely
limiting the monitoring of dynamic processes'*".
2.2 Enhanced Raman Imaging Techniques

While traditional spontaneous Raman imaging can provide molecule-specific information, its inherent low

scattering cross-section leads to insufficient sensitivity and slow imaging speed, making it difficult to meet the

demands of biomedical research for high spatiotemporal resolution and dynamic monitoring. In recent years,
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various novel Raman-enhanced imaging techniques have significantly improved detection sensitivity and
functional specificity by introducing strategies such as plasmon coupling, gap resonance, stimulus-response,
and molecular engineering, opening new avenues for live-cell analysis, drug delivery monitoring, and clinical
diagnosis.

2.2.1 SERS Imaging SERS imaging technology overcomes the inherent weakness of spontaneous Raman
signals by utilizing localized surface plasmon resonance generated by noble metal nanostructures, which can
enhance the Raman signals of adsorbed molecules by up to 10"-fold***'. The enhancement mechanism
primarily stems from the synergistic effect of electromagnetic field enhancement and chemical enhancement
[Fig.2(A) and (B) "' SERS not only overcomes the drawback of weak signals but also offers advantages
such as resistance to photobleaching, narrow spectral bandwidth, and excellent multi-channel detection

63, 64

capability'
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Fig.2 Two enhancement principles of SERS: diagrams illustrating the electromagnetic field enhancement
principle® (A) and the chemical enhancement principle® (B), utilizing ''sugar nanoparticles' to
achieve real-time intraoperative imaging and complete resection of the spontaneous breast cancer
model in mice®™ (C), the images obtained by using ratio-type Raman probes on tumor tissues and
control tissues®®(D), imaging pH fluctuations with RHP@AuS in KA model mice™(E)

(A) Copyright 2024, American Chemical Society; (B) Copyright 2021, American Chemical Society; (C, D) Copyright
2024, Wiley-VCH; (E) Copyright 2025, Wiley-VCH.
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The evolution of SERS substrate design directly determines the limits of imaging performance. Early

65]

studies primarily relied on spherical gold nanoparticles'®’. To overcome their limitations, researchers have

[66,67]

developed anisotropically shaped structures and three-dimensional structures such as hollow nanoshells

]

and core-satellite assemblies'®’. Notably, innovative structures like Gap-Enhanced Raman Tags (GERTSs)

achieve controllable "hot spots" while maintaining physical stability, balancing the needs for sensitivity and

biocompatibility'®".

Nanoprobe engineering further enhances SERS imaging performance. A typical SERS
nanoprobe consists of four components: a plasmonic substrate, Raman labeling compounds (RLCs) , a
protective layer, and a biological targeting ligand ™. While traditional organic dyes can offer resonance

[71]

enhancement, they often suffer from photobleaching and spectral overlap In contrast, bioorthogonal RLCs

can shift characteristic peaks to the "biological silent region" (1800—2800 c¢cm™) , effectively avoiding

[72—75]

background interference . The design of the protective layer (e. g. , PEGylation) and the conjugation

707 For example, "glyconanoparticles" formed by anchoring

method of targeting ligands are also crucial'
hyaluronic acid (HA) onto SERS particle surfaces via liposomes exhibit significantly higher affinity for the
CD44 receptor than direct chemical conjugation, successfully enabling real-time intraoperative imaging and
complete resection in a mouse model of spontaneous breast cancer|[ Fig.2(C) ]/**'.

The biological applications of SERS imaging span from in vitro diagnostics to in vivo precision medicine.
In oncology, ratio imaging strategies, by simultaneously injecting targeted and non-targeted probes, can
precisely delineate tumor boundaries[ Fig.2(D) |, achieving a detection limit for residual intraoperative lesions
as low as the femtomolar level *®. The recently developed tandem dual-ratio SERS probe RHP@AuS can cross
the blood-brain barrier and monitor real-time dynamic fluctuations of brain tissue pH during epileptic seizures
[Fig. 2 (E) ] . Furthermore, Surface-Enhanced Hyper-Raman Scattering (SEHRS), as a two-photon
excitation technique combined with multivariate data processing methods like principal component analysis ,
enables high spatial resolution imaging within the pH range of 4—7. 5 in intracellular vesicle systems'™".

The precise control of nanoparticle aggregation behavior in SERS technology, such as inducing the
formation of uniform, high-density "hot spots" through external field driving or interfacial chemistry, is highly
aligned with the core concept of aggregate science, which constructs high-performance functional materials
through controlled molecular or nanoscale assembly. This active design and optimization of the "aggregate
state" not only provides key ideas for improving the sensitivity and reproducibility of SERS probes but also lays
the foundation for subsequent integration with AIE strategies. For example, future work could explore the
co-assembly of AIE luminogens (AlEgens) with SERS-active nanostructures to construct dual-responsive
probes that combine aggregation-enhanced luminescence and plasmon-enhanced Raman signals, achieving
functional complementarity and performance multiplication.

2.2.2 TERS Imaging Tip-Enhanced Raman Scattering (TERS) imaging technology integrates scanning
probe microscopy with SERS. By utilizing the localized electromagnetic field enhancement effect generated at
the tip of a metal probe, it overcomes the optical diffraction limit, enabling chemical-specific analysis at the

nanoscale™.

Key factors affecting TERS resolution include sampling step size, instrumental drift, probe tip
size, and geometry. Its spatial resolution has progressively improved from an initial 50—100 nanometers to
the sub-nanometer level. Achieving this resolution breakthrough relies on optimizing probe fabrication
techniques, employing atomically sharp probes, and developing environments like ultra-high vacuum
low-temperature(UHV-LT) systems®' ",

TERS demonstrates significant potential in nanoscale chemical analysis. In the study of two-dimensional
materials, TERS has successfully revealed defect distribution, local strain, and doping heterogeneity in

graphene®'. Hwang and Jhe'®' further note that TERS can not only probe defect structures in transition metal

Chem. J. Chinese Universities, 2026, 47(4), 20260008 20260008(6/18)
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dichalcogenides (TMDCs) but also achieve optical manipulation of dark excitons by tuning gap plasmons.
Biomaterial analysis is another important application. Mrdenovié et al."™ used TERS for label-free chemical
imaging of live cell membranes, achieving a spatial resolution of 2.5 nanometers under ambient conditions
and successfully distinguishing nanodomains enriched with different components [Fig.3 (A) ]. Compared to
diffraction-limited confocal Raman imaging, TERS revealed the heterogeneous distribution of membrane
components at the nanoscale [ Fig.3 (B) ]. Additionally, TERS can be employed to investigate catalytic and
surface chemical mechanisms, for example, by combining DFT calculations to study the selective adsorption
of CO» on SrTiO 5 photocatalyst surfaces®’, and can also monitor plasmon-driven photocatalytic reactions
[82]
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Fig.3 TERS images of the living cell membrane™!(A), compared with Confocal Raman, TERS reveals the

heterogeneous distribution of membrane components at the nanoscale®(B), schematic of dCERS™"
(C), and the schematic diagram of rapid AFST using SRS metabolic imaging and a bacterial SRS
image based on C—D peaks®"(D)

(A, B) Copyright 2022, Wiley-VCH; (C) Copyright 2024, Springer Nature; (D) Copyright 2023, American Chemical
Society.

The nanoscale and even sub-nanoscale spatial resolution provided by TERS offers an unprecedented
tool for in situ investigation of aggregate state formation processes, microstructures, and physicochemical
properties at the molecular level. This is crucial for deepening the understanding of fundamental AIE
mechanisms. For example, TERS could be employed to observe in real time the transition of AIE molecules
from a dispersed to an aggregated state under specific stimuli, directly characterize intermolecular interactions
and arrangements within aggregates, or correlate the enrichment of AIE probes in organelles with the local
nano-environment. Therefore, TERS is not only a powerful tool for material characterization but also holds
future promise as a key bridge connecting molecular design, aggregate state regulation, and macroscopic

optical properties, thereby advancing AIE-Raman interdisciplinary research to more microscopic and
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fundamental levels.

2.2.3  Other Enhancement Techniques  Plasmon-enhanced resonance Raman strategies represent an
important direction for ultra-sensitive imaging. Surface-enhanced resonance Raman scattering (SERRS)
achieves a signal enhancement of 6—=8 orders of magnitude by synergistically coupling molecular resonance
with the LSPR of metal nanostructures. Studies show that tuning the absorption peak of azobenzene-based
molecules to the visible region at 415 nm and precisely matching it with the LSPR peak of silver-core
gold-shell nanoparticles (Ag@AuNPs) at 530 nm and the excitation wavelength at 532 nm can produce
selective enhancement for C—N bond vibrations, achieving single-molecule level detection limits. This
core-shell structure design not only retains the high electromagnetic field enhancement properties of silver but
also improves biocompatibility and chemical stability through the gold shell. The core-shell thickness can be
precisely tuned for optimal spectral overlap, with 530 nm resonant particles exhibiting the strongest enhance-
ment under 532 nm excitation. Density functional theory calculations confirm that resonant excitation leads to
intramolecular charge redistribution. Specifically, the C—N bond vibrational modes at both ends of the azo
group receive maximum enhancement, while the tertiary amine C—N bond near the nanoparticle surface
further contributes to synergistic amplification through chemical enhancement mechanisms ',

Gap-enhanced resonance Raman tags (GERRTs) push the enhancement effect to new heights through a
unique core-shell-molecule sandwich structure. This technology embeds the near-infrared resonant dye IR-780
between a petal-like gold core and a silver shell, utilizing multiple “hotspots” and core-shell coupling effects
to boost Raman intensity by three orders of magnitude compared to traditional gap-enhanced tags. The strong
absorption peak of IR-780 perfectly matches the 785 nm excitation laser, producing resonance Raman effects.
The petal-like gold core provides a large molecular loading surface area and abundant nanogaps, while the
silver shell acts both as a protective layer preventing dye leakage and further enhances the signal due to
silver’s excellent SERS activity. This design achieves single-nanoparticle level detection sensitivity, enabling
high-speed live-cell imaging with ultra-short exposure time and low laser power, significantly reducing
phototoxicity and supporting time-lapse monitoring for up to 8 h'*’.

Stimulus-responsive resonance Raman scattering (SRRRS) imaging converts molecular recognition events
directly into enhanced Raman signals, breaking the sensitivity limit of traditional optical probes. This
technology utilizes the 8 -lactamase-catalyzed ring-opening reaction of nitrocefin, whose product absorption
red-shifts to 480 nm, generating resonance with 633 nm excitation light and achieving a 2—3 order of
magnitude signal enhancement. By immobilizing 4-mercaptophenylboronic acid on a gold nanobase to capture
bacteria, the dynamic activity of B-lactamase can be monitored in real-time at the single-cell level, achieving
ultra-sensitive detection of 10* cfu/mL. Studies found that B-lactamase activity in drug-resistant bacteria first
appears at the bacterial poles, consistent with polar distribution of protein translation and cellular stress
response mechanisms. An antibiotic breakpoint library established based on this allows susceptibility
screening of Pseudomonas aeruginosa against 14 antibacterial drugs within 3 h, with clinical validation
accuracy reaching 93%, significantly faster than traditional culture methods™".

Specialized resonance Raman probe design achieves functional-specific imaging through molecular engi-
neering. The azo-based resonance Raman pH probe (LysoAzo-pH) introduces a cyano electron-withdrawing
group and a methoxy electron-donating group onto the azobenzene backbone, red-shifting the absorption peak
to 495 nm. Simultaneously, it effectively quenches fluorescence background using the non-radiative transition
of azobenzene, achieving a Raman enhancement factor of 10°. This probe is highly sensitive to fingerprint
vibrational changes caused by N=N bond cleavage and C—N bond formation during protonation/

deprotonation reactions, the disappearance of the 1364 ¢cm™ peak and the blue shift of the 1414 cm™ peak,

Chem. J. Chinese Universities, 2026, 47(4), 20260008 20260008(8/18)
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and it is capable of resolving lysosomal acidification processes with <0.2 pH unit differences. In autophagy
studies, this method clearly revealed the spatial distribution changes of lysosomal pH in HelLa cells decreasing
from 5.620.4 to 4.8+0.3 under starvation conditions, providing a new chemical imaging tool for cell
metabolism research®"’.
2.2.4 New Types of Raman Imaging Techniques Addressing the challenge of signal irreproducibility in
SERS at ultra-low concentrations, the dCERS technology developed by Bi et al.”™ adopts a revolutionary
digital counting approach. By binarizing each acquired spectrum as “positive/negative” , counting the
proportion of positive voxels, and utilizing the Poisson distribution for statistical quantification, this method
theoretically avoids intensity fluctuations caused by uneven electromagnetic hotspots and molecular
orientation, ensuring statistically uniform enhancement probability in colloidal suspension systems.
Experiments confirm its universal quantitative capability for various molecules including proteins, nucleic
acids, metabolites, and dyes, achieving single-molecule level detection limits. Compared to classical SERS,
the quantitative error of dCERS is controllable and can be reduced by increasing acquisition time. It provides
a standardized technical framework for clinical screening of trace biomarkers and is currently being integrated
with the metabolomics technology “SERSome” to enhance early cancer diagnostic efficacy|[ Fig.3(C) ]/,
Furthermore, SRS microscopy has catalyzed a series of novel Raman imaging methods, greatly expanding
their application boundaries in precision medicine, drug screening, and biochemical analysis. For example,
the rapid antifungal susceptibility testing(AF ST) method developed by Chen et al."*”’ combines SRS metabolic
imaging with heavy water (D20) probes, reducing detection time from 24 h to 48 h required by traditional
methods to 4 h. By monitoring the formation rate of C—D bonds in single fungal cells, this technology
discovered unique response patterns. Amphotericin B inhibits metabolism while azole drugs stimulate
metabolism, achieving 100% classification consistency. A review by Hong et al.”” further points out that this
D,0-SRS strategy can dynamically track the synthesis of biomacr omolecules like lipids, proteins, and nucleic
acids, providing a high-throughput platform for biomarker discovery in cancer, infectious diseases, and

metabolic syndrome[ Fig. 3(D) .

3 Integration of Raman Imaging and Aggregate Science

3.1 Aggregated Materials as High-performance Raman Probes

The cross-interaction between aggregate science and Raman imaging provides a novel paradigm for
constructing high-density, highly uniform “hot spot” structures through the active regulation of molecular/
nanoscale assembly behavior, significantly enhancing the sensitivity, reproducibility, and biological
applicability of probes. lis core scientific advantage lies in the controllability of the aggregation formation
process, which enables the precise construction of localized electromagnetic field enhancement, while the
stability of the aggregated state ensures reliable Raman signal output in complex biological environments.

In nanoparticle aggregation systems, controllability is manifested through the synergistic regulation of
external field driving and interfacial chemistry. Park e al.'”® employed surface acoustic waves (SAW) to
induce the centripetal aggregation of 50 nm silver nanoparticles (AgNPs) during droplet evaporation, avoiding
the random coffee-ring effect and forming dense aggregates of approximately 2200 particles/wm? with uniformly
distributed nano-gaps of approximately 1. 5 nm. This dynamic assembly process achieved a detection limit for
dopamine of 4. 28 nmol/L. with a linear correlation coefficient of 0. 99 [Fig.4 (A) ]. This active aggregation
strategy not only increases hot spot density but also maintains droplet height through hydrophobic surface
modification, ensuring nano-gaps remain intact during assembly, thereby addressing the challenge of non-

uniform hot spots in traditional self-assembly. Similarly, the nano-aggregate-embedded beads (NAEBs)

Chem. J. Chinese Universities, 2026, 47(4), 20260008 20260008(9/18)
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developed by the Fong team employ chemically induced aggregation of AuNPs followed by in situ
encapsulation within a SiO» shell [ Fig.4 (B) ], solidifying the chemically enhanced “hot spots” into a stable
core-shell structure. This design leverages strong plasmonic coupling when the AuNPs spacing is <20 nm,
while the silica shell isolates the structure from external molecular interference, enabling a detection limit
of 2000 CFU/mL for single-cell Salmonella detection, with stable recovery rates of 90%—110%. The
encapsulation strategy for aggregates provides physical protection for the hot spot structure , maintaining signal
stability even under shear forces within microfluidic chips, which is key to transforming dynamic aggregates

into functional probes'®’
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Fig. 4 Schematic illustration of the SERS measurement using an AgNP cluster based on SAW™(A), the
device based on NAEBs and equipped with a flow cytometry chip for detecting stem cells, along
with the Raman test results”” (B), the BZBMN probe enhances Raman signals through enzyme -
controlled aggregation-induced mechanism®(C), utilizing the formation of aggregates for targeted
enzyme-selective in vitro imaging of the tissue®”(D)
(A) Copyright 2024, Elsevier; (B) Copyright 2025, Elsevier; (C) Copyright 2025, American Chemical Society;
(D) Copyright 2023, American Chemical Society.

For the molecular probe, aggregation-induced signal activation mechanisms demonstrate the deep
integration of molecular design and Raman imaging. The BzBMN probe developed by Okinaka et al.'*"
regulates molecular hydrophilicity/hydrophobicity through enzymatic hydrolysis, converting the originally
dispersed hydrophilic substrate into a hydrophobic product that spontaneously aggregates in physiological
environments. This process increases the local dye concentration by tens of times, leading to a linear
enhancement in SRS signal intensity, and the aggregation kinetics are directly correlated with enzyme activity
[Fig. 4 (C) ]. This enzyme-controlled molecular aggregation overcomes the photobleaching limitations of
traditional fluorescent probes. Utilizing the narrow peak characteristics of the cyano group in the cellular
silent region with a full width at half maximum less than 10 em™ and employing isotope editing with “C/'°N,
simultaneous imaging of GGT and DPP4 enzyme activities is achieved with signal crosstalk less than 5%

[Fig.4 (D) ], The programmability of molecular aggregates provides a modular platform for multiplexed

Chem. J. Chinese Universities, 2026, 47(4), 20260008 20260008(10/18)



g E2 s Hag g K

I I I CHEMICAL JOURNAL OF CHINESE UNIVERSITIES é%él\i;lzj‘j_%

biomarker detection, offering sensitivity at the single-cell level. Furthermore, the probes exhibit minimal
leakage after aggregation, significantly improving the spatial fidelity of in vivo imaging.

The anisotropic aggregation of Janus-type Au-Ag heterostructures reveals a new mechanism of multi-
component synergistic enhancement. Wang et al.'™’ utilized Se-WCDs to reduce Au cores, followed by the
directional growth of Ag islands on the surface, forming Janus particles rich in edges and nanogaps. When
Hg?* catalyzes the formation of Au-Ag@Hg amalgam, particles selectively aggregate via metallic bond
bridging, increasing in size from 84. 7 nm to 294. 2 nm, with a {-potential change of =54. 5 mV, resulting in a
44. 5-fold enhancement of the 391 em™" peak for 4-ATP. This chemically driven specific aggregation not only
generates electromagnetic-chemical synergistic enhancement with an enhancement factor up to 10°, but also,
due to FB1’ s coordination adsorption inhibiting aggregation, creates an “off” signal state, constructing an
“on-off” sensing system. The intelligent responsiveness of the aggregates enables detection limits as low as
0. 005 pg/L(Hg?*) and 0. 006 pwe/L(FB1), far exceeding those of traditional SERS probes.

3.2 Development of AIE-Raman Dual-Modal Probes

AIE with Raman spectroscopy has catalyzed the development of a new generation of dual-modal probes,
providing a full-scale solution from macroscopic screening to microscopic quantitative analysis for precision
biomedical research. The core of this approach lies in the covalent integration of strong Raman reporter groups
and AlEgens into a single probe architecture via molecular engineering, enabling the synergistic output of
fluorescence and Raman signals. The AIE-SRS-Mito probe designed by Li et al. " is a typical example
[Fig.5(A) ]. By introducing a diphenylacetylene group into an a-cyanostilbene AIE scaffold, this probe not
only retains its mitochondrial targeting capability but also generates a strong alkyne Raman peak at 2223 ¢cm™!
in the cell-silent region, with fluorescence emission at 500 nm and a Stokes shift of 120 nm[Fig.5 (B) ].
Similarly, Jana et al.”® coupled tetraphenylethylene (TPE) with an alkyne to construct a cationic probe 1,
which demonstrated both fluorescence and SERS enhancement effects in imaging surface glycans on MDA -MB-
231 breast cancer cells [Fig.5(C) ]. The cyanosubstituted phenylene vinylene derivative R-1[Fig.5(D) ]
reported by Mishra e al.'” achieved synchronous quenching and recovery of fluorescence and Raman signals
through a CO,-induced protonation-deprotonation assembly-disassembly mechanism. The poly strategy

") is more systematic. By embedding diethylamino-modified TPE units into the

developed by Su et al.'
conjugated backbone, the alkyne Raman signal of the resulting polymer CPO was enhanced 17.1-fold
compared to the standard EAU, while maintaining strong aggregated-state fluorescence at 630 nm[ Fig.5(E) ],
clearly demonstrating the decisive role of molecular skeleton design on dual-modal performance. The key to
this integration strategy lies in utilizing the twisted conformation of AIE molecules to suppress -7 stacking,
ensuring high fluorescence efficiency in the aggregated state, while enhancing Raman polarizability through
conjugated segments and avoiding functional interference between the two modalities.

The imaging advantages of dual-modal probes stem from the inherent complementarity of fluorescence and
Raman techniques. The fluorescence channel, with its high sensitivity and rapid imaging capability, is
suitable for dynamic tracking in live cells and macroscopic lesion localization. The “turn-on” mechanism of
AIE molecules ensures strong fluorescence emission only after aggregate formation in target regions, resulting

[97.100

in extremely low background interference !, However, fluorescence intensity is susceptible to interference

from microenvironmental polarity, viscosity, and cellular autofluorescence, limiting its quantitative accuracy.
The Raman channel provides an ideal solution, as the signal in the cellular silent region of 1800—2800 cm™'
is free from background interference and exhibits high specificity to the vibration frequencies of chemical

bonds. Li et al."”” leveraged the linear concentration dependence of SRS (I;=0. 1567c, R*>=0.99944) to

lower the detection limit to 8. 5 pmol/L. and precisely measured an intra-mitochondrial probe concentration as
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Fig.5 Design Strategy and Synthetic Route of AIE-SRS-Mito””(A), SRS and TPEF properties of AIE-
SRS -Mito"”” (B), the cell surface glycan imaging was achieved using the cationic probe 1 through
fluorescence and SERS methods”(C), receptor R-1 and its interaction with CO,”” (D), the fluores-
cence and Raman properties of CP0""(E)
(A) Copyright 2017, American Chemical Society; (B) Copyright 2023, American Chemical Society; (C) Copyright
2019, RSC; (D) Copyright 2021, Wiley-VCH.
high as 1.5 mmol/L., which is 75 times higher than the incubation concentration, achieving non-invasive
quantitative mapping of AlEgens distribution in live cells for the first time. Su et al.""™’ fully demonstrated this
complementarity in tumor surgery navigation. The fluorescence signal from CPO nanoparticles rapidly
identified the main tumor mass, while the alkyne Raman signal precisely delineated the boundaries of residual
lesions with micron-level resolution, guiding secondary resection until the signal disappeared. H&E staining
verified the accuracy of Raman localization. This fluorescence localization-Raman quantification mode bridges
the scale gap from macroscopic screening to microscopic verification.
3.3 AlEgen-Driven Specific Raman Sensing and Imaging
Organelle-specific imaging is an important application direction for AIE-Raman probes. The AIE-SRS-

l97

Mito probe designed by Li et al.”” targets mitochondria via pyridinium cations, with perfect colocalization of

fluorescence and SRS signals confirming its specific enrichment in the mitochondrial matrix [ Fig.6(A) and (B) .
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Fig. 6 Dual-mode live cell imaging using FL-SRS""(A), Mitochondrial specificity of AIE-SRS-Mito””(B), the
R-1 aggregate exhibits reversible bimodal signal attenuation in response to changes in CO, concentra-
tion®!(C), TEM images of TPE-In-PSA @Au nanoprobe and corresponding visual color changes"" (D),
Raman imaging of LNCaP and HeLa cells with TPE-In-PSA@Au nanoprobes"""(E), the tumor lesions
of 4T1 tumor-bearing mice were fluorescently located and Raman cleared using CP0 nanoprobes""!(F)
(A, B) Copyright 2017, American Chemical Society; (C) Copyright 2019, RSC; (D, E) Copyright 2016, American Chemi-
cal Society; (F) Copyright 2021, Wiley-VCH.

Raman intensity

This probe allows dynamic visualization of the mitochondrial reticulum, and via SRS quantification, reveals
the transition of mitochondrial morphology from a tubular to a granular state under high-concentration
incubation at 20 pwmol/L for 105 min, a morphological change that directly correlates with cytotoxicity. This
real-time monitoring of morphological changes provides a new method for studying organelle stress responses.
Although lysosomal targeting has not been directly reported in the existing literature, the mechanism for the
probe’s organelle selectivity has been validated, the charge density of cationic groups and differences in
subcellular membrane potentials drive targeting specificity ',

Regarding microenvironment-responsive imaging, the R-1 aggregates reported by Mishra et al. '

exhibited reversible dual-modal signal attenuation in response to CO, concentration changes. In live A549

Chem. J. Chinese Universities, 2026, 47(4), 20260008 20260008(13/18)



Jd 53 5K s R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

cells, when environmental CO» increased from 0. 038% to 5%, fluorescence intensity decreased 25-fold, the

average fluorescence lifetime shortened from 5. 67 ns to 0. 33 ns, and simultaneously the characteristic Raman
peak at 1584 cm™ disappeared [ Fig.6(C) ]. Dynamic light scattering confirmed a reduction in aggregate size
from 156 nm to 83 nm, indicating that COz-induced protonation led to a hydrophobic-to-hydrophilic switch,
triggering disassembly'®. This pH-dependent response mechanism reveals the high sensitivity of AIE probes
to microenvironmental acidification, offering potential for monitoring pathological processes like cellular
metabolic acidosis.

Early cancer diagnosis and surgical margin delineation have been experimentally validated. The TPE-In-
PSA@Au nanoprobe constructed by Maiti’s team'"" [Fig. 6 (D) ], modified with PSA-specific peptides,
achieved “signal-off” detection on the surface of LNCaP prostate cancer cells, specifically, the SERS signal
attenuated after the peptide chain was cleaved by PSA protease, with the limit of detection (LOD) as low as
0.5 ng. In contrast, the signal remained stable in PSA-negative Hela cells. SERS mapping clearly
distinguished the two cell lines, providing single-cell resolution for liquid biopsy [Fig. 6 (E) ]. The CPO

1.""™" enabled rapid tumor localization via fluorescence in 4T1 tumor-

nanoparticle system developed by Su et a
bearing mice. Intraoperative Raman imaging identified residual lesions with micron-level precision, guiding
secondary resection until the signal disappeared [ Fig.6 (F) ]. Pathological analysis confirmed the technique’s
ability to detect sub-millimeter tumor fragments, significantly improving the negative surgical margin rate.
Furthermore, the cationic polyelectrolyte CP2 reported in the same study demonstrated selective imaging and

simultaneous killing capabilities against pathogens.

4 Challenges and Prospects

Certainly, the clinical translation of AIE-Raman dual-modal probes still faces multiple challenges. A
primary concern lies with the commonly integrated metallic nano-substrates. Their long-term in wvivo fate,
metabolic pathways, organ-specific accumulation, and potential immunogenicity require thorough investiga-
tion, as highlighted by metabolomic studies on the chronic organ-specific toxicity of such nanomaterials'",
For the AlEgens themselves, while often praised for excellent photostability, systematic evaluations under
prolonged and intense irradiation relevant to clinical use are needed. More critically, the potential toxicity of
their photodegradation products remains a significant yet under-explored biosafety issue crucial for long-term

103]

biocompatibility' Regarding the integrated platform, research on AlE-Raman probes for biomarker

104

detection is emerging, but their design and optimization for in vivo use are still at an early stage'"™. Crucially,
comprehensive preclinical studies detailing pharmacokinetics, such as blood circulation half-life,
biodistribution, and clearance pathways, along with systematic acute and chronic toxicity profiles, are scarce.
Most current reports prioritize demonstrating imaging efficacy, with biosafety often limited to preliminary
assessments. Therefore, advancing these dual-modal probes toward the clinic necessitates a major research
shift to equally prioritize systematic pharmacology and toxicology studies alongside performance optimization.
Secondly, the molecular engineering to construct compounds with both strong AITE and Raman activity is
complex. Moreover, the excitation/detection conditions for fluorescence and Raman often conflict, making it
difficult to establish a standardized platform. Additionally, imaging depth remains a limitation: scattering and
absorption by biological tissues restrict the effective Raman imaging depth to about 1 mm, with signals sharply
attenuating when extending into the second near-infrared window. Furthermore, the real-time analysis of
massive spectral data and intelligent identification of disease biomarkers lack clinically validated and reliable

Al models.

To address these current issues, researchers can focus on developing intelligent responsive probes,
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designing signal-switching probes triggered by multiple tumor microenvironmental factors or other logical
inputs to enhance signal-to-noise ratio and specificity. Deep integration of artificial intelligence technology can
be pursued to construct data-driven models that integrate multi-dimensional data features for automatic tissue
distribution recognition and treatment response prediction, while leveraging few-shot learning to tackle the
scarcity of clinical data. Efforts can also be directed toward advancing second/third near-infrared window
technologies, developing long-wavelength resonance Raman probes and dedicated hardware to capitalize on
the low autofluorescence in these spectral regions, thereby achieving deeper, high signal-to-noise imaging.
Furthermore, researchers may establish multi-modal fusion platforms that integrate the depth of photoacoustic
imaging and the anatomical information from MRI, forming a cascaded strategy of macroscopic localization-
microscopic verification. To accelerate clinical translation, scalable production processes can be established,
promoting portable devices and standardized clinical trials, ultimately realizing the leap from laboratory

innovation to clinical application.

5 Conclusions

The cross-integration of Raman imaging and AIE pioneers an innovative avenue to surmount the
bottlenecks of traditional optical imaging. AIE molecules with aggregation-enhanced luminescence
compensate for the intrinsic weak Raman signals, while Raman spectroscopy’ s molecular fingerprinting capa-
bility endows AIE probes with quantitative chemical information and unrivaled selectivity. Their synergy
enables the "fluorescence localization-Raman quantification" mode to realize multiscale correlation and func-
tional complementarity. This “1+1>2” strategy not only equips the imaging system with single-cell resolution,
simultaneous multi-target detection and improved deep-tissue penetration, but also exhibits irreplaceable val-
ue in intraoperative tumor navigation, precision diagnosis and therapy of drug-resistant bacteria, and in vivo
metabolic monitoring. With sustained breakthroughs in intelligent probe design, Al-driven data analysis and
multimodal hardware integration, this integrative paradigm will propel biomedical imaging from structural ob-
servation to a new era of functional analysis and precise intervention, serving as a core technological bridge

connecting fundamental research and clinical translation.
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