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The role of tumor-infiltrating immune cells (TIICs) in the tumor microenvironment (TME) is crucial in
tumor development. The precise localization of TIICs within tumor tissues and the elucidation of their
biological processes are critical for tumor diagnosis, treatment, and prognosis. Currently, optical probes
with high specificity, sensitivity, and spatiotemporal resolution have emerged as powerful tools for the
precise localization of TICs and the investigation of their biological functions. In addition, the
modifiability of optical biomaterials with these characteristics enables them to facilitate diverse and
precise localization of TIICs and the monitoring of biological processes according to different design
strategies. This review summarizes recent advancements in optical probes derived from optical
biomaterials, including design strategies for TIIC-targeted optical probes, their applications in precise
Received 26th February 2026 TIIC localization, and biological process monitoring. Furthermore, we emphasize the importance of their
DOI: 10.1039/d5cs01412¢ integration with immunotherapy, analyze the underlying factors contributing to the limited development
of optical probes for regulatory T cells (Tregs), and systematically discuss the opportunities and
rsc.li/chem-soc-rev challenges associated with their rapid advancement in tumor diagnosis and treatment.

“The Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University/Hunan Cancer Hospital, Changsha 410013, P. R. China.
E-mail: zhanglemeng@hnca.org.cn

b Key Laboratory of Chemical Biology and Traditional Chinese Medicine Research (Ministry of Education), College of Chemistry and Chemical Engineering, Hunan Normal
University, Changsha 410081, P. R. China. E-mail: liuhongwen@hnu.edu.cn

¢ Department of Chemistry and Nanoscience, Ewha Womans University, Seoul 03760, Republic of Korea. E-mail: jyoon@ewha.ac.kr

4 Graduate Program in Innovative Biomaterials Convergence, Ewha Womans University, Seoul 03760, South Korea

+ These authors contributed equally to this work.

Cong Hu earned his Master’s
degree in Chemistry from Hunan
Normal University, where he
conducted research under the
guidance of Prof. Ronghua Yang
and Prof. Hongwen Liu. In 2025,
he joined the research group of
Prof. Xiaojun Peng as a PhD
candidate under the supervision
of Prof. Mingle Li. His current
research focuses on the design
and development of Nile blue-
based Type I photosensitizers for

Heejeong Kim graduated from
Ewha Womans University in
2020 with a bachelor’s degree
and with a doctoral degree in
2025 under the guidance of
Professor Juyoung Yoon. She is
currently pursuing postdoctoral
research in the same group. Her
main research focuses on the
design and construction of
supramolecular nanomedicines
and the development and
application of AIE therapeutic

Cong Hu Heejeong Kim

advanced photodynamic therapy drugs, dedicated to fundamental
applications. research and cutting-edge exploration in these fields.

This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev, 2026, 55, 6075-6116 | 6075


https://orcid.org/0000-0002-0932-6897
https://orcid.org/0000-0001-8757-1620
https://orcid.org/0000-0002-1728-3970
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cs01412c&domain=pdf&date_stamp=2026-05-05
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01412c
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS055011

Open Access Article. Published on 05 May 2026. Downloaded on 6/20/2026 12:19:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

1. Introduction

TIICs are a fundamental component of the TME."” These include
a variety of cell types—such as neutrophils, macrophages, T cells,
natural killer (NK) cells, dendritic cells (DCs), and B cells
(BCs)—that interact with each other and with other elements of
the TME, collectively shaping the evolution of the tumor immune
landscape in both established and yet-to-be-defined ways.*™** In
recent years, the antitumor immune response within the TME
has garnered increasing research attention. Accumulating evi-
dence indicates that various cancer therapies, including che-
motherapy and immune checkpoint inhibitors (ICIs), can
directly or indirectly stimulate endogenous antitumor immunity.
Specifically, chemotherapy induces immunogenic tumor cell
death, prompting the release of tumor-associated antigens (TAAs)
and damage-associated molecular patterns (DAMPs), thereby
activating antigen-presenting cells and subsequent antitumor
immune cascades. In contrast, immune checkpoint inhibitors
(ICIs) directly enhance effector T cell-mediated antitumor
responses. Nevertheless, the efficacy of these interventions is
often limited by immunosuppressive factors in the TME, such
as Tregs. Despite this pivotal role, the functional diversity and
dynamic nature of TIICs present a major challenge to fully
deciphering their complex interactions and net impact on
therapy.

Currently, a range of bioimaging techniques have been
utilized in the study of TIICs, although these approaches are
constrained by inherent limitations. Conventional clinical
modalities—such as magnetic resonance imaging (MRI), posi-
tron emission tomography (PET), single-photon emission com-
puted tomography (SPECT), computed tomography (CT), and
X-ray—are often constrained by resolution (MRI: 1-2 mm; PET:
6-10 mm; SPECT: 7-15 mm; CT/X-ray: 0.1-0.5 mm), sensitivity,
or radiation exposure, hindering practical utility.'*”'” Emerging
optical bioimaging offers a promising alternative.'®>* Optical
probes are highly programmable, allowing adaptation to TIIC-
specific metabolic features (e.g., enzyme or receptor expression)
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while providing superior targeting, sensitivity, and biosafety.
Moreover, they support diverse imaging modalities, which can
be categorized into fluorescence (FL), photoacoustic (PA), after-
glow luminescence, bioluminescence (BL), chemiluminescence
(CL), and upconversion luminescence (UCL), collectively enabling
precise in vivo visualization of TIICs (Table 1). This, in turn,
elucidates their behavior, interactions, and impact on immuno-
therapeutic responses, significantly advancing research in tumor
diagnosis, treatment, and prognosis.>>>' Furthermore, multi-
modal bioimaging, particularly the integration of optical and
clinical bioimaging modalities (e.g., FL/CT imaging, PA/MRI, and
FL/MRI), has successfully overcome the inherent constraints of
single-modality imaging.** This approach is poised to revolutio-
nize medical imaging and propel advancements in TIIC-targeted
tumor diagnosis and treatment.

In light of these capabilities, optical probes offer significant
advantages over conventional clinical bioimaging across multi-
ple dimensions.***° By combining high resolution, specificity,
sensitivity, and real-time imaging capabilities, these tailored
optical probes enable the in vivo monitoring of complex biolo-
gical processes within TIICs throughout tumorigenesis
(Fig. 1).°° This capacity is pivotal for advancing cancer immu-
notherapy, as it permits real-time assessment of therapeutic
efficacy and dynamic tracking of immune cell subsets in res-
ponse to treatment.®'®® These attributes effectively overcome
the limitations of clinical bioimaging through high-precision,
real-time biological monitoring and enhanced biosafety. Further-
more, optical probes are a powerful tool for enhancing the
efficacy of cancer diagnosis and treatment based on TIICs. They
present the information of TIICs in the TME via real-time
readable optical signals by utilizing the specific biomarkers
(such as enzymes, reactive species, special structures, receptors,
etc.) metabolized by TIICs. This method not only depicts the
tumor morphology but also provides real-time information of
TIICs in the TME, which paves the way for optimizing tumor
diagnosis and treatment strategies in clinical practice, improv-
ing treatment outcomes, and ultimately enhancing patient
prognosis.®”””* Notably, the programmability of optical probes
gives them true design flexibility, allowing uses that go well
beyond conventional tumor imaging. Many groups have now
built multifunctional probes that merge real-time diagnosis with
therapy—something traditional methods cannot achieve.”>””
Owing to high specificity and tumor-targeting efficiency, these
probes let us monitor treatment as it happens while reducing the
ineffectiveness and adverse effects typical of single-modality
therapies.”® 8!

This review summarizes the latest advancements in TIIC-
targeted optical probes and discusses their diverse applica-
tions, including but not limited to tumor immunotherapy,
immune status assessment, tumor imaging, and diagnosis.
First, we explain the critical role of TIICs in tumor develop-
ment, thereby enhancing the understanding of TIICs.

Subsequently, we outline the targeting and design strategies
of these probes to offer insights into the development of TIIC-
targeted optical probes in the future. Furthermore, we classify
and introduce existing probes based on target type, focusing on

This journal is © The Royal Society of Chemistry 2026
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their composition and interaction mechanisms with target
biomolecules. More importantly, we emphasize the significance
and feasibility of integrating TIIC-targeted optical probes with
immunotherapy, offering guidance for the future development
of multifunctional TIIC-targeted optical probes. The combi-
nation of optical probes with immunotherapy directly links
diagnosis to treatment. This integration gives us tight control
over when and where therapy is delivered, improving selectivity
and safety. We can also track treatment responses in real time
and adjust regimens as needed. Beyond that, this strategy can
boost the effects of immunotherapy and close the loop from
diagnosis and treatment to outcome assessment—an appealing
tool for precision oncology. By merging optical probes with
immune-based therapies, this integrated diagnostic and ther-
apeutic framework aims to support more effective, personalized
cancer care. We also summarize the shortcomings of current
research and look forward to the development of this field. This
review aims to articulate an interdisciplinary framework inte-
grating expertise from diverse fields, including tumor biology,
immunology, biomedical engineering, analytical chemistry, and
biomedicine. The meticulous design of optical probes is para-
mount, ensuring the accuracy and reliability of bioimaging data,
ultimately guiding the evolution of precision medicine in
oncology.

From left to right: Hongwen Liu and Zhipengjun Zhang
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2. Immune function, infiltration
process and classification of TIICs

2.1. Immune function of TIICs

TIICs constitute a central component of the TME, orchestrating
anti-tumor immunity and immune escape while exhibiting
pronounced functional plasticity and bidirectional regulatory
functions. Canonical effector populations include cytotoxic T
lymphocytes (CTLs) and NK cells, which induce tumor cell
apoptosis through perforin-granzyme release and Fas-FasL
signalling pathways; DCs, which initiate adaptive immune
responses vig antigen presentation; and Mi-type tumor-
associated macrophages (TAMs), which secrete pro-inflammatory
cytokines such as IL-12 and TNF-o to promote Th1-type immunity.
Together, these populations mediate immune surveillance and
tumor clearance. Conversely, under the influence of tumor-
derived factors, certain TIIC subsets undergo polarization toward
immunosuppressive or pro-tumor phenotypes. Tregs suppress
effector T-cell activity through IL-10 and TGF-§ secretion; M2-
type TAMs facilitate angiogenesis and tissue remodeling; and
myeloid-derived suppressor cells (MDSCs) inhibit T-cell function
via the production of reactive oxygen and nitrogen species (ROS
and RNS) and the depletion of essential metabolic substrates. In
addition, neutrophils display functional heterogeneity within the
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Table 1 Parameter comparison between different imaging modes*°~>°
Penetration Background
Imaging mode  Principle Sensitivity depth Resolution signal Applicable scenarios
FL External light excitation High Shallow High Medium-high Cells/epithelial tissues
PA Photoacoustic effect Medium Medium Medium Medium Deep tissue/vessel imaging
CL/BL FL mediated by chemical/biological =~ High Shallow Medium- Low Molecular event detection
reactions high
Afterglow Long afterglow effect after external light High Shallow Medium- Low Low-background imaging without
excitation high excitation
X-ray imaging  X-ray penetration Low Deep Medium High Bone injury/tumor burden
and CT assessment
MRI Relaxation signal imaging Medium- Deep Medium- Medium-low Soft tissue imaging
low low
PET and SPECT Positron/single-photon emission High Deep Low High Functional/metabolic imaging
imaging
in v, on immune cells—including chemokine receptors (e.g., CCR,
« o0 odl:gee CXCR, XCR, and CX3CR) and non-chemokine receptors (e.g.,
& PR Se ', TNFR, IFNGR, and CSF1R)—bind to cytokines secreted by tumor
2 '\\\ ‘?9,;) and stromal cells, this binding directs their migration toward the
’ 6"‘9\“9 FL ,-,,)'3 9 tumor site. Upon reaching the tumor site, adhesion molecules,
™ 9"00 such as intercellular adhesion molecule-1 (ICAM-1) and vascular
‘ cell adhesion molecule-1 (VCAM-1), expressed on the tumor
- . vascular endothelium facilitate immune cell entry via the sequen-
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Fig. 1 Optical probes and their applications in biomedicine.

TME: Ni-type tumor-associated neutrophils (TANSs) exert anti-
tumor activity by enhancing cytotoxicity and immune activation,
whereas N2-type TANs secrete factors such as vascular endothe-
lial growth factor (VEGF) and matrix metalloproteinases (MMPs),
thereby promoting angiogenesis, extracellular matrix degrada-
tion, and metastasis. Collectively, the cellular composition, polar-
ization states, metabolic milieu, and spatial organization of TIICs
determine the overall immune tone of the TME and critically
influence tumor progression as well as responsiveness to
immunotherapy.

2.2. Infiltration process of TIICs

All immune cells in the body originate from hematopoietic stem
cells, which first differentiate within the bone marrow into two
primary progenitor lineages: lymphoid and myeloid progenitors.
As these progenitor cells develop and mature, they further
differentiate into innate immune cells, including macrophages,
neutrophils, DCs, and NK cells, and adaptive immune cells,
including T cells and BCs (Fig. 24).%"* When cytokine receptors

6078 | Chem. Soc. Rev,, 2026, 55, 6075-6116

tial processes of scrolling, adhesion, and transendothelial migra-
tion. Once within the tumor tissue, immune cells utilize enzymes
(e.g, MMPs and neutrophil elastase [NE]) and adhesion mole-
cules (e.g., integrins) to degrade the extracellular matrix and
migrate toward the tumor core.®”®° Through these coordinated
steps, immune cells successfully infiltrate the tumor tissue from
the circulation (Fig. 2B).

2.3. Classification of TIICs

Although immune cells are essential for maintaining home-
ostasis, they can paradoxically promote tumor progression after
becoming TIICs.”*** The impact of TIICs on tumor fate is
context-dependent, exhibiting both anti-tumor and pro-tumor
functions. This duality is determined by their specific subtype
and activation status within the TME, as exemplified by the
classic N1/N2-type TANs and the M1/M2-type TAMs. In the early
stages of tumor development, TANs and TAMs primarily cluster
at the tumor periphery, suppressing tumor progression by releas-
ing apoptosis-inducing factors and ROS.°*** However, as the
tumor advances, they gradually polarize into N2 and M2 type
and infiltrate deeper into the tumor. At this stage, TANs and
TAMs primarily promote angiogenesis and tumor progression by
releasing VEGF and MMPs.”>™” Notably, because MDSCs can
differentiate into myeloid cells, some studies suggest that TAMs
and TANs in the TME may originate from MDSCs.”* "% Com-
pared to MDSCs, DCs and NK cells both possess natural anti-
tumor functions. DCs recognize and capture tumor antigens and
subsequently present them to T cells, thereby activating T cell-
mediated cytotoxicity. NK cells, which are typically present in the
blood, induce tumor cell apoptosis through the release of perfor-
ins and granzymes (Grs) and are highly effective in eliminating
circulating tumor cells, thereby inhibiting metastasis.'®"'* Inter-
estingly, although NK cells are traditionally classified as innate
immune cells, accumulating evidence indicates that they also

This journal is © The Royal Society of Chemistry 2026
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exhibit adaptive immune-like features within the TME. Specifically,
NK cells can acquire long-term antitumor memory and enhance
cytotoxic efficacy. This finding suggests that NK cells represent a
promising target for tumor diagnosis and immunotherapy.'®*%
However, in the TME, the anti-tumor activity of DCs and NK cells is
frequently suppressed by immunosuppressive factors (such as
TGF-B, IL-10, and VEGF), immunosuppressive cells (such as
Tregs and MDSCs), metabolic disorders (including lactic acid

This journal is © The Royal Society of Chemistry 2026
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(A) Generation and differentiation of immune cells. (B) Mechanisms of immune cell infiltration into tumor tissue. Created in BioRender. ss, A.

accumulation, hypoxia, and nutrient competition), and tumor
cell evasion of immune mechanisms (such as receptor-ligand
regulation and exosome interference).'%¢*%

Adaptive immune cells exert potent inhibitory effects on
tumor progression and display extensive intercellular interac-
tions. T cell subsets comprise CTLs, CD4" helper T cells, and
Tregs.''® CTLs recognize tumor cells via their T cell receptors by
binding to tumor-specific antigens presented on the cell

Chem. Soc. Rev,, 2026, 55, 6075-6116 | 6079
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surface and induce apoptosis through the secretion of perforins
and Grs. CD4" helper T cells secrete cytokines, such as IL-2, IFN-
v, and TNF-o, that promote the activation of CTLs and NK cells,
thereby enhancing anti-tumor immune responses. BCs contri-
bute to tumor inhibition by presenting antigens that activate
and enhance CTL-mediated cytotoxicity."**** Although adap-
tive immune cells have a strong inhibitory effect on tumor
development, there seem to be “traitors” among them. For
example, Tregs and regulatory B cells (Bregs) induce immuno-
suppressive phenotypes in TAMs, TANs, and CTLs by secreting
cytokines such as IL-10 and TGF-B, thereby supporting tumor
immune escape."**""”

In brief, TIICs and their surrounding milieu collectively
constitute a highly complex tumor immune microenvironment
(TIME). Accordingly, the development of optical probes targeting
TIICs and incorporating immunotherapeutic functionalities
holds substantial scientific and translational value. This strategy
transcends conventional tumor cell-centric imaging paradigms
by enabling real-time, dynamic, and functional visualization of
the TIME. It allows non-invasive characterization of TIIC activa-
tion/polarization states and the immunosuppressive network
in vivo, thereby enhancing the prediction of immunotherapeutic
responses and facilitating patient stratification. Furthermore, by
engineering theranostic optical probes that integrate imaging
and immune modulation, precise activation and localized
immune reprogramming within specific tumor microenviron-
ments can be achieved, amplifying systemic antitumor immunity
while mitigating systemic toxicity. Collectively, this emerging
direction provides critical tools for elucidating the dynamic
evolution of the TIME and establishes a robust foundation for
the advancement of precision immunotherapy and non-invasive,
real-time monitoring technologies, underscoring its substantial
interdisciplinary innovation and clinical potential.

3. Response mechanisms
of TIIC-targeted optical probes

Optical probes targeting TIICs typically comprise three core
functional units: (1) an imaging unit responsible for generating
optical signals (e.g., FL dyes, FL proteins, metal nanoparticles,
quantum dots [QDs], upconversion nanoparticles [UCNPs],
metal-organic frameworks [MOFs] and others); (2) a recogni-
tion unit that confers target specificity (e.g., antibodies, peptide
sequences, ligands, responsive chemical groups, and others);
and (3) a signal transduction unit that converts target recogni-
tion into measurable signal changes, such as intramolecular
charge transfer (ICT), twisted intramolecular charge transfer
(TICT), photoinduced electron transfer (PeT), chemilumines-
cence resonance energy transfer (CRET), Forster resonance
energy transfer (FRET), disassembly, aggregation and others
(Fig. 3)."'®7"** The selection of imaging units dictates the corres-
ponding imaging modality, including FL, PA, CL, BL, afterglow,
surface plasmon resonance (SPR), metal-to-ligand charge trans-
fer (MLCT) and others. The rational integration of these three
core functional modules constitutes the fundamental design
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Fig. 3 (A) Components of TIIC-targeted optical probes. (B) Signal con-

version mechanism of TIIC-targeted optical probes.

principle for constructing optical probes targeting TIICs. Distinct
modes of integration define the probe’s response mechanism,
namely, the manner in which biological interactions are trans-
lated into quantifiable optical outputs. This integration ultimately
governs the critical performance parameters of TIIC-targeted
optical probes, including specificity, signal-to-background ratio
(SBR), and spatiotemporal imaging dynamics. And with contin-
ued technological advances, multiple imaging strategies can be
rationally integrated to construct multimodal optical probes,
thereby overcoming the intrinsic limitations of single-modality
imaging. In particular, multimodal probes combined with clin-
ical bioimaging technologies enable complementary signal acqui-
sition, providing multidimensional information encompassing
both tumor function and anatomical structure. Beyond multi-
modal designs, multi-lock optical probes capable of responding
to multiple biomarkers have been increasingly developed. By
incorporating multiple recognition elements into a single probe
architecture, specificity and diagnostic accuracy can be substan-
tially enhanced."®>*2” Based on target characteristics and signal
activation mechanisms, current TIIC-targeted optical probes
can be broadly categorized into two types: (1) probes activated
by specific biomarkers secreted or expressed by TIICs; and
(2) probes that directly label TIICs through binding to mem-
brane proteins. Furthermore, the incorporation of therapeutic

This journal is © The Royal Society of Chemistry 2026
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functionalities represents a critical extension of probe design,
transforming purely diagnostic systems into theranostic plat-
forms. This section systematically reviews recent advances
within these mechanistic frameworks.

3.1. Probes activated by TIIC-associated biomarkers

Metabolites produced by TIICs not only reflect their biological
functions but also provide critical molecular cues for the rational
design of enzyme/reactive species-activated optical probes
(Fig. 4A)."**"*° These metabolites include diverse enzymes capable
of promoting or inhibiting tumor growth or metastasis—such as
NE highly expressed in TANs, myeloperoxidase (MPO) expressed in
TANs and TAMs, MMPs and cathepsins (CTS) expressed by various
cells within the TME, and Grs released by CTLs and NK cells—as
well as reactive species including ROS, RNS, and reactive sulfur
species (RSS).

These metabolites are recognized by tailored recognition
units (e.g., peptide sequences, amide bonds, or reactive func-
tional groups), triggering a signal conversion unit that activates
the imaging unit to produce quantifiable optical signals for
molecular readout. This type of molecular recognition-based

View Article Online

Review Article

active-targeting strategy is widely used in the design and
construction of small-molecule probes for targeting TIICs.
Through the rational selection of signal transduction units
and the covalent integration of imaging moieties, recognition
elements, linkers, and auxiliary components via organic synth-
esis, target-specific probes can be constructed. Small-molecule
probes typically exhibit low molecular weight, rapid response
kinetics, high sensitivity, and structural tunability. The primary
advantage of this active-targeting strategy lies in its high
specificity and rich information output. Specifically, when a
particular receptor is overexpressed in lesions, a protease is
aberrantly activated, or a specific cell subpopulation is signifi-
cantly enriched, small-molecule probes can generate a distinct
signal differential between diseased and normal tissues, thereby
enhancing imaging contrast and improving the molecular diag-
nostic value of the results.'***??

Macromolecular optical probes are better equipped to han-
dle the complexity of the TME. They take advantage of the
enhanced permeability and retention (EPR) effect—leaky tumor
vessels and poor drainage let macromolecules build up pas-
sively in tumor tissue.’*****> But for probes aimed at TIICs,
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passive accumulation alone rarely works."**'** The EPR effect
helps enrich probes in tumor but offers no molecular recogni-
tion, so it can’t pick out specific immune cell types. That leaves
key problems unsolved: deep tumor penetration, precise uptake
by target cells, and stable intracellular retention."*®'*” That’s
why we still need the active targeting mechanisms discussed
earlier—such as sensing TIIC-specific enzymes or reactive
species—to get accurate, efficient imaging. Passive and active
targeting actually work hand in hand. Passive accumulation
boosts probe levels in the TME, while active targeting adds cell-
type specificity, together extending probe retention where it
matters."**"*° A thoughtful blend of both strategies is therefore
essential for building high-performance TIIC-targeted optical
prObeS.14o_148

3.2. Probes labelled by TIIC-specific membrane proteins

In addition to metabolites reflective of TIICs’ biological activity
that serve as the foundation for enzyme/reactive species-activated
optical probe design, a range of TIIC-expressed proteins, such as
receptors, glycoproteins and others involved in cell recruitment
and functional regulation, also provide rational targets for the
development of receptor-binding labelled optical probes (Fig. 4B).
These optical probes typically employ conventional imaging
units, such as FL dyes, FL proteins, commercially available
fluorophores and others, while their recognition modules consist
of ligands capable of binding specific membrane receptors
expressed on TIICs, including polysaccharides, antibodies, nucleic
acid aptamers and others. Representative examples include man-
nose targeting the M2-type TAM surface receptor CD206 and IgG
antibodies directed against the TAN surface receptor Ly6G.
Accordingly, CD206 and Ly6G have emerged as widely utilized
targets for receptor-based probe design. Beyond these classical
markers, chemokine receptors (e.g., CXCR5 and CXCR3) that
regulate TIIC recruitment provide an additional strategy for
probe development. These receptors are broadly expressed
across distinct TIIC subsets and exhibit subpopulation-specific
patterns. Therefore, rational selection of membrane receptors
according to the intended application enables the development
of highly selective probes capable of elucidating the biological
roles of specific TIIC subpopulations within the TME. Notably,
although these receptors are membrane-localized, many undergo
receptor-mediated endocytosis, facilitating intracellular probe
uptake and signal amplification. Moreover, their expression is
dynamically regulated and functionally linked to immune activa-
tion or immunosuppression within the TME, rendering receptor-
targeted probes particularly advantageous for evaluating immune
status and TIIC interactions. Another noteworthy development is
the rapid advancement of biotechnology in recent years, which
has provided strong support for TIIC-targeted optical probes. In
particular, gene cloning techniques and aptamer screening
platforms—most notably systematic evolution of ligands by
exponential enrichment (SELEX)—enable the identification of
high-affinity nucleic acid aptamers, including ssDNA aptamers,
RNA aptamers, Spiegelmers and others. These technologies
significantly enhance optical probe’s recognition specificity
and targeting precision toward defined TIIC subpopulations,
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promoting the refinement and diversification of receptor-
binding labelled optical probes.

3.3. Immunotherapy integration of TIIC-targeted optical
probes

While the targeting and response mechanisms described in
Sections 3.1 and 3.2 primarily focus on imaging TIICs, the
incorporation of therapeutic units introduces an additional
interventional layer of functionality to TIIC-targeted optical
probes. The synchronization of diagnosis and therapy—often
conceptualized as “see and treat”’—represents a significant para-
digm shift in cancer management. Accordingly, beyond their core
sensing mechanisms, the integration of therapeutic functional-
ities has transformed TIIC-targeted optical probes from purely
diagnostic tools into multifunctional theranostic platforms, con-
stituting a rapidly expanding frontier in probe design. For
example, multifunctional optical probes enriched at tumor sites
can mediate the activation of the body’s anti-tumor immune
response directly or indirectly (stimulated by TAAs and DAMPs)
through localized and precise delivery of chemotherapy, ICIs,
immune signalling pathway modulators, etc., significantly
improving the shortcomings of traditional systemic drug admin-
istration, such as large side effects, low efficiency, and untimely
prediction/monitoring of efficacy, thereby achieving spatiotem-
poral control of TME immune status."**™** As of now, strategies
for integrating therapeutic units include (1) incorporating ther-
apeutic agents into nanoparticles alongside optical probes; (2)
formulating them as prodrugs and co-administering them with
optical probes to enhance therapeutic efficacy; and (3) utilizing
optical probes as carriers to load and transport therapeutic
agents directly to the TME.">*>® Notably, the rational selection
and integration of therapeutic modules must be carefully tailored
according to the clinical context, including treatment regimen,
targeted immune cell subtype, and potential synergistic or antag-
onistic interactions with imaging functions. For instance, optical
probes targeting tumor cells or programmed death-ligand 1 (PD-
L1) expressed on T cells can be combined with immune check-
point blockade agents to achieve simultaneous visualization of
target engagement and localized immunotherapeutic delivery.
Such integrated diagnostic-therapeutic systems not only enable
image-guided intervention but also permit real-time assessment
of therapeutic response, thereby advancing the development of
personalized cancer immunotherapy.

4. Applications of optical probes in
TIIC detection and imaging

Optical probes constructed using the design principles outlined
above are now widely employed for the detection and imaging
of TIICs. These probes typically target TIIC-associated metabo-
lites (e.g., enzymes and reactive species), specialized structures
such as neutrophil extracellular traps (NETs), and other rele-
vant biomolecules (e.g., surface receptors), and they commonly
exhibit turn-on or always-on FL signals (Table 2). Each class of
probe is discussed in detail in the following sections.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Summary of optical probes for TIIC detection and imaging

View Article Online

Review Article

Target
Number Name Imaging mode molecule Cell type Application level Application model Ref.
01 NEP FL NE — Cell and animal Acute lung injury model 162
(mouse)
02 NanoNEP FL NE — Cell and animal Diabetes model (mouse) 163
03 LET-8 FL/PA NE — Cell and animal A549 cancer model (mouse; 164
subcutaneous)
04 NEP3 FL/PA NE — Cell and animal Acute inflammatory injury 165
model (mouse)
05 Cou-HN NE/ROS — Cell and animal Osteoarthritis model (mouse 166
(HClO) and zebrafish)
06 SPCy FL/PA NE TANs Cell (contains immune cells ~ 4T1 cancer model (mouse; 167
extracted from mice) and subcutaneous)
animal
07 TAMPs FL Cas-1/GrB/NE ~ TAMs/CTLs/  Cell (contains immune cells 4T1 and CT26 cancer model 168
(TAMPy/ TANs extracted from mice) and (mouse; subcutaneous)
TAMP¢ry/ animal
TAMPyg)
08 FAR FL/afterglow  Cas-3/RNS TAMs (M1) Cell and animal MC38, CT26, and 4T1 cancer 169
(NO) model (mouse; subcutaneous)
09 Lu-bCD NPs FL MPO/ROS Neutrophils  Cell (contains immune cells  Peritonitis model (mouse) 171
extracted from mice) and
animal
10 BRET-FRET BL/UL MPO Neutrophils/  Cell (contains immune cells ~ Peritonitis and 4T1 cancer 172
NBs monocytes/  extracted from rabbit) and model (mouse; subcutaneous)
macrophages animal
11 LAD-PGP NPs  CL MPO TANs Cell and animal 4T1 cancer model (mouse; 173
lung metastasis)
12 heMAMP MR MPO Neutrophils/  Animal Subcutaneous inflammation =~ 174
macrophages and atherosclerosis model
(M1) (mouse)
13 MABS FL/CT MPO Neutrophils/ Animal Inflammation model (mouse; 175
monocytes/ feet and brain)
macrophages
14 5HFeC NPs FL/MP/CTA MPO Macrophages Animal Atherosclerosis model (mouse) 176
15 MP/NPs-SLIPS  FL MMP-2 — — — 180
16 Probe 0 Multicolor FL. MMP-2/MMP- — Cell — 181
7/MMP-9
17 PMPSD MR MMP-9 — Cell and animal 4T1 cancer model (mouse; 182
subcutaneous)
18 MMP2cNPs PET/MR MMP-2 Macrophages Animal Atherosclerosis model (mouse; 183
neck)
19 [**FJ11 FL/PET Broad spec- — Animal Dermatitis model (mouse; ear) 184
trum (mainly
MMP-12 and
MMP-13)
20 PEG- PA/MR MMP-2 — Animal 4T1 cancer model (mouse; 185
PepMMP2- subcutaneous)
MNP-Gd
21 [**zr]zr-DFO-  FL MMP-14 — — HT1080 cancer model (mouse, 186
anti-MT1- in situ)
MMP-BOD665
22 MP-CB-2 FL CTSB — Cell and clinical samples (non- — 190
small cell lung cancer)
23 Pep FL/MR CTSB — Cell and animal MDA-MB-231 and MCF-7 can- 191
SQ@USPIO cer model (mouse;
subcutaneous)
24 HCy-Cit-Val FL/PA CTSB — Cell and animal HeLa cancer model (mouse; 192
/HCy-Gly-Leu- subcutaneous)
Phe-Gly
25 OFS-1 FL CTSK — Cell and animal RPMI-8226 cancer model 197
(mouse; left femur, pelvis and
lower lumbar vertebrae)
26 MP-cL3 FL CTSL — Cell — 198
27 Non-lipidated FL CTSS Macrophages Cell and animal 4T1 cancer model (mouse) 199
probe 2/lipi-
dated probe 3
28 MORs CL/FL CTSS/iP DCs Cell (contains immune cells 4T1 cancer model (mouse; 200
extracted from mice) and subcutaneous)
animal
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Table 2 (continued)

Target

Number Name Imaging mode molecule Cell type Application level Application model Ref.

29 SK15.5 FL GrA NK92 cells Cell — 203

30 GzmA-CL CL GrA T cell Clinical samples (inflamma-  — 204

tory bowel disease)

31 Probe 1 FL GrB NK cells Cell and animal MDA-MB-231 cancer model 205
(mouse; subcutaneous)

32 CyGbPg/ FL GrB CTLs/CD4" T Cell and animal 4T1 cancer model (mouse; 206

CyGbPp cells subcutaneous)

33 SPNP FL/PA GrB T cells Cell and animal 4T1 cancer model (mouse; 207
subcutaneous)

34 DRET FL/MR GrB/Cas-3 CTLs Cell and animal CT26 cancer model (mouse; 208
subcutaneous)

35 Cy5.5-CBT-NPs FL GrB CTLs Cell and animal B16-OVA cancer model 209
(mouse; subcutaneous)

36 TAD-BHQ Afterglow GrB CTLs/NK Cell and animal CT-26, U87 and Pan02 cancer 210

cells model (mouse; subcutaneous
or in situ)
37 ncRuPA Sonoafterglow APN — Cell and animal 4T1 cancer model (mouse; 211
(ncRuPA,py) subcutaneous)

38 PSiR FL hROS — Cell and animal HeLa cancer model (mouse; 213
subcutaneous)

39 Probe 4 FL MMP-2/ROS — Cell — 214

(H20,)
40 BTPE- FL/PA ROS (H,0,) — Cell and animal Interstitial cystitis, liver injury 215
NO,@F127 and ischemia-reperfusion
injury model (mouse)
41 MPN@CeOx MR/CT ROS (H,0,) — Cell and animal Acute colitis model (mouse) 216
42 PN910 FL RNS (ONOO™)/ — Animal Colitis and cystitis model 218
ROS (H,0,) (mouse)
43 NTG FL RNS (ONOO™)/ — Cell and animal Inflammation model 219
RSS (GSH) (zebrafish)
44 NRP@M- FL RNS (NO) TAMs Cell and animal 4T1 cancer model (mouse; 220
PHCQ subcutaneous, lung and lymph
node metastasis)

45 NRMP MR RNS (NO) TAMs Animal 4T1 cancer model (mouse; 221
subcutaneous)

46 FHMI FL RSS (SO,) — Cell and animal Exogenous SO, elevation 226
models (zebrafish)

47 MI-H,S FL RSS (H,S) — Cell and animal Exogenous H,S elevation 227
(zebrafish and mouse) and
inflammation (mouse, sub-
cutaneous and peritoneal)
models

48 Lyso-RC FL RSS (H,S/Cys/ — Cell — 228

Hcy, GSH)

49 HNE-FQ FL NE NETs (from Cell — 231

neutrophils)

50 HNE-3F1Q FL NE NETs (from  Cell — 232

neutrophils)

51 TNR;/TNR, FL NE/CTSG NETs (NETo- Cell (contains immune cells ~ 4T1 cancer model (mouse; 233

sis process,  extracted from mice) and subcutaneous)
from animal
neutrophils)

52 H-NE/H-CG FL NE/CTSG NETs (from  Clinical samples (pulmonary  Pulmonary cystic fibrosis 234

neutrophils)  cystic fibrosis) and animal model (mouse)

53 CDr15 (com-  FL DNA NETs (from  Cell and clinical samples — 235

mercially neutrophils)  (lung, esophagus, stomach,

available DNA pancreas, breast, urinary

dyes) bladder, kidney, thyroid,
ovary, prostate. colorectal and
liver cancer)

54 TPE-Man FL CD206 TAMSs Cell (immune cells extracted —— 236

from mice) and tumor tissue
section

55 DN-ICG FL SIGNR1 TAMs Cell (contains immune cells SW1990 cancer models 237

extracted from mice) and (mouse; subcutaneous and
animal in situ)

56 Ly6G NPs FL/MP/CT Ly6G TANs Animal Abdominal aortic aneurysms 238
(mouse; in situ)

57 DCPD7-Ly6G  FL Ly6G Neutrophils  Cell and animal Stroke model (mouse, in situ) 239
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Table 2 (continued)
Target
Number Name Imaging mode molecule Cell type Application level Application model Ref.
58 BODIPY-aa- FL ST2 receptors ~ Mast cells/ Cell — 240
tRNA innate lym-
phocytes/
Tregs
59 Probe 5 FL CXCR5/CXCR3 BCs Cell — 241
60 Probe 6 FL Fc receptors Monocytes/  Animal FaDu and A-431 cancer models 242
granulocytes (mouse; subcutaneous)
61 AIE-Apt-99 FL S100A8&A9 TANSs Cell (TANs derived from clin- — 243
heterodimer ical samples of ascites from
ovarian cancer patients)
62 Gd@BSA- FL/MR Self-targeting ~ Neutrophils ~ Animal LLC cancer model (mouse; 245
BODIPY subcutaneous)
63 GCZM FL Self-targeting ~ Neutrophils  Cell and animal 4T1 cancer model (mouse; 246
subcutaneous and lung
metastasis)
64 PAN FL Self-targeting ~ Neutrophils  Cell and animal B16F10 and oral cancer 247
models (mouse; subcutaneous
and in situ)
66 TFML-NE PA Self-targeting ~ TANs Animal U87 cancer models (mouse; 248
in situ)
67 DCNP@786s  FL Self-targeting ~ NK cells Animal HCC cancer models (mouse; 249
in situ)
68 aNeu FL/MR Self-targeting ~ Neutrophils  Cell and animal E0771 cancer models (mouse; 250
subcutaneous)
69 Az-ROS@MB/  FL Self-targeting ~ Cancer cell Cell and animal 4T1 cancer model (mouse; 251
CSSC@DBCO subcutaneous)
4.1. Probes based on enzymes enables real-time monitoring of NE transport, exogenous NE

Enzymes are essential biomolecules that regulate physiological
processes. They participate in biochemical reactions and regu-
late cell growth and metabolic processes. Under physiological
conditions, enzyme activity and expression remain relatively
stable; however, during disease or tissue damage, the expression
and activity of certain enzymes undergo abnormal changes,
creating opportunities for their utilization in optical probe
development. In TIICs, key enzymes frequently involved in
TIIC-targeted optical probe development include NE in TANSs,
MPO and MMPs in both TANs and TAMs, and Grs in T cells and
NK cells.”””*%°

4.1.1. Probes based on neutrophil elastase. NE is a crucial
serine enzyme primarily localized in the azurophilic granules of
neutrophils. Therefore, optical probes developed for NE are
predominantly employed for TAN detection. NE contributes to
TME remodeling by degrading the extracellular matrix (ECM),
activating inflammatory responses, and facilitating tumor-
associated immunosuppression. These functions are critical
determinants of tumor growth and metastasis, and high NE
expression is often associated with poor tumor prognosis.*®%*¢!
NE-based TAN-targeted optical probes hold promise for eluci-
dating the mechanisms underlying these complex biological
processes at the cellular level, thereby offering a theoretical
foundation for future tumor diagnosis and treatment.

Optical probes such as FL probes, which are functionalized
derivatives of fundamental fluorescent dyes, are widely used in
the detection and imaging of biomacromolecules, particularly
enzymes with essential biological functions such as NE. In 2019,
Liu et al.'®* developed an optical probe (NEP) for detecting NE
(Fig. 5A). NEP exhibits exceptional specificity and sensitivity and

This journal is © The Royal Society of Chemistry 2026

uptake, and endogenous NE upregulation at the cellular level
with high spatial resolution. Building on this work, Yang
et al.'® conjugated another NE probe to bovine serum albumin
(BSA) to enhance the biocompatibility, solubility, and diffusivity
of the optical probe, thereby constructing a nanostructured
optical probe termed NanoNEP (Fig. 5B). This probe was suc-
cessfully applied to wound and serum detection in a diabetic
mouse model. Notably, in contrast to the single-modality FL
imaging employed in NEP, NIR fluorescence (NIRF)/PA dual-
modal imaging significantly enhances imaging depth and
signal-to-noise ratio. Zhang et al."® synthesized an optical probe
(LET-8) structurally similar to NEP for in vivo imaging of lung
cancer (Fig. 5C). They found that, upon interaction of the newly
synthesized LET-8 with NE, both the absorption and emission
wavelengths of FL were red-shifted, leading to a 20-fold enhance-
ment in NIRF intensity at 725 nm and a 10.5-fold increase in PA
signal intensity at 700 nm, thus enabling in vivo NIRF/PA dual-
modal imaging of lung cancer. The output of multiple optical
signals facilitates cross-validation of imaging results, offering
more accurate diagnostic information. A similar probe is the
NIRF/PA dual-mode imaging optical probe (NEP3) reported by
Huang et al.'® (Fig. 5D). To further enhance biocompatibility, a
triethylene glycol group was incorporated, and, owing to the NE
recognition site, NEP3 exhibited exceptional specificity and sen-
sitivity in both cell and animal studies. Notably, tumors typically
exhibit a pronounced inflammatory response, and therefore, in
addition to elevated NE expression, multiple inflammation-
associated biomarkers are commonly present within tumor sites.
To further increase specificity in complex inflammatory milieus,
Deng et al."® proposed a “double-lock” strategy with the probe
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Fig. 5 (A)-(E), (G) and (H) Molecular structure of NEP, NanoNEP's core, LET-8 NEP3, Cou-HN, TAMPs, and FAR. (F) The molecular structure of SPCy, and
hemi-Cy formed after its reaction with NE, and the application of SPCy in monitoring immunotherapy in a tumor animal model via NIRF and PA imaging.

Reproduced from ref. 167 with permission from John Wiley and Sons, Copyright 2022.
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Cou-HN, which requires sequential activation by NE and HCIO.
(Fig. 5E). This strategy effectively minimizes false-positive signals
associated with single-responder probes and offers a robust design
paradigm for the development of highly specific NE-responsive
optical probes.

Beyond small-molecule scaffolds, semiconducting polymers
(SPs) have emerged as versatile platforms for constructing stable
and multifunctional NE probes. Their excellent processability
and structural flexibility further facilitate the integration of
dyes, targeting ligands, and responsive elements, making SPs
particularly well suited for the development of multifunctional
TIIC-targeted optical probes. For example, Zhang et al."®” used
SPs to develop an NIRF/PA dual-mode optical probe (SPCy) for
detecting TANs (Fig. 5F). Distinct from previous probes, the SP
core of SPCy exhibits exceptional stability and does not react
with analytes or other species. Therefore, its NIRF and PA
signals remain stable regardless of SPCy’s reaction with NE,
allowing it to serve as an internal reference for calibrating the
NIRF and PA signals, thereby enhancing the accuracy of con-
ventional optical probe imaging. This property enables SPCy to
perform ratiometric NIRF/PA dual-mode imaging of TANs. In
tumor-bearing animal model experiments, SPCy exhibited
significantly reduced NIRF and PA signals in both ICI and NE
inhibitor treatment groups, indicating that SPCy can specifically
recognize and respond to NE in vivo, and ICI treatment signifi-
cantly reduced TAN infiltration within tumor tissue. The experi-
mental results showed that SPCy enabled real-time tracking of
immunotherapy efficacy by monitoring dynamic changes in
TAN populations within the TME.

In addition to optical probes with multiple imaging modes,
optical probes capable of simultaneously monitoring multiple
TIICs offer distinct advantages in evaluating tumor immune
status. For example, He et al."®® reported in 2021 the develop-
ment of an optical probe (TAMPs) specifically activated by
tumor-infiltrating leukocytes (TILs) (Fig. 5G). They modified
the probe’s R, group (with caspase-1 [cas-1] peptide substrate
YVAD, GrB peptide substrate IEFD, and NE peptide substrate
AAPV) to enable specific detection of different immune cells
(TAMs, CTLs, and TANSs). They designed three TAMPs-—-TAMP,,4,
TAMPcrr, and TAMPyg—to image M1 TAMs, CTLs, and TANSs,
respectively. Importantly, they also introduced the recognition
site (R4, CyA) for a broad-spectrum tumor biomarker, amino-
peptidase N (APN). The double verification mechanism prevents
nonspecific activation of TAMPs in normal or inflammatory
tissues, ensuring the specific detection of TIICs by TAMPs.

In addition, cas-3, another central executioner caspase in the
apoptotic cascade, is a key factor for assessing tumor immune
status. For example, Li et al.'®® developed FAR, a dual-channel
probe that integrates an NO-responsive NIRF module and a cas-
3-responsive afterglow module (Fig. 5H). By interpreting the
combined signal patterns (NIRF on/off and afterglow on/off),
FAR can non-invasively classify tumor into three immune phe-
notypes: immune-desert (both signals off), immune-excluded
(only NIRF on), and inflamed (both signals on). This approach
translates complex tumor-immune interactions into straightfor-
ward optical readouts, providing a valuable tool for predicting

This journal is © The Royal Society of Chemistry 2026
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immunotherapy responsiveness and guiding treatment deci-
sions. In summary, NE-targeted optical probes have evolved
from simple FL sensors to sophisticated multimodal, ratio-
metric, and logic-gated systems. This section has focused on
NE as a neutrophil-specific enzyme; the relationship between
NE and NETs will be discussed subsequently. These advances
not only improve the accuracy and depth of TAN imaging but
also enable real-time assessment of immune cell dynamics and
therapy efficacy, offering powerful tools for both basic research
and translational oncology.

4.1.2. Probes based on myeloperoxidase. MPO is primarily
involved in the generation of ROS in TIICs, thereby underscoring
its critical role in TIIC-mediated cytotoxicity. Previous studies
have demonstrated that MPO is predominantly localized within
the azurophilic granules of TANs, while it is also expressed at
lower levels in monocytes and TAMs. Consequently, molecular
probes targeting MPO are mainly employed for the detection of
TANs and TAMs. In addition, MPO levels are positively correlated
with the extent of TAN and TAM infiltration, thereby rendering it
a critical indicator for evaluating tumor immune status. Notably,
MPO expression is closely associated with the phenotypic char-
acteristics of TANs and TAMs and therefore functions as a key
biomarker for TAN and TAM subtyping, prediction of patient
prognosis, and assessment of immunotherapy efficacy.'”®

Initial efforts in MPO probe development focused on improving
sensitivity and biocompatibility. This focus advanced significantly
in 2017 when Guo et al."’" reported Lu-bCD, a cyclodextrin-
luminol-based probe capable of real-time imaging of inflamma-
tion in animal models (Fig. 6A). This probe responds specifically
to MPO activity while maintaining excellent biocompatibility. Its
optical signal intensity correlates positively with neutrophil
abundance, allowing precise tracking of neutrophil dynamics
in both superficial and deep tissues across multiple models of
inflammatory disease, including peritonitis, paw edema, colitis,
and acute lung injury. Moreover, Lu-bCD self-assembles into
nanoparticles (Lu-bCD NPs) with an average diameter of 228 +
19 nm, thereby addressing the limitations commonly associated
with small-molecule probes—such as rapid absorption, fast
clearance, and signal decay—and supporting prolonged, high-
contrast imaging. Lu-bCD reacts with MPO and ROS in vivo,
leading to enhanced FL output reflecting the abundance of
neutrophils.

Optical probes combined with clinical bioimaging hold
greater potential for clinical translation. For instance, Liu
et al.'”? developed a BL/ultrasound (UL) dual-mode imaging
optical probe (BRET-FRET NBs) using BL resonance energy
transfer (BRET) and FRET mechanisms to detect MPO activity
(Fig. 6B). Luminol reacts with the peroxide generated by MPO
and induces NIRF signals at 670 nm via the FRET process. This
strategy leverages the FRET process to convert luminol’s reac-
tion with MPO-generated peroxide into a 670 nm NIRF signal,
thereby circumventing the tissue-penetration issues associated
with luminol’s shorter-wavelength emission. Subsequent experi-
ments demonstrated that the NIRF signal intensity correlates
strongly with MPO activity. Simultaneously, the BRET-FRET NBs
exhibit outstanding UL contrast properties, clearly revealing
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Nature, Copyright 2022 and Ivyspring International, Copyright 2021, respectively.

tissue microvascular structures. Therefore, combined analysis
of BL and UL imaging results enables more accurate assessment
of inflammatory responses. Compared to Lu-bCD, the introduc-
tion of UL enables BRET-FRET NBs to image deeper tissues;
combined with the high resolution of BL imaging, BRET-FRET
NBs are capable of targeting TANs as well as accurately identify-
ing monocytes and TAMSs in animal tissue. Chemiluminescence
resonance energy transfer (CRET) has also been utilized in the
development of TIIC-targeted optical probes. For example,
Zheng et al.'”® reported an optical probe (LAD-PGP NPs) that
quantifies the number of TANs and MPO activity (Fig. 6C). LAD-
PGP NPs clearly showed FL signals at the lung metastasis site in
the 4T1 breast cancer lung metastasis animal model, with signal
intensity correlating with TAN count and MPO activity, suggest-
ing a strong correlation between TAN infiltration and tumor cell
numbers during lung metastasis. In parallel to its use in
emerging optical technologies, MPO is also being harnessed to
refine established clinical imaging methods. The enzyme’s selec-
tive expression in neutrophils and macrophages makes it an ideal
target for probes designed to bridge the gap between molecular
imaging and clinical translation, offering a route to enhance
the diagnostic power of traditional modalities. For example,
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heMAMP, reported by Wang et al.,'”* leveraged MPO to enhance
traditional MR imaging (Fig. 6D). When MPO reacts with 5-
hydroxyindole in heMAMP and forms free radicals, it undergoes
self-polymerization or polymerization to enhance the MR signal.
The free radicals can also covalently bind to nearby proteins,
further enhancing the signal and enabling high-contrast long-
term imaging. They further developed a FL/CT dual-modal ima-
ging probe based on MPO to achieve the integration of emerging
optical bioimaging and traditional bioimaging (Fig. 6E)."”> This
probe consists of a biotin sensor (MABS) that can be activated by
MPO and a secondary component. The secondary probe is
composed of FL materials and gold nanoparticles, providing
both FL and CT imaging capabilities. The modular design
enhances the probe’s versatility in applications. MABS can be
combined with different secondary probes to enable the FL or CT
imaging of MPO. Other optical probes capable of integrating with
traditional biological imaging include 5-HT-Fe;0,-Cy7 (5HFeC
NPs) reported by Tong et al.'”® 5SHFeC NPs achieve the integration
of magnetic particle imaging (MPI), FL imaging, and computed
tomographic angiography (CTA) for quad-modality imaging
(Fig. 6F). These probes integrated with traditional biological
imaging hold significant potential for clinical translation.

This journal is © The Royal Society of Chemistry 2026
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The above examples demonstrate that MPO-targeting optical
probes can directly report the activity of TIICs, particularly
through the biochemical process of MPO-catalyzed HCIO genera-
tion, and thus serve as effective tools for noninvasively assessing
tumor immune status. And emerging evidence suggests that MPO-
targeting multimodal optical probes are increasingly integrated
with clinical bioimaging modalities, thereby conferring enhanced
potential for clinical translation.

4.1.3. Probes based on matrix metalloproteinases. MMPs
are secreted by various cells in the TME, including TANs, TAMs,
fibroblasts, and tumor cells. Therefore, optical probes targeting
MMPs are utilized for detecting and imaging various cell types.
MMPs also facilitate tumor progression by degrading the ECM,
thereby promoting tumor growth and metastasis. More impor-
tantly, MMPs regulate the bioavailability and activity of multiple
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cytokines (such as TGF-f and TNF-o), suggesting their role in
recruiting, activating, and regulating immune cell functions."””
MMPs are a large family of proteases, with over twenty distinct
MMP types identified in the human body. In particular, MMP-2,
MMP-7, and MMP-9 are strongly associated with multiple
malignant tumors, including breast cancer, ovarian cancer,
pancreatic cancer, lung cancer, melanoma, etc."”®"'”® Therefore,
TIIC-targeted optical probes designed for MMPs can provide
deeper insights into the complex interactions among compo-
nents of the TME.

Pushing the limits of sensitivity for early detection, Wu
et al."®® developed MP/NPs-SLIPS, an innovative probe system
designed for the ultra-sensitive quantification of MMP-2 (Fig. 7A).
MP/NPs-SLIPS achieves precise modulation of the aggregation
state of aggregation-induced emission (AIE) moieties via the

PF6

()
/‘\\/\/\/\N@_\ . Q
§ N

&)

130 20 20
2 -

25{ R¥=09924 15 RI=08066 | = 5]  R=0g811
5 3 u
220 510 210
s s $s

’ s

10 0

0
0 5 10 0 5 10 0 5 10
MMP9 concentration (ug mL™')  MMP concentration (ug mL™)  MMP9 concentration (ug mL’

O
O
O

["8F111

Cerenkov luminescence

w\ S

Q Q
!
< H—ocrz—E-nricrp—EH—| -oro—sz
Cerenkov-induced Fluorescence

[89Zr]Zr-DFO-anti-MT1-MMP-BOD665

Chem. Soc. Rev., 2026, 55, 6075-6116 | 6089


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01412c

Open Access Article. Published on 05 May 2026. Downloaded on 6/20/2026 12:19:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

synergistic interplay between electrostatic adsorption and nano-
confinement, thereby markedly enhancing FL signal intensity.
This “two-step aggregation enhancement” strategy lowers the
detection limit from 46.8 ng mL™~* (conventional solution-based
assay) to 3.7 ng mL ', representing an approximately 12.6-fold
enhancement in sensitivity and thereby enabling the detection
of low-abundance MMP-2found in early tumors at a concen-
tration of approximately 5 ng mL ™", enabling sensitive-enough
imaging of MMP-2 in early-stage tumors. This offers a solution to
the challenge of detecting TIIC-related biomarkers with extremely
low abundance in early tumors using conventional detection
methods, potentially improving early cancer diagnosis rates.

Accurately distinguishing different types of MMPs helps to
clarify the relationship between MMPs and TIICs, and a multi-
color imaging strategy that links various imaging and signal
conversion tags to a metal material scaffold provides an ideal
approach to achieve this. Guo et al.'®' substituted the gold-
thiol (Au-S) bond with a gold-selenium (Au-Se) bond to create
a tricolor FL probe (Probe 0) that can simultaneously respond
to MMP-2, MMP-7, and MMP-9 (Fig. 7B). This probe not only
achieves the simultaneous detection of MMP-2, MMP-7, and
MMP-9, but also addresses the issue of Au-S bond instability
caused by GSH in the body, which can lead to false positive
signals in Au-S-based FL probes. The surface of gold nano-
particles is conjugated with MMP-2 peptide substrates (labelled
with FITC), MMP-7 (labelled with 5-TAMRA), and MMP-9
(labelled with Cy5). Upon encountering the target enzymes, it
specifically cleaves the respective peptide substrates, releasing
the FL groups from the gold nanoparticle surface and restoring
the previously quenched FL via the FRET mechanism, resulting
in clear tricolor imaging, which facilitates cancer imaging and
classification.

Using MMPs to enhance the accuracy of clinical bioimaging
and broaden its range of applications is an effective and
feasible approach. For example, Chen et al.'®® developed an
MMP-9 responsive MRI nanoplatform (PMP@USPIO/DOX,
PMPSD) for quantitative tumor bioimaging and for synergistic
chemo-photothermal therapy (Fig. 7C). Furthermore, Tu et al.*®®
also used 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)
derivatives for nuclear tracer ®**Cu labeling, and incorporated
MMP-2 peptide substrate-modified polyethylene glycol 2000
into IONP to create a dual-mode imaging optical probe
(**Cu-NOTA-IONP@MMP2c-PEG2K, MMP2cNPs) for PET/MR
imaging (Fig. 7D). Compared with PMPSD, the MMP2cNPs
simultaneously utilized the advantages of PET and MR imaging,
allowing MMP2cNPs to better address the challenges of the
in vivo environment. Clinical bioimaging modalities such as
MRI and PET provide valuable anatomical and metabolic infor-
mation about tumors; however, they are limited by spatial
resolution and, in certain contexts, insufficient sensitivity to fine
structural details. Consequently, integration with optical imaging
modalities such as FL and PA imaging can effectively compensate
for these limitations, enabling the acquisition of multidimen-
sional and complementary tumor information. For example, in
2020, Schwegmann et al.*®* developed a novel FL/PET dual-mode
imaging probe (['*F]11) for MMP detection by radiolabeling
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Cy5-barbituric acid conjugates (Fig. 7E). Similarly, in 2022,
Meng et al'® reported a PA/MR dual-mode optical probe
(PEG-PepMMP2-MNP-Gd) (Fig. 7F). These ingeniously designed
multimodal imaging probes serve as valuable references for the
development of new TIIC-targeted optical probes in the future.

Most existing optical probes require external light sources
for excitation, which leads to two major limitations: scattering
and attenuation of the excitation light within biological tissues,
as well as the introduction of additional background signals,
ultimately resulting in suboptimal imaging contrast. To address
these challenges, Gristwood et al.*®® introduced a self-activating
imaging strategy in 2026. In this approach, **Zr and BODIPY665
were conjugated through an anti-MT1-MMP antibody—an
MMP-14 specific antibody—to construct a self-activating optical
probe ([*°Zr]Zr-DFO-anti-MT1-MMP-BOD665), for in situ ima-
ging of osteosarcoma mouse models (Fig. 7G). Because MMP-
14 is highly expressed in osteosarcoma, it specifically binds to
the anti-MT1-MMP moiety, leading to preferential probe accu-
mulation at the tumor site. The radioactive decay of **Zr within
the probe generates Cherenkov blue FL, which subsequently
excites BODIPY665, thereby inducing NIRF emission at approxi-
mately 665 nm. Furthermore, owing to the incorporation of
both ®Zr and BODIPY665, this probe also exhibits PET imaging
capability, enabling in situ FL/PET dual-modal imaging in
osteosarcoma mouse models.

4.1.4. Probes based on cathepsins. CTS are another class of
enzymes produced by various cells in the TME. They comprise
15 subtypes, including CTSB, CTSG, CTSK, CTSL, and CTSS,
which are predominantly expressed in four TIICs: TAMs, TANS,
MDSCs, and DCs. These CTS reshape the TME during tumor
progression by promoting tumor invasion, bone metastasis,
immune escape, and chemotherapy resistance through ECM
degradation, inhibition of T cell function, recruitment of
immunosuppressive cells, angiogenesis, and tumor stem cell
maintenance.'®” % These findings confirm that CTS play a
crucial role in tumor progression, and TIIC-targeted optical
probes based on CTS will provide deeper insights into these
effects.

CTSB is a key focus in the development of TIIC-targeted
optical probes. For example, Poreba et al."*° used hybrid com-
binatorial substrate library (HyCoSuL) technology (a technique
combining combinatorial chemistry and biochemistry, which
enables the efficient screening of a large number of substrate
molecules and the determination of a protease’s amino acid
preferences) to rapidly screen a large array of non-natural amino
acid combinations to determine the optimal reaction substrate
for CTSB, and based on this, utilized the Cy5-labeled MP-CB-2
probe for subcellular localization of CTSB (Fig. 8A). Further-
more, the FL/MR dual-mode imaging probe (Pep SQ@USPIO)
reported by Wang et al'®’ in 2020 enabled imaging triple-
negative breast cancer in vivo (Fig. 8B). The superparamagnetic
iron oxide nanoparticles (USPIO) in the probe provide MRI,
while the rectangular hydrazone photosensitizer (SQ) enables FL
imaging after cleavage by CTSB. Chen et al.'®” also reported two
FL/PA dual-mode imaging probes (HCy-Cit-Val and HCy-Gly-
Leu-Phe-Gly), for real-time monitoring of CTSB activity in vivo

This journal is © The Royal Society of Chemistry 2026
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(A) Molecular structures of the optimal substrates and Cy5 derivatives for CTSB screened using HyCoSulL technology. (B)—(F) Molecular structure

of Pep-SQ, HCy-Cit-Val, HCy-Gly-Leu-Phe-Gly OSF-1, MP-cL3, and non-lipidated probe 2 or lipidated probe 3. (G) The mechanism by which MORs
distinguish and predict the intensity of different immune response types (MHC-1 or MHC-II). Reproduced from ref. 200 with permission from John Wiley

and Sons, Copyright 2025.

(Fig. 8C). The two peptide sequences in the probe undergo
specific enzymatic cleavage by CTSB, resulting in signal conver-
sion, thereby enabling the visualization of CTSB. Although both
optical probes can detect and image endogenous CTSB in vivo,
HCy-Cit-Val exhibits greater catalytic efficiency and imaging
contrast, attributable to its reduced steric hindrance, as demon-
strated in cellular studies and tumor-bearing animal model
imaging experiments.

In addition to CTSB, several other CTS that are highly
expressed in the TME can likewise serve as targets for the
construction of optical probes. Their elevated expression in the
TME is closely associated with tumor growth and metastasis;
particularly CTSG, as a key enzyme in NETs,">*"'°® has been
utilized for the development of optical probes for NET imaging,

This journal is © The Royal Society of Chemistry 2026

and will be discussed in detail in the NET imaging section later.
For CTSK, the optical probe (OFS-1) reported by Richard et al.*®”
was employed for in vivo imaging of multiple myeloma mouse
models (Fig. 8D). The high affinity of the bisphosphonate group
in OFS-1 with bone minerals, such as hydroxyapatite, directs
the probe to specifically adsorb on the bone surface, where
CTSK cleaves the peptide substrate (GHPGGPQG), leading to
the separation of the FRET donor fluorescein (FAM) from
the FRET acceptor (BHQ-1), thus activating the FL signal at
520 nm. Furthermore, Poreba et al.'®® used an optical probe
(MP-cL3) for imaging CTSL. Similar to their work in 2019, the
tetrapeptide substrate (MP-cL3, Ac-His-dThr-Phe (F5)-Arg-ACC)
screened by HyCoSuL technology is recognized and cleaved by
CTSL (Fig. 8E).
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Long-term imaging is particularly valuable for analyzing the
in vivo biological dynamics of TIICs, especially for cysteine
cathepsins such as CTSS that are enriched on the surface of
TAMs. Furthermore, leveraging the membrane-enriched locali-
zation of CTSS, the development of membrane-anchored opti-
cal probes can substantially prolong the imaging window and
enhance imaging specificity. On the basis of this property, Hu
et al."®® reported that two probes (non-lipidated probe 2 and
lipidated probe 3) were developed for visualizing it in TAMs
(Fig. 8F). Although both probes can be recognized and specifi-
cally cleaved by CTSS, the lipidated probe 3 exhibits stronger
binding to the TAM membrane as a result of lipidation, thereby
achieving localized long-term retention within tumor tissue.
Cellular experiments demonstrated that, following cleavage by
CTSS on the surface of TAMs, the activated FL moiety enters the
cell and emits a strong FL signal. In contrast, the non-lipidated
probe 2 (control probe) enters TAMs directly and is subse-
quently cleaved by CTSS. In animal experiments, lipidated probe
3 exhibited prolonged imaging duration and high contrast.
Notably, even 5 days post-injection—when the non-lipidated
probe 2 group displayed almost no detectable FL—the tumor-to-
skin signal ratio remained approximately 6: 1, while the tumor-
to-muscle signal ratio reached as high as 18:1. This study
provides a novel strategy for the development of TIIC-targeted
optical probes. For certain secreted enzymes, initial immobili-
zation of optical probes on the cell surface may represent an
effective approach to extending imaging duration. Furthermore,
antigen presentation is a crucial process in the anti-tumor
immune response. Monitoring the antigen presentation capa-
city of antigen-presenting cells (APCs), such as DCs, is an
effective means of assessing the immune system’s anti-tumor
activity and predicting the efficacy of tumor immunotherapy. To
achieve this goal, He et al.>°° developed optical probes (MORs,
MORC-I and MORF-II) based on CTSS and the immunoprotea-
some (iP), which are closely associated with the major histo-
compatibility complex class I (MHC-I) and MHC-II pathways
(Fig. 8G). The incorporation of DSPE-PEG into MORs facilitates
their passive accumulation within lymph nodes, enabling dif-
ferential cleavage according to MHC-I or MHC-II activity. By
detecting activated CL and FL signals, the intensity and type of
immune responses can be distinguished. These studies demon-
strate that CTS-specific probes not only enable the imaging of
distinct TIIC subtypes but also serve as robust tools for dyna-
mically monitoring enzymatic activity within the TME.

4.1.5. Probes based on granzyme. Grs are primarily pro-
duced by CTLs and NK cells. They enter tumor cells via the
perforin-mediated pathway, inducing apoptosis. GrA and GrB
are the two principal subtypes of Grs. Biologically, GrA induces
atypical, inflammatory cell death via a caspase-independent
mechanism, thereby exerting complementary and regulatory
functions in immune-mediated cytotoxicity, such as compensa-
tory elimination of tumor cells with defects in caspase-dependent
pathways. In contrast, GrB functions as the primary effector
molecule that rapidly induces classical apoptosis in tumor cells
through a caspase-dependent pathway. Accordingly, Grs expres-
sion levels are closely associated with tumor immune escape and
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are positively correlated with the activity of TILs.”**°* These
findings indicate that assessing the anti-tumor activity of the
immune system through Grs is highly significant. Optical probes
developed for Grs are frequently used to detect and image CTLs
and NK cells, offering valuable tools for assessing cancer treat-
ment efficacy and patient prognosis.

Kolt et al.*® reported an optical probe (SK15.5) for monitor-
ing GrA activity in NK92 cells. The active site of GrA remains
concealed until the leader peptide is cleaved through processing
and shearing, and the diphenyl phosphonate in SK15.5 covalently
binds only to the active site of GrA, allowing SK15.5 to act
exclusively on GrA in its active form (homodimer) (Fig. 9A). In
cell experiments, active GrA in living cells and lysates was
successfully labelled. Besides NK cells, GrA-specific activatable
optical probes also serve as powerful tools for assessing T cell
activity. For example, in 2025, Scott et al.>** reported the devel-
opment of a CL probe (GzmA-CL), for the detection and analysis
of T cell activity in intestinal diseases (Fig. 9B). In this study, the
authors applied GzmA-CL to analyze the supernatants from
approximately 150 clinical stool samples. The results demon-
strated that GrA activity in the stool of patients with intestinal
diseases was significantly higher than that observed in healthy
individuals. Notably, GzmA-CL exhibited exceptionally high sen-
sitivity toward GrA, enabling detection at picomolar concen-
tration levels. Furthermore, correlation analyses revealed that
GrA activity was positively associated with endoscopic scores
and T-cell-related clinical indices. Collectively, these findings
indicate that GzmA-CL provides a robust and direct means of
assessing intestinal T cell activity in patients with intestinal
diseases. In addition to GrA, they reported in a separate study
the development of an optical probe (Probe 1) that leverages GrB
activity to enable in vivo imaging of NK cell-mediated antitumor
activity (Fig. 9C).>> The GrB substrate peptide (Ac-IEPD) in the
probe facilitates efficient GrB targeting. When the probe interacts
with GrB released by NK cells, it activates FL with an emission
peak at approximately 520 nm within minutes. Cell and animal
model experiments validated the probe’s targeting ability, and by
detecting GrB activity, direct optical bioimaging of NK cell-
mediated anti-tumor activity was successfully achieved.

GrIB can also be used to design optical bioimaging probes
targeting T cells. For example, He et al.>°° reported two optical
probes (CyGbPr and CyGbPp) in 2020 for in vivo imaging and
urine testing to evaluate cancer immunotherapy efficacy. The
researchers linked two GrB-specific peptide substrates to the FL
group CyOH, forming the complete CyGbPr and CyGbPp
(Fig. 9D). In the initial state, the FL remains off due to the
weak electron-donating ability of the oxygen atoms in CyOH.
Upon reaction with GrB, the electron-donating ability of the
oxygen atoms in CyOH is enhanced, leading to a 24-fold and
22-fold increase in FL intensity at 717 nm. The in vivo imaging
results correlate strongly with the infiltration levels of CTLs and
CD4" T cells in tumor tissues, demonstrating that the probe can
assess immunotherapy efficacy based on optical signal varia-
tions. Additionally, the probe can also be utilized for optical
urine testing to assess immune activation levels. To improve
quantification and depth, dual-modal GrB probes have been

This journal is © The Royal Society of Chemistry 2026
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Cy5.5-CBT, and TAD (afterglow luminescent core)/BHQ-NHS (BHQ3, quencher). (I) The sonoafterglow mechanism of ncRuPA. (J) and (K) Imaging
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2021 and Springer Nature, Copyright 2024, respectively.
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engineered. Zhang et al.>®” developed a polymer-based nano-
optical probe (SPNP) for FL/PA dual-modal imaging of T cells
(Fig. 9E and ]). SPNP is a nanoparticle formed through the self-
assembly of SPP monomers, where SPP consists of a polymer
core (SP) and a GrB peptide substrate labeled with the IR§00 FL
dye. SPNP accumulates in the TME in vivo via the EPR effect.
The action of GrB leads to a reduction in both the NIRF and PA
signals of SPNP, while the signals from the SP core remain
unchanged. The change in their ratio provides insight into GrB
expression levels and further evaluates the activation state of T
cells. Cell and animal model experiments have shown that
SPNP can achieve real-time monitoring of immune cell activa-
tion, with signal intensity correlating closely with immune cell
activation. As noted above, GrB-induced cell death is caspase-
dependent. Accordingly, Ma et al.>*® simultaneously employed
GrB and cas-3 to develop an AND-gate logic dual resonance
energy transfer nano-optical probe (DRET) for dynamic monitor-
ing of programmed CTL activation and tumor cell apoptosis,
evaluating the anti-tumor immune effect (Fig. 9F). The probe
incorporates a GrB-responsive FRET group (composed of Cy5 and
BHQ-3, connected to GrB’s peptide substrate IEFD) and a Cas-3
(caspase-3)-responsive MR tuning group (composed of superpar-
amagnetic iron oxide nanoparticles and Gd**, connected to Cas-
3’s peptide substrate DEVD). Due to its innovative design, the
probe enables early prediction and classification, predicting
efficacy and performing immune stratification before tumor
morphology changes. It also distinguishes between “responders”
and “non-responders”, as well as “acquired resistance” and
“maintained responders”, providing clinicians with timely and
accurate information to adjust treatment plans.

In addition to the dual-mode and AND-gate logic optical
probes, Xu et al.>*® introduced, in 2022, a “double quenching”’
mechanism into the optical probe (Cy5.5-CBT-NPs) for imaging
CTL activity (Fig. 9G). In contrast to the high specificity
achieved by multi-responder activation strategies, the double
quenching mechanism—combining intramolecular and inter-
molecular quenching—significantly reduces background signals
and enhances imaging performance. Specifically, 2-cyanobenzo-
thiazole (CBT) in the Cy5.5-CBT monomer undergoes intra-
molecular quenching with Cy5.5, reducing its FL intensity. When
two Cy5.5-CBT molecules form a cyclic dimer (Cy5.5-CBT-Dimer),
a second intermolecular quenching takes place. Upon GrB
activation, the FL emission of Cy5.5-CBT-NPs at 702 nm is
significantly enhanced, and the FL intensity is positively corre-
lated with the concentration of GrB. Cell and tumor model
experiments demonstrated that Cy5.5-CBT-NPs can specifically
image the CTL-mediated tumor cell killing process and thereby
reflect the activity of CTLs.

Ultrabright afterglow offers significant advantages in deep
tissue imaging, ultrafast imaging, and minimizing photobleach-
ing. For instance, Wang et al.?*® developed a novel organic
afterglow nanoparticle (TAD-BHQ) for ultrabright and ultrafast
in vivo imaging (Fig. 9H and K). TAD-BHQ operates via a
bioorthogonal activation strategy, where specific interaction
with GrB triggers the separation of the afterglow luminogen
(TAD) from the quencher (BHQ-3), restoring afterglow emission.
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Due to the correlation between the intensity of TAD-BHQ after-
glow light and GrB concentration, TAD-BHQ can monitor GrB
levels in tumors in real time and assess immunotherapy efficacy
after chemotherapy, radiotherapy, or immune checkpoint block-
ade. Although traditional photoactivated afterglow optical probes
minimize background interference by eliminating the need for
continuous external light excitation during signal acquisition,
tissue-induced scattering and absorption of pre-irradiation exci-
tation light still limit afterglow activation in deep tissues, thereby
constraining imaging contrast, sensitivity, and accuracy. To over-
come these inherent limitations, Wang et al.>™* developed a sono-
afterglow probe (ncRuPA) in 2026 as an alternative to conven-
tional photoactivated afterglow imaging (Fig. 91). In the ncRuPA,
ultrasound activates the sonosensitizer [Ru(bpy)s], leading to the
generation of '0,. The generated 'O, oxidizes the afterglow
substrate, thereby forming a stable dioxane intermediate. Owing
to the presence of a non-conjugated amide linkage, rapid electron
transfer is inhibited, thereby inducing cleavage of the intermedi-
ate through an electron exchange-induced chemiluminescence
mechanism. The resulting luminescence is efficiently transferred
to Ru(bpy); via intramolecular CRET, resulting in the emission of
a delayed NIR afterglow signal. This “sonic-chemiluminescence-
energy transfer” cascade mechanism enables optical imaging
without the need for an external light source, allows deep tissue
activation, and achieves a high signal-to-background ratio.
Furthermore, the authors further developed an APN-activated
sonoafterglow probe (ncRuPA,py), which enables highly sensi-
tive tumor imaging and mediates efficient sonodynamic therapy,
thereby providing a promising platform for tumor diagnosis and
treatment.

4.2. Probes based on reactive nitrogen and oxygen species
(RNOS)

Beyond probes directed at immune cell markers, a distinct class of
optical probes target reactive small molecules—specifically reac-
tive oxygen, nitrogen, and sulfur species (collectively RNOS)—
within the TME. Although TIICs are a key source, RNOS are also
produced by stromal cells and cancer cells themselves, position-
ing them as broader, cell-agnostic indicators of TME activity.”*> In
contrast to the above MPO-directed probes, which primarily track
neutrophil or macrophage populations, RNOS-responsive sensors
report on global oxidative stress and redox signalling. These
species exert dual effects on tumor progression, promoting pro-
liferation and therapeutic resistance at certain levels while con-
tributing to immune-mediated tumor suppression in other
contexts. Imaging RNOS dynamics thus enables investigation of
their context-dependent roles in tumor biology. Toward this end,
a range of optical probes have been developed to track RNOS
fluctuations, offering insight into how these species shape TIIC
function, tumor growth, and therapy response.

For ROS, Zhang et al.>"* synthesized an optical probe (PSiR)
based on the PeT mechanism, capable of imaging highly
reactive oxygen species (hROS) in real time (Fig. 10A). hROS
reacts rapidly with the 2,4-dimethyl-3-ethylpyrrole moiety, and
the oxidation product formed breaks the electron transfer
balance enabling PSiR to be activated within seconds, achieving

This journal is © The Royal Society of Chemistry 2026
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respectively.

efficient real-time imaging of hROS. Furthermore, Wen et al.>'*

reported a multicolor optical probe (Probe 4) based on the FRET
mechanism, simultaneously responding to changes in H,0, and
MMP-2 levels (Fig. 10B). When only H,O, is present, the probe
emits NIRF with a wavelength of 672 nm, but when MMP-2 is
present, the probe emits green FL with a wavelength of 555 nm
due to peptide cleavage and the activation of H,O,. Multimodal
imaging optical probes targeting ROS have also been reported.
For example, BTPE-NO,@F127 reported by Chen et al.>'® can be
used for FL/PA dual-mode imaging of H,O, (Fig. 10C). On the
other hand, MPN@CeOx reported by Deng et al.>'® can monitor
real-time changes in ROS levels in vivo through MR/CT imaging
(Fig. 10D). Trivalent iron ions and CeOx materials confer MR
and CT imaging capabilities to MPN@CeOx, respectively. More
importantly, MPN@CeOx enables regulation of macrophage

This journal is © The Royal Society of Chemistry 2026

polarization through ROS scavenging, thereby effectively alle-
viating inflammatory symptoms.

In the TME, the interaction between RNS and TIICs signifi-
cantly influences tumor initiation and progression.”’” RNS-
based TIIC-targeting optical probes serve as valuable tools for
elucidating the intricate mechanisms underlying these effects.
For example, Zhang et al.>'® developed a multi-biomarker
detection optical probe (PN910) based on the ICT mechanism,
capable of responding to both ONOO™ and H,O0, in an alkaline
environment (pH > 7.4) (Fig. 10E). Furthermore, Luo et al.*"’
reported a multi-detector optical probe (NTG) capable of
simultaneously responding to endogenous ONOO™~ and GSH
(Fig. 10F). The probe, NTG, generates distinct red and green FL
signals upon reaction with GSH and ONOO™, respectively, via
nucleophilic aromatic substitution and oxidative cleavage of its

Chem. Soc. Rev., 2026, 55, 6075-6116 | 6095
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2,4-dinitrobenzenesulfonyl and the extended conjugated double
bond of 1,8-naphthalimide moieties. This differential response
enables NTG to discriminate between normal, inflammatory,
and tumor cells based on their characteristic ONOO~ and GSH
levels. Using RNS to monitor the repolarization of TIICs is highly
innovative, especially for TIICs with different phenotypes such as
TAMs. For instance, Yuan et al.>*° reported an optical probe
(NRP@M-PHCQ) to track and monitor the migration and polar-
ization of M2-type TAMs (Fig. 10G). The M-PHCQ in NRP@M-
PHCQ targets CD206 and enters TAMs through endocytosis,
thereby polarizing M2- to M1-type TAMs. The NO released in
this process activates the FL of NRP. Similarly, Lu et al**'
reported an improved MR imaging probe (NRMP) (Fig. 10H).
Like NRP@M-PHCQ, NRMP also detects NO with high sensitivity
and selectivity in vivo, enabling studies on the role of NO in
tumor progression, immune response, and TAMS’ responses to
cancer immunotherapy. NRP@M-PHCQ not only enables intra-
tumoral imaging of NO, but also induces the repolarization of
M2-type TAMs toward the M1 phenotype and remodels the
immune status of the TME, highlighting the close integration
of optical imaging and immune regulation. This represents a
promising paradigm for the future development of TIIC-targeted
optical probes.

The specific role of RSS in tumor development remains
elusive, but it has been implicated in various diseases. RSS can
regulate a variety of physiological processes, including vasodila-
tion, antioxidant defense, cell proliferation, apoptosis, differen-
tiation, development, and immune response. These biological
processes are closely linked to tumor progression.>** For exam-
ple, a series of GSH-responsive optical probes developed by our
team—including NIRF/PA dual-modal and visible/NIR-II dual-
channel probes—enabled real-time in vivo monitoring of GSH
fluctuations during tumor ferroptosis, as well as prolonged in vivo
imaging.>***® Furthermore, Chen et al.**® reported an optical
probe (FHMI) based on the ICT mechanism for mitochondrial
SO, detection (Fig. 10I). In addition, Gong et al.”*” introduced an
optical probe (MI-H,S) for mitochondrial H,S detection (Fig. 10]).
Pyridium targets MI-H,S to mitochondria, and the MI-OH
released after the thiolysis reaction between H,S and dinitrophe-
nyl ether produces a strong FL signal for H,S detection. In order
to achieve imaging detection of multiple biothiols using the same
optical probe, Zhang et al.>*® reported a novel optical probe (Lyso-
RC), which targets lysosomes and simultaneously detects three
biothiols (Cys, Hey, GSH) and H,S (Fig. 10K). Different RSS react
with Lyso-RC to generate distinct FL signal patterns, with
response patterns for Cys/Hcy, GSH, and H,S being blue-red,
green-red, and red, respectively.

4.3. Probes for NETs

The focus of neutrophil imaging has recently expanded from
labelling intracellular enzymes to targeting NETs—extracellular
DNA scaffolds released by TANs during NETosis. These structures
actively drive tumor metastasis by promoting local invasion,
vascular anchoring, immune evasion, and organ colonization.”*®
To elucidate these NET-specific roles in the TME, researchers have
developed a suite of optical probes capable of visualizing NETs
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directly, thereby enabling studies of their contribution to tumor
progression distinct from that of the parent neutrophils. For this
case, Hao et al.>*° summarized NET research from 1996 to 2024 in
a review, suggesting that NETs may become a promising alter-
native for tumor imaging and treatment. The DNA fragments and
various proteins (such as NE and CTS) contained in NETs serve
as critical elements for the development of TIIC-targeted optical
probes.

Rios et al have made significant advancements in the
development of optical probes targeting TAN-related enzymes,
developing a series of activatable optical probes for NE, pro-
tease 3, and CTSG. However, these optical probes fail to achieve
effective NET imaging owing to high background FL, limited
signal amplification capacity, and challenges in penetrating NET
structures and binding effectively to their associated enzymes.
Thence, they developed an optical probe (HNE-FQ) using an
optimized design strategy to enable precise imaging of NETs
(Fig. 11A and E).**" The peptide substrate (Glu-Glu-Ile-Nle-Arg-
Arg) attached to the tripeptide branch scaffold is cleaved by NE,
separating the FL group (5-FAM) from the quencher (methyl
red), thereby restoring FL. Due to the trivalent scaffold and
FRET effect, HNE-FQ achieves a 420-fold enhancement in FL
intensity. Furthermore, they used the sulfonated Cy5 FL group
to further improve the deep tissue penetration ability of the new
optical probe (HNE-3F1Q) enabling NET imaging in deep tissues
(Fig. 11B and F).>*?

Effective monitoring of the NETosis process is essential for
elucidating the interaction mechanisms between TANs and
tumors. For example, Cheng et al.>** reported the development
of two optical probes (TNR; and TNR;) for imaging NETosis.
TNR; and TNR, activate FL signals only when both NE and
CTSG are simultaneously present (Fig. 11C). Unlike single-lock
designs that cannot discriminate between NETosis and neutro-
phil activation, this tandem-locking approach leverages CTSG
as a specific marker of NETosis to achieve selective detection.
The results of animal experiments in tumor models demon-
strated a significant enhancement in the NIRF signal at the
tumor site of mice treated with NETosis inducers, consistent
with histological findings. At the same time, the activated FL
signals correlate with the tumor growth following immuno-
therapy and can also be used to evaluate the effect of cancer
immunotherapy.

In addition to these enzymes in NETs, the DNA fragments of
NETs also serve as valuable factors for developing optical
probes targeting NETs. For example, Guerra et al.>** simulta-
neously employed DNA, NE, and CTSG to develop two optical
probes (H-NE and H-CG) for imaging NETs (Fig. 11D). Hoechst
33258 in both H-NE and H-CG binds tightly to the minor groove
of DNA. NE and CTSG bound to DNA cleave the peptide
sequences in H-NE and H-CG, disrupting the original FRET
system and restoring FL. The experimental results of H-NE and
H-CG revealed that NE and CTSG are only enzymatically active
when bound to DNA, which aids in clarifying the functional
relationship between exogenous DNA content, protease activity,
and disease progression. In addition to these precisely developed
optical probes, certain DNA-specific FL dyes can also detect

This journal is © The Royal Society of Chemistry 2026
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NETs. Kim et al>*® confirmed that CDr15 can be used for
imaging NET structures in human tumor tissue samples, exhi-
biting lower background FL and higher specificity than DAPI
and SYTOX DNA dyes (Fig. 11G). Experimental results of tumor
tissue imaging demonstrated that CDr15 could accurately assess
NETosis extent.

4.4. Probes based on receptors

The specific binding between ligands and their cognate receptors
provides a robust foundation for designing optical probes with
high targeting specificity toward TIICs. For example, CD206, a
canonical biomarker of M2-type TAMs, has emerged as a widely
investigated target for targeted imaging and therapeutic applica-
tions. Moreover, the diverse receptors abundantly expressed on
TIIC subtypes—such as chemokine receptors—represent impor-
tant targets for probe design, and probes developed on this basis
have shown considerable application potential.

Based on this, Gao et al.**® employed the CD206 ligand
(mannose) and the AIE mechanism to design an optical probe
(TPE-Man) for in vivo tumor imaging and photodynamic therapy
(PDT) (Fig. 12A). TPE-Man enters TAMs through CD206-mediated
endocytosis and emits FL with a wavelength of 600 nm due to the
AIE mechanism. After irradiation with white light, TPE-Man
produces ROS that significantly reduce TAM survival through
the PDT, enabling precision treatment. In addition, Luo et al.>*’
reported a metabolizable optical probe (DN-ICG) for imaging

This journal is © The Royal Society of Chemistry 2026

TAMs in pancreatic cancer (Fig. 12B). The carboxymethyl dextran
in DN-ICG interacts with ICAM-3-grabbing nonintegrin related
1 (SIGNR1), enabling DN-ICG to specifically target TAMs. The
experimental results demonstrated that the emission intensity of
DN-ICG is approximately 279% higher than that of free indocya-
nine green (ICG), and the NIR-II emission wavelength of 1000-
1700 nm ensures deep tissue penetration, enabling monitoring of
TAM changes during pancreatic cancer treatment. The probe that
remains outside tumor tissues is decomposed into non-toxic
small molecules via enzymatic hydrolysis and cleared through
liver metabolism, thereby reducing the background FL of in vivo
imaging. Unlike optical probes targeting CD206, probes directed
against Ly6G are primarily designed for in vivo dynamic tracking
of neutrophils. For example, Wang et al>*® employed Ly6G,
predominantly expressed on neutrophil surfaces, to design an
FL/MP/CT multimodal imaging optical probe (PEG-Fe;O,-Ly6G-
Cy7 nanoparticles, Ly6G NPs), for monitoring neutrophil infiltra-
tion in abdominal aortic aneurysm (AAA) (Fig. 12C). The super-
paramagnetic nanoparticle material (Fe;0,@PEG-COOH) and
Cy7 FL dye in Ly6G NPs provide MP/CT and FL imaging capabil-
ities, respectively. In the mouse model, FL/MP/CT multimodal
imaging results offered detailed insights into AAA, intuitively
reflecting the correlation between neutrophil infiltration and AAA
severity. Alongside this, in 2026, Chen et al.”*® conjugated Ly6G
with an NIR-II probe (DCPD7) to construct an ultra-bright NIR-II
optical probe (DCPD7-Ly6G) for high-resolution imaging of
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individual neutrophils in deep tissues (Fig. 12D). In subsequent
stroke mouse model experiments, the authors developed a multi-
color imaging system incorporating DCPD7-Ly6G, DCPD3-
KTP5—an NIR-II probe specifically targeting mesenchymal stem
cells—and ICG to track neutrophil dynamics in real time. This
approach revealed fine spatiotemporal features of neutrophil
migration and stem cell-immune cell interactions following
stroke, thereby providing a powerful tool for elucidating complex
biological processes and informing the development of novel
therapeutic strategies.

Beyond targeting these classic membrane surface receptors,
receptors for cytokines—such as interleukins and chemokines—
are highly expressed on TIICs and represent promising
targets for probe development. For example, Reese et al>*°
initially conjugated BODIPY to tRNA (transfer RNA) to create

6098 | Chem. Soc. Rev., 2026, 55, 6075-6116

BODIPY-aa-tRNA and subsequently incorporated BODIPY-aa-
tRNA into the optimal modification site of IL-33 for FL labeling
(Fig. 12E). The newly developed IL-33 FL analog retains the
biological activity of wild-type IL-33, binds effectively to the ST2
receptor on TIICs’ surfaces, and can be used to monitor IL-33/
ST2 signal transduction in real time. Moreover, Bertolini
et al.”*" labeled CXCL13 and CXCL10 cytokines with BODIPY
and endo-9-hydroxymethyl-bicyclo[6.1.0Jnon-4-yne (BCN), pre-
pared two chemically modified cytokine FL analogs (Probe 5),
and employed a combination of CXCL13 and CXCL10 with
CXCR5 and CXCR3 for real-time imaging of drug-resistant
leukemia BCs (Fig. 12F). The work of Reese and Bertolini has
provided new tools for studying immune cell signalling and
enables a deeper understanding of the interactions between
TIICs.

This journal is © The Royal Society of Chemistry 2026
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In addition to the above traditional strategies, advanced
biological technologies (such as gene cloning and aptamer
screening) have significantly advanced the development of
TIIC-targeted optical probes. For example, Bernhard et al**?
employed genetic engineering to clone the Fc domain from
human immunoglobulin (IgG) to design an optical probe
(Probe 6) for monitoring the infiltration of immune cells within
the TME. They cloned the VHH-Fc domain, which specifically
targets Fc receptors on the surfaces of monocytes and granu-
locytes (such as FcyRI [CD64], FcyRII [CD32], FcyRIII [CD16],
etc.). VHH-Fc was subsequently labeled with the IRDye800CW
FL dye at a 1:3 (protein to dye) ratio (Fig. 12G). Animal
experiments on tumor models showed that the probe specifi-
cally images tumor tissues and can evaluate TIIC infiltration. In
addition to genetic engineering technology, Wang et al.>*® first
employed the aptamer selection strategy of FL-activated cell
sorting to identify Apt-99, a DNA aptamer that binds with high
affinity and selectivity to the S100A8&A9 heterodimer on the
surface of TANs in ovarian cancer ascites smears. They subse-
quently developed an optical probe, AIE-Apt-99, by labelling
Apt-99 with fluorescein DCBT (Fig. 12H). In ovarian cancer
ascites smears, AIE-Apt-99 specifically binds to TANs, where it
aggregates and activates FL via the AIE mechanism.

4.5. Probes based on artificial TIICs

The preceding sections have summarized recent advances in
optical probes based on enzymes, reactive species, and specialized
structures, together with their design strategies and applications.
Beyond these approaches, additional strategies have been explored
for TIIC-targeted probe development. For example, in vitro repro-
gramming of immune cells to generate optical imaging-capable
“artificial TIICs” (ATCs) enables real-time tracking of immune cell
migration in the bloodstream, offering insights into the biological
roles of TIICs in tumor progression.

Most TIICs demonstrate an inherent ability to migrate to
tumor tissues. Therefore, this property can be exploited to create
ATCs—cells endowed with optical imaging capabilities through
strategic design—for effective in vivo tracking of immune activity.
When constructing ATCs, researchers typically select homologous
TIICs as the basis for ATCs to ensure optimal biocompatibility
and evade immune clearance.”** These homologous TIICs are
then co-incubated with optical probes, or their cell membranes
are extracted and employed to encapsulate the optical probes.
ATCs constructed using these methods typically retain either
complete or partial biological characteristics of the homologous
TIICs, thereby enabling precise delivery and targeted accumula-
tion of optical probes at tumor sites.

The most direct approach involves chemically conjugating
imaging probes onto the surface of natural immune cells. Qiu
et al.>*® synthesized an optical probe (Gd@BSA-BODIPY) for
FL/MR dual-mode imaging (Fig. 13A). They immobilized gado-
linjum ions (Gd**) and BODIPY onto the BSA skeleton via
coordination and covalent bonds, forming Gd@BSA-BODIPY
nanoparticles, which were subsequently activated with 5-thio-2-
nitrobenzoate (TNB) and further conjugated to the neutrophil
membrane surface via covalent bonds. Experiments on animal
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models of lung cancer demonstrated that FL and MR signals in
tumor tissues of mice receiving ATCs combined with Gd@BSA-
BODIPY were significantly amplified. Likewise, a more integrated
method entails internalizing nanoprobes into immune cells,
transforming them into living, trackable microcarriers. Zhang
et al**® developed an artificial “super neutrophil” (GCZM).
GCZM targets and eliminates malignant tumor cells and patho-
gens. Cy5.5 integrated into GCZM enables the imaging of its
tumor-targeting capability. Additionally, they synthesized an
optical probe (BCIO) for real-time monitoring of GCZM toxicity
by detecting ROS (Fig. 13B). Moreover, Xu et al.>” developed a
novel class of photoactive neutrophils (PANs) by bioengineering
living neutrophils to encapsulate a multifunctional nanocomplex
(RA/Ceb6), enabling self-amplified, multistage tumor targeting
that triggers mitochondria-specific photochemotherapy in mouse
models of melanoma and oral cancer (Fig. 13C).

To circumvent challenges associated with
manipulation—such as variable viability, batch-to-batch incon-
sistency, and complex manufacturing—cell membrane coating
technology has emerged as a robust alternative. This approach
extracts membranes from source cells (e.g., neutrophils) and
uses them to cloak synthetic nanoprobes, bestowing the probes
with the source cell’s surface antigens and biological tropism
while enabling scalable production. In 2021, Liu et al.>*® devel-
oped a lipid-modified optical probe (TFML) and incorporated it
into the neutrophil membrane via membrane insertion to form
ATCs (TFML-NE) (Fig. 13D). They used TFML-NE to detect the
PA signal of TANSs infiltrating tumor tissues. A similar strategy
was adopted by Liao et al.,>** who loaded NK cells in vitro with
nanoparticles (DCNP@786s) containing FL dyes and rare earth
material cores to construct ATCs with imaging capabilities
(Fig. 13E). They employed these ATCs for quantitative tracking
and real-time visualization of NK cell survival in a liver cancer
mouse model. DCNP@786s is formed by IR786s (ROS-sensitive
NIRF dye) encapsulating rare earth nanoparticles (DCNP,
synthesized from lanthanide rare elements, with a diameter
of about 50 nm). When intracellular ROS degrade IR786s, the
FL emission of DCNP@786s under 808 nm excitation light is
significantly enhanced, whereas the FL emission under 980 nm
laser excitation remains largely unchanged. This differential
response enables ratiometric imaging for quantitative assess-
ment of intracellular ROS levels, which serves as an indicator of
NK cell activity.

The aforementioned approaches for direct in vitro editing of
immune cells present several practical limitations, including
the risk of cellular contamination, compromised cell viability,
low optical probe loading efficiency, restricted editing flexibi-
lity, and unintended polarization of TIICs during manipulation.
Accordingly, the approach of directly extracting cell membranes
and encapsulating optical probes in vitro provides an alternative
strategy to overcome the above limitations. In contrast to direct
immune cell editing strategies, TIIC-derived cell membranes can
be isolated in vitro using techniques such as low-temperature
ultrasonic disruption and ultracentrifugation. Standardized pro-
cessing protocols help preserve the intrinsic biological charac-
teristics of the source TIICs, thereby facilitating subsequent
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in vivo applications. Furthermore, those ATCs can be modularly
designed and constructed to suit diverse practical applications,
thereby providing enhanced application flexibility. Thus, Huang
et al.*>® proposed a more straightforward strategy for construct-
ing ATC optical probes (Fig. 13F and G). They developed ATCs
(aNeu), comprising porcine pancreatic elastase (PPE), IR780 FL
dye, and hollow manganese dioxide nanoparticles (hMnO, NPs).
The cell membrane derived from neutrophils confers aNeu with
strong tumor tropism. In addition, aNeu possesses FL/MR dual-
mode imaging capabilities. PPE, Mn>", and IR780 respectively
endowed aNeu with tumor cell killing, MRI, and FL imaging
ability. Besides utilizing immune cell membranes for tumor
targeting, leveraging the tumor-homing and self-recognition
capabilities of tumor cell membranes represents another feasi-
ble strategy for developing ATC-type optical probes. Similar to
immune cell membrane encapsulation approaches, this strategy
mitigates the limited tumor accumulation associated with the
low EPR efficiency of non-cell membrane-coated nano-optical

6100 | Chem. Soc. Rev., 2026, 55, 6075-6116

probes. For example, Bian et al>’" encapsulated the ROS-
responsive azide precursor Ac;ManNAz within 4T1-derived
tumor cell membranes to construct a pre-targeting nanocarrier
(Az-ROS@MB), thereby enhancing tumor-selective accumula-
tion of Ac,;ManNAz. This approach enabled efficient azide
labelling of tumor cells via metabolic glycoengineering and
provided high-density reaction sites for subsequent bioorthogo-
nal reactions. Furthermore, the GSH-responsive imaging probe
(CSSC@DBCO) efficiently recognizes Ac;ManNAz-labeled tumor
cells through bioorthogonal click reactions and emits detectable
optical signals under elevated intracellular GSH conditions, achiev-
ing high-fidelity and high-contrast imaging in vivo (Fig. 13H).
Together, Az-ROS@MB and CSSC@DBCO constitute a spatio-
temporally controllable, multistage-validated, and signal-amplified
precision tumor imaging platform. Through the synergy of
homologous biomembrane encapsulation and bioorthogonal
chemistry, this strategy effectively addresses key bottlenecks in
the practical application of optical probes and provides a

This journal is © The Royal Society of Chemistry 2026
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versatile platform with promising clinical translational potential
for precision tumor diagnosis and image-guided surgery.

Although ATCs have demonstrated promising performance in
preclinical animal models, this strategy requires careful evalua-
tion. This approach is associated with several risks, including
increased immunogenic potential, which may trigger host
immune responses and compromise imaging reliability; signifi-
cant batch-to-batch variability arising from differences in donor
cell sources and in vitro expansion conditions, thereby affecting
cell phenotype, functional activity, and imaging signal consis-
tency; and reduced cell viability during in vitro manipulations
(e.g., transduction, membrane coating, and prolonged culture),
leading to impaired proliferation, migration, and immune func-
tion, and consequently diminishing imaging accuracy.>*>">**
These limitations hinder the clinical application and broader
translational potential of ATCs. Systematic investigations are
urgently needed in areas such as immunogenicity assessment,
batch consistency control, cell viability preservation, manufactur-
ing process optimization, and regulatory strategy development
to enhance the clinical translational potential of TIIC-targeted
optical probes.

5. Application of TIIC-based optical
probes for cancer immunotherapy

The multifunctionalization of TIIC-targeted optical probes
represents a key future direction. In particular, optical probes
with integrated therapeutic functions possess broader applica-
tion prospects and greater potential for clinical translation, and
are expected to become indispensable tools in the precise and
personalized diagnosis and treatment of tumors in the future.
The integration of therapeutic functions into TIIC-targeted
optical probes represents a key direction for advancing cancer
immunotherapy. Unlike conventional immunotherapeutic
approaches, which lack real-time feedback on treatment
response, optical probes with integrated therapeutic capabil-
ities enable simultaneous diagnosis and intervention. Through
quantifiable optical signals, these probes provide real-time feed-
back on therapeutic efficacy—such as tumor suppression, TIIC
infiltration dynamics, and antitumor immune activation—
thereby serving as reliable tools for optimizing immunotherapy
regimens, enhancing treatment precision, enabling patient
stratification, and dynamically adjusting treatment strategies.
When designing such probes, therapeutic units (e.g., chemo-
therapeutic drugs, immune checkpoint inhibitors, and photo-
sensitizers) can be incorporated into TIIC-targeted optical
platforms to achieve seamless integration of diagnostic imaging
and immunotherapy.>>*>

5.1. Chemotherapy-antitumor immune response synergy

The mechanism of chemotherapy is to inhibit the proliferation
of tumor by targeting and killing rapidly dividing tumor cells
across a broad range. Its key characteristics include rapid onset
and broad applicability (Fig. 14A). It is widely used in the
treatment of various cancers at all stages, though its limitations
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are also obvious. For instance, chemotherapy drugs typically
lack specificity and fail to effectively target tumor tissues. As a
result, chemotherapy drugs harm normal cells and tissues,
leading to serious side effects, including bone marrow suppres-
sion and hair loss. A major advantage of integrating chemo-
therapeutic functions into TIIC-targeted optical probes lies in
exploiting their tumor-targeting capability to reduce the non-
specific accumulation of chemotherapeutic agents in normal
tissues, thereby mitigating the adverse effects associated with
systemic chemotherapy. An additional advantage is that the
chemotherapeutic drugs concentrated within tumor tissue can
efficiently eliminate tumor cells, leading to the release of TAAs
and thereby activating TIIC-mediated anti-tumor immune
responses. This process facilitates localized activation of anti-
tumor immunity within the TME, ultimately achieving synergistic
therapeutic effects between chemotherapy and immune-mediated
tumor suppression.

Combining chemotherapy with adoptive cell therapy holds
real promise for cancer treatment. Yet standard protocols often
fall short because we cannot track drug pharmacokinetics or
immune cell dynamics in real time. That forces clinicians to
rely on empirical dosing, which rarely gives optimal synergy.
Nanoparticle platforms offer a way to integrate chemotherapy
with imaging. Take Hao and colleagues’ work: they built a
programmable system (S&D@Ag,Se) using NIR-II multiplex
fluorescence.”®” One probe (emitting at 1350 nm) carries dox-
orubicin (DOX) plus the chemokine SDF-1a on Ag,Se dots,
letting them monitor drug release. Another probe (1050 nm
emission) labels NK-92 cells with Ag,S dots, so they can track
immune cells. In tumor models, NIR-II imaging showed the best
time window for dosing. Compared with simple co-injection, this
imaging guided schedule ensures DOX and NK cells both hit the
tumor at peak levels—overcoming a major drawback of tradi-
tional regimens (Fig. 14B). Unlike simply mixing chemotherapy
with NK cells, the NIR-II imaging-guided programmed schedule
lets DOX and NK cells reach the tumor together at peak
levels—bypassing key drawbacks of conventional dosing. This
work shows how optical imaging can help fine-tune therapies in
real time.

Multidrug resistance often stems from small chemothera-
peutic drugs being pumped out of cells by P-glycoprotein. Even
with nanocarriers, less than 1% of the injected dose reaches
solid tumors; most ends up in the liver and spleen, causing
toxicity. Yuan et al.>*® developed an ‘“‘enzyme-triggered in situ
self-assembly” strategy to get around this.>*® They made a small
precursor probe, Olsa-RVRR, by linking olsalazine (a DNA
methylation inhibitor) to a cell-penetrating peptide. Once
inside cells, high glutathione cleaves a disulfide bond, then
furin protease cuts the peptide, exposing thiol groups that drive
self-assembly into 20-50 nm nanoparticles. Those particles
avoid efflux pumps and stay inside cells. Olsa-RVRR also works
for CEST-MRI (chemical exchange saturation transfer magnetic
resonance imaging) via olsalazine’s hydroxyl protons. In mice,
the probe gave a 4.3% CEST signal at 2 h that lasted 24 h, while
free olsalazine faded in 0.5 h. The probe mainly accumulated
in tumors and kidneys—little in the liver, suggesting renal
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clearance. Importantly, the 2 h CEST signal correlated strongly
with tumor shrinkage at day 33 (R* = 0.97), so you can predict
treatment response just two hours after injection (Fig. 14C).
Thus, therapeutic outcomes can be predicted as early as 2 h
after systemic administration, allowing timely strategy adjust-
ments. Modulating the immunosuppressive TME is central to
improving immunotherapy, and chemotherapy can directly
support this process. Dong et al.>** demonstrated the synergis-
tic effect of chemotherapy and immunotherapy by reducing the
immunosuppressive environment of the TME in their 2020
study. The CpG NPs and DOX contained in the delivery system
they developed have FL properties, providing two fluorescence
signals that track the distribution and dynamic changes of both
drugs in tumor, offering real-time insights into TME changes

6102 | Chem. Soc. Rev,, 2026, 55, 6075-6116

(Fig. 14D). Systemic chemotherapy with temozolomide (TMZ),
used as the first-line treatment for glioblastoma (GBM), can
damage the bone marrow and impair both the number and
functional activity of immune cells; therefore, local chemother-
apy is essential to mitigate the side effects associated with TMZ.
The diagnostic and therapeutic optical probe (PEG/2CD25-Cy7/
TMZ) developed by Zeng et al.>* successfully accomplished this
objective (Fig. 14E). aCD25-Cy7 has Treg cell targeting ability
(targeting efficiency up to 92.3%), enabling real-time monitor-
ing of Tregs through Cy7’s FL/PA dual-mode imaging ability.
Notably, their study indicated that after TMZ treatment, Treg
infiltration within tumor tissues was markedly increased, while
treatment with the indoleamine 2,3-dioxygenase inhibitor sup-
pressed Treg infiltration while enhancing CTL infiltration,

This journal is © The Royal Society of Chemistry 2026
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thereby inhibiting tumor growth. This offers new and valuable
evidence for the treatment of GBM. Real-time monitoring of
Treg infiltration during chemotherapy can help evaluate the
immunosuppressive status of GBM, and based on this informa-
tion, allow timely adjustment of the treatment plan to effectively
improve patient survival. Chemically modifying chemotherapy
drugs into prodrugs with targeting capabilities is also an effective
method. In 2021, Lucero et al.'®® integrated PA imaging with
chemotherapy. While developing the GSH-responsive PA imaging
probe (PACDx), they modified gemcitabine into a GSH-responsive
prodrug (PARx) (Fig. 14F). Notably, in contrast to conventional
strategies, this study strategically elevated the activation thresh-
old of the GSH-responsive optical probe, thereby minimizing
unintended activation by basal GSH levels in normal tissues.
This approach reduced false-positive signals and significantly
enhanced the probe’s capacity for accurate tumor discrimination,
yielding excellent imaging contrast in a murine lung cancer
model. PACDx and PARx further demonstrated robust perfor-
mance in both in situ imaging and therapeutic intervention
within the same model. Importantly, this work offers a valuable
design paradigm for the future development of TIIC-targeted
optical probes, particularly when targeting biomarkers expressed
in both normal and immune cells. By rationally tuning the probe
activation threshold according to differential expression levels
between TIICs and normal cells, TIIC selectivity can be substan-
tially improved. Moreover, the incorporation of responsive
prodrug design markedly reduced collateral damage to normal
cells compared with non-selective therapeutics. Collectively, this
strategy represents a promising framework for enhancing the
specificity and safety of next-generation multifunctional optical
probes.

5.2. PDT/PTT-antitumor immune response synergy

PDT and PTT are two treatment methods based on light energy,
which have gained significant attention for their precision and
minimally invasive characteristics.?®*>®> Both PDT and PTT
offer more precise treatments compared to traditional methods
via localized light irradiation. They result in less damage to
normal tissues and allow for quicker postoperative recovery
compared to surgical resection, chemotherapy, and radiother-
apy. Furthermore, PDT/PTT directly mediates tumor cell death
through the generation of ROS and localized hyperthermia. The
resulting release of TAAs and DAMPs can activate the patient’s
adaptive immune response. This process is characterized by
calreticulin (CRT) exposure and the release of ATP and high-
mobility group box 1 (HMGB1). These DAMPs facilitate DC
phagocytosis via the CRT-CD91 axis, trigger NLRP3 inflamma-
some activation and IL-1p secretion through ATP-P2X7 signalling,
and promote DC maturation through HMGB1-TLR4-mediated
NF-xB activation. Concurrently, cytosolic DNA activates the
cGAS-STING pathway, inducing type I interferon production
and enhancing antigen cross-presentation capacity. Following
antigen uptake and processing of TAAs, mature DCs activate
CD4" T cells through major histocompatibility complex class I
(MHC II) presentation and initiate CTLs’ responses via MHC I
cross-presentation. With the support of co-stimulatory molecules
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and pro-inflammatory cytokines, T cells undergo clonal expan-
sion and effector differentiation. Ultimately, this cascade estab-
lishes a systemic adaptive immune response against the tumor,
suppressing the growth of primary lesions and distant metastases
while laying the foundation for durable immune memory,
thereby enhancing the anti-tumor activity of the immune system
and establishing a coordinated PDT/PTT-anti-tumor immune
response network.

Integrating photodynamic (PDT) and photothermal (PTT)
therapies into a single optical probe has become a clear direc-
tion for theranostic platforms. Sun et al. developed a liposomal
nanoporphyrin probe (Pp18-lipos, Fig. 15A).>** By adjusting the
Pp18 lipid ratio, the platform combines FL imaging, PA imaging,
MRI, PDT/PTT, and antitumor immune activation. FL picks up
drug distribution at pg mL " levels and tracks probe buildup in
tumors and major organs from 0.5 to 48 hours, confirming
targeting. PA gives deep-tissue views of tumor anatomy and
vascularization while also following probe accumulation—
handy for real-time efficacy checks. MRI delivers millimeter-
scale anatomy with excellent soft-tissue contrast, clearly separat-
ing tumor from normal tissue, which helps with both pre-op
planning and post-op monitoring. This all-in-one design cuts
down on the complexity and instability of multi-component
nanomedicines, making clinical translation simpler, safer, and
more efficient. Imaging feedback lets users adjust laser timing
and dose on the fly. In mouse subcutaneous tumor models, the
combined PDT/PTT slowed tumor growth and triggered a stron-
ger antitumor immune response: more DCs and CTLs infiltrated
the tumor, cytokine levels (IFN-y, TNF-o, IL-12p70) went up, and
Treg infiltration dropped. That shifted the tumor from an
immunosuppressive “cold” state to an immunostimulatory
“hot” one, making it more responsive to immunotherapy.

In another study, Jiang et al>®> combined PDT/PTT with
fluorescence guided surgery (FGS) and anti-PD-L1 therapy in
animal tumor models, pushing survival rates up to 90%
(Fig. 15B). The NIR imaging capability of DDTB-DP NPs gave
reliable data for preoperative diagnosis and for picking the best
phototherapy time window. NIRF signals told them when the
nanoparticles had accumulated optimally, improving treatment
efficiency and lowering the risk of overtreatment. Under NIRF
guidance, residual microtumors with strong FL signals stood
out clearly, allowing a second precise resection. Ex vivo NIRF
imaging also let them assess nanoparticle accumulation and
clearance in major organs and tumors, helping refine treat-
ment strategies. Notably, the FGS group showed effective tumor
accumulation of DDTB-DP NPs, and after resection, the com-
bined PDT/PTT wiped out residual microtumors completely.
In the non-FGS group, peripheral blood levels of TNF-a and
IFN-y, along with CD4" T cell and CTL infiltration in tumors,
all rose markedly—showing that DDTB-DP NPs effectively eli-
cited adaptive antitumor immunity and greatly improved the
response to PD-L1 blockade. Furthermore, Xu et al.>®® showed
that optical probes combining PDT and PTT strongly boost CTL
infiltration in triple-negative breast cancer, a tumor type known
for severe immunosuppression and hypoxia, while cutting
Treg infiltration—essentially reversing the immunosuppressive
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tumor immune microenvironment (Fig. 15C). Compared with
controls, intratumoral CTLs went up 2.7-fold and Tregs dropped
62% after PBNO-Ce6 treatment. The CTL/Treg ratio in the
spleen also rose significantly, hinting that local PDT/PTT might
spark a systemic antitumor immune response and possibly curb
metastasis. It is worth mentioning that the hypoxic nature of the
TME is a major factor limiting the efficacy of PDT.>*”**® Over-
coming low PDT efficiency under hypoxia would be a big step
forward. Li et al®®® tackled this with a nano-optical probe
(Fal-ICG-HAuNS + Fal-Hb-lipo) (Fig. 15D). The probe uses
hemoglobin liposomes (Hb-lipo) as oxygen carriers, releasing
oxygen locally to boost PDT. Unlike conventional tumor-
targeting approaches, this one sticks FAL peptides onto multiple
components to hit the endoplasmic reticulum (ER) precisely. It
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releases oxygen right inside the ER, where ER-localized PDT
triggers ER stress and immunogenic cell death (ICD), which in
turn activates antitumor immunity. In B16F10 tumor-bearing
mice, depleting CTLs with specific antibodies sharply reduced
the probe’s antitumor effect. This tells us that the improved
efficacy depends largely on adaptive immune activation, not just
the direct killing from PDT/PTT—highlighting the value of
“dual ER targeting” for driving antitumor immunity. Also,
FAL-ICG-HAuNS and FAL-Hb-lipo emit at different wavelengths,
so you can monitor drug distribution in real time and nail down
the best PDT/PTT window. This work offers fresh insights for
designing multifunctional TIIC-targeted optical probes, making
clear that precise targeting is key to getting a strong local
antitumor immune response.

This journal is © The Royal Society of Chemistry 2026
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5.3. Activation of immune-related signalling pathways

Signalling pathways involve a series of molecules, such as
proteins, enzymes, receptors, and second messengers, that
transmit signals through orderly interactions. These signals are
typically initiated by extracellular stimuli, including hormones,
cytokines, and drugs, ultimately influencing biological functions,
including cell proliferation, differentiation, apoptosis, and
immune responses, through the regulation of gene expression
and protein activity. In cancer immunotherapy, the A2AR, cGAS-
STING, and JAK-STAT signalling pathways have emerged as key
targets and have been extensively studied for their roles in
modulating immune cell activity, tumor immune evasion, and
the TME.

A2AR is a receptor on immune cells. When engaged, its
signalling dampens immune activation and function, reducing
anti-tumor responses in the TME and helping tumors dodge
immune attack. In 2024, Liu et al.>’° designed a nanotherano-
stic platform (SSPNjno) that delivers A2AR inhibitors straight
into glioblastoma (GBM) while providing in situ treatment
(Fig. 16A). SSPNio first targets neutrophils in the bloodstream.
These cells naturally cross the blood-brain barrier, so they carry
the probe into GBM tissue. NIRF irradiation then generates
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localized heat, killing tumor cells and triggering NO release
from a thermosensitive donor inside SSPNjyo. That NO helps
repolarize tumor-associated macrophages. At the same time, the
released A2AR inhibitors act on multiple immune cell subsets in
the TME, reshaping the immune landscape and reversing GBM’s
immunosuppressive state. In tumor-bearing mice, SSPNjxo plus
NIRF irradiation gave 100% survival over the whole experiment,
a big jump from controls (23 days) or free A2AR inhibitors
(24 days). Owing to the SP2 component, SSPNyo also enables
sensitive NIRF imaging in an orthotopic GBM model, with FL
signals closely matching the neutrophil marker Ly6G. Long-
itudinal imaging showed that nanoparticle accumulation in
the tumor peaked at 24 h post-injection, giving a clear window
for image-guided phototherapy. In the same year, Gao et al.>”*
developed a NIR-II PTT agent (DB,CaP NPs) for PTT and activa-
tion of the ¢cGAS-STING immune pathway (Fig. 16B). Experi-
mental results show that DB,CaP NPs effectively promote DC
maturation and infiltration of tumor-infiltrating CTLs, enhance
anti-tumor immune responses, and eliminate both local and
metastatic tumors. Similar to the work of Liu et al., DB,CaP NPs
can be activated by an 808 nm laser to emit NIR-II fluorescence
at 1200 nm, thereby enabling determination of the time at which
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the nanoparticles reach peak accumulation at the tumor site, as
well as their relatively prolonged circulation half-life. This pro-
vides reliable in vivo imaging information to support the precise
implementation of therapeutic strategies.

The hypoxic TME significantly affects cancer treatment,
particularly oxygen-dependent therapies like PDT. However,
the hypoxic TME offers a foundation for developing new nano-
diagnostic and therapeutic platforms. For example, the nano-
diagnostic and therapeutic platform (BC@Z-M) developed by
Song et al.*’? in 2024 enables precise multimodal imaging and
treatment under hypoxic conditions (Fig. 16C and D). Impor-
tantly, BC@Z-M contains Zn>", which will be released into the
TME after stimulation under acidic conditions (TME pH = 6.5).
This, in turn, activates the cGAS-STING pathway, promotes the
production and release of type I interferons, enhances the
innate anti-tumor immune response, and ultimately promotes
DC maturation and CTL activation. In addition, they adopted a
biomembrane delivery system, encapsulating the hypoxia-
responsive optical probe (BN-O) within M1-type TAM mem-
branes to enhance its cumulative efficiency in the TME. The
hypoxic TME induces the transformation of BN-O from an “AA”
structure to a “DA” structure, thereby activating NIRF and PA
signals, as well as phototherapeutic effects. This enables non-
invasive, high-contrast tumor imaging via NIRF and PA mod-
alities, thereby providing crucial image guidance and precise
navigation for subsequent photoimmunotherapy.

CDS86 is a key biomarker for screening various cancers. It is
widely expressed on the cell membrane surface of various TIICs
(such as DCs, TAMs) and plays a critical role in T cell activation.
Therefore, in 2024, Ma et al.>”® developed a nanotherapeutic
delivery system (OA-si@FA-PNBs) that can specifically target
CD86-positive macrophages and has ultrasound-responsive
release capability, and regulates the immune microenvironment
via siSTAT1, a nucleic acid drug used to activate the STAT1
immune signalling pathway. Experimental results from animal
models of myocardial infarction showed that the extent of
fibrosis in the cardiac tissue of mice treated with OA-si@FA-
PNBs was significantly reduced. Perfluorohexane in OA-si@
FA-PNBs undergoes a liquid-gas phase transition under low-
intensity focused ultrasound, forming microbubbles that
enhance UL imaging and promote the release of small mole-
cules (nitrated oil acid [OA-NO,] and siSTAT1) (Fig. 16E). Both
work synergistically to promote the phenotypic transition of
CD86-positive macrophages (M1 type) toward Cx3crl-positive,
thereby facilitating myocardial infarction recovery and alleviat-
ing post-infarction cardiac dysfunction.

The three therapeutic modules discussed above constitute
the principal strategies currently integrated into multifunc-
tional TIIC-targeted optical probes, reflecting the prevailing
developmental trajectory of such platforms. Furthermore, tumor
cells exploit endogenous immune checkpoint pathways—
physiological negative regulatory mechanisms that maintain
immune homeostasis—by overexpressing immune checkpoint
ligands (e.g., PD-L1), thereby inducing T-cell exhaustion or
functional suppression and facilitating immune evasion. ICIs
restore anti-tumor immunity by blocking inhibitory signalling

6106 | Chem. Soc. Rev., 2026, 55, 6075-6116

View Article Online

Chem Soc Rev

pathways, thereby reactivating effector T cells and promoting
durable immune memory formation. ICIs have consequently
become one of the most widely implemented immunothera-
peutic modalities in clinical oncology. However, when adminis-
tered as monotherapy, their therapeutic efficacy remains
suboptimal, largely due to limited tissue penetration and
insufficient accumulation within tumor sites. To address these
limitations, several studies have explored the integration of PD-
L1-targeting strategies into multifunctional nanoplatforms. For
example, Zhang et al,””* Deng et al,”’® and Jing et al*’®
achieved enhanced immunotherapeutic outcomes in tumor
models such as GL261, CT26, and MDA-MB-231 by incorporat-
ing PD-L1 modulation into multifunctional systems. These
investigations provide valuable design paradigms for the develop-
ment of TIIC-targeted optical probes endowed with immuno-
therapeutic functionality. Given the established clinical
relevance of ICIs, their integration with TIIC-targeted optical
probes holds substantial promise for improving translational
potential and advancing precision immunotherapy.

The above work points to a clear trend: packing multiple
therapeutic functions into TIIC-targeted optical probes is not just
an add-on—it is becoming essential. These probes are moving
beyond simply telling us where immune cells are. Instead, they
are turning into closed-loop systems that do “identification—
localization-intervention-feedback” right inside the tumor
immune microenvironment. Why does that matter? Because
TIICs do more than predict outcomes. Their functional state,
spatial arrangement, heterogeneity, and cross-talk with tumor
cells directly shape how well ICIs, cancer vaccines, and other
immunotherapies work. These probes are already used for real-
time in vivo imaging, drug screening, predicting efficacy, and
patient stratification. Adding therapeutic modules—chemotherapy,
PDT/PTT, ICIs, activating anti-tumor pathways, reprogramming
TIICs—isn’t just stacking features. It turns immune cells from
passive observation targets into active handles for intervention.
That lets these probes directly help design precision immuno-
therapy protocols.

A major plus is real-time imaging, which speeds up decision
making. Traditional biopsies or single time-point ex vivo analyses
give only static snapshots. TIIC-targeted probes, in contrast, track
changes in the TIME dynamically. They can spot specific TIIC
subsets in vivo, with sensitivity and specificity approaching that of
flow cytometry on biopsy samples. They also monitor immu-
notherapy responses in real time and predict how tumors will
grow under different treatments. Shifting from morphological
endpoints to early functional endpoints is a game-changer for
optimizing immunotherapy regimens inside multifunctional
platforms. Then there’s spatial precision. Unlike systemic, non-
selective immune activation, these probes are typically activated
only when two or more independent conditions are met. For
example, the probe can be activated by simultaneously binding
to tumor and TIIC markers, or by recognizing a tumor marker
(or a TIIC marker) and simultaneously responding to key
physicochemical conditions of the TME such as hypoxia and
low pH. As a result, therapy lands where it is needed: at lesions,
in immune-rich areas, or inside key immunosuppressive niches.

This journal is © The Royal Society of Chemistry 2026
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That cuts down non-specific background signals and off-target
effects. Equally important, functional monitoring helps with
patient stratification and efficacy prediction. Optical readouts
from integrated platforms can also guide dynamic regimen
adjustments. A persistent problem in immunotherapy (both in
the clinic and in preclinical work) is that some patients don’t
mount a strong enough effector immune response early on. If you
stick to the initial plan without adjusting, you may miss the best
window for combination therapy or switching treatments. Multi-
functional TIIC-targeted probes—by combining imaging, drug
delivery, and functional feedback—can tell you early whether

Table 3 Summary of multifunctional optical probes for tumor treatment
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immune activation is sufficient. That information can drive
decisions like adding checkpoint blockade, boosting innate
immunity, tweaking light dose, or reordering treatment steps.
So, the real value of integrating therapeutic functions into
TIIC-targeted optical probes is this: they move cancer immu-
notherapy away from the old linear “treat first, evaluate later”
model, toward a closed loop of “identify, locate, treat and monitor
at the same time, then dynamically optimize.” That doesn’t just
improve precision and local immune remodeling. It also gives
direct functional evidence for patient stratification, predicting
efficacy, and personalizing adaptive treatments (Table 3).

Administration
Name method Dosage Treatment type Tumor types Tumor location  Anti-tumor effect  Ref.
S&D@Ag,Se Intravenous 1or2mgkg ' Chemotherapy MB-231 breast can- In situ (mammary Significant 257
injection (DOX) cer (human-derived) fat pad) inhibition
Olsa-RVRR Intravenous 0.1 mmol kg™" (139 Chemotherapy HCT116 and LoVo Left (HCT116) Tumor inhibition 258
injection mg kg™") colorectal cancer  and right (Lovo) rate: 62% (HCT116);
(both human- ventral side 39% (LoVo)
derived)
GEL-CpG NP-DOX Intratumoral 5 mg kg ' (DOX); 50 Chemotherapy ~B16F10 melanoma Subcutaneous Significant 259
injection ug (CpG) (mouse-derived) inhibition
PEG/aCD25-Cy7/TMZ Intravenous 1.5 mM, 200 pL Chemotherapy  GL261 glioblastoma In situ and Significant 154
injection (mouse-derived) subcutaneous inhibition
PACDXx/PARX Intratumoral ~ PACDx (400 puM)/ Chemotherapy  A549 lung cancer  In situ; liver Complete 155
and retroorbital PARx (100 uM or (human-derived) metastasis; suppression
injection 400 uM) subcutaneous
Pp18-lipids Intravenous 6 mg kg ' PDT/PTT 4T1 breast cancer  Subcutaneous Tumor inhibition 264
injection cells (mouse- rate: 90.1%
derived)
DDTB-DP NPs Intravenous 1 mg mL ™', 200 uL.  PDT/PTT and B16F10 melanoma Subcutaneous Survival rate: up to 265
injection ICIs and 4T1 breast can- 90%
cer cells (both
mouse-derived)
PBNO-Ce6 Intravenous 15 mg mL ', 100 L PDT/PTT 4T1 breast cancer  Subcutaneous Median survival > 266
injection cells (mouse- 60 days (compared
derived) to 25 days in the
control group).
FAL-ICG-HAuNS + Intravenous ICG: 0.5 mg kg™',  PDT/PTT CT26 colon cancer Subcutaneous Significant 269
FAL-Hb-lipo injection HAuNS: 1 mg kg™, and B16F10 mela- inhibition
Hb: 20 mg kg ' noma (both mouse-
derived)
SSPNino Intravenous SSPNjno: 300 pg Immune path-  C6 glioma (mouse- In situ Almost completely 270
injection mL ', 200 pL; A2AR: way stimulation derived) suppressed
1 mg kg™ ', 200 uL.  and PDT/PTT
DB,CaP NPs Intravenous B4: 1 mg kg™ Immune path-  CT26 colon cancer Subcutaneous Complete remission 271
injection dsDNA: 0.625 mg  way stimulation, (mouse-derived) tumor/metastatic rate: 83.3%
kg™ '; anti-PD-1: PDT/PTT, and tumor/recurrent
20 pg ICIs tumor
BC@Z-M Intraperitoneal 1 mg mL™", 200 uyL. Immune path-  4T1 breast cancer ~ Subcutaneous Tumor inhibition 272
and sub- (intraperitoneal) way stimulation cells (mouse- tumor/metastatic rate: 81% (sub-
cutaneous and 50 pL and PDT/PTT  derived) tumor cutaneous tumor)
injection (subcutaneous) and 85% (metastatic
tumor)
OA-si@FA-PNBs Intravenous 200 pg mL ™" Immune path- Non-tumor model — Significantly inhi- 273
injection way stimulation (myocardial infarc- bits cardiac fibrosis-
tion model)
d-K@y-PGA@5- Intravenous — ICIs and PDT  GL261 glioblastoma In situ Significant 274
ALA@MUCNP®@aPDL1 injection (mouse-derived) inhibition
oPDL1@MnO, Intravenous 10 mg kg Immune path-  CT26 colon cancer Subcutaneous Significant 275
injection way stimulation, (mouse-derived) inhibition
radiotherapy,
and ICIs
Pt@RHC-LXL-1/TPP/ Intravenous 100 ug mL ™', 100 pL ICIs and MB-231 breast can- Subcutaneous Tumor inhibition 276
CLP002 injection immune path-  cer (human-derived) rate: 90%
way stimulation
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6. Conclusion and perspectives

Optical probes that target tumor-infiltrating immune cells (TIICs)
have emerged as versatile tools in cancer immunotherapy. By
tracking TIICs in vivo, they enable specific, sensitive, and non-
invasive visualization of immune cell trafficking, infiltration, and
functional state within the TME. Their current applications range
from basic TIIC biology and immunotherapy response monitor-
ing to theranostic integration and image-guided surgery. In this
review, we have categorized existing TIIC-targeted optical probes
by their response mechanisms, summarized how they are being
integrated with immunotherapy, and outlined strategies for
embedding therapeutic functions into probe design. Our aim is
to provide a practical framework for designing next-generation
probes that can handle the complexity of the tumor immune
microenvironment.

What optical probes should bring to immunotherapy—but
rarely do. A common problem: most studies only report probe
performance (brightness, stability, specificity) without actually
showing an improved immunotherapeutic outcome. We see
plenty of imaging data but few clear links to better treatment
decisions. In principle, optical probes could actively guide
therapy. Real-time imaging could track TIIC infiltration and
activation as treatment unfolds, not just at isolated time points.
Spatial targeting could deliver immune modulators precisely
where needed, reducing off-target effects. Functional readouts
could tell us early whether a patient mounts a useful effector
response—information that would support rational adjustments
(adding a checkpoint blocker, changing light dose, altering
sequence). Probe-based signals could even inform patient strati-
fication and dynamic regimen changes, moving beyond the old
“treat first, evaluate later” model. Yet almost none of this is done
systematically. Most work stops at probe validation in animal
models, never integrating the readout into a closed-loop ther-
apeutic strategy. The field needs to shift from designing brighter
probes to designing smarter ones—where imaging feedback
directly drives intervention. That is the real value of probe-
integrated immunotherapy, and it remains largely unrealized.

Despite great advances, several critical hurdles persist. At
the most fundamental level: can current probes reliably distin-
guish TIICs from tumor cells? Many biomarkers used for TIIC
imaging—ROS, NE, certain MMPs—are also expressed or pro-
duced by tumor cells themselves. This overlap raises genuine
concerns about signal specificity and misidentification. This
challenge has spurred strategies such as multi-lock probes that
incorporate multiple responders to prevent erroneous activa-
tion. Unfortunately, multi-lock probes, while highly specific,
often suffer from complex synthesis, slow activation kinetics,
and reduced signal amplitude due to multiple energy transfer
steps. Meanwhile, ATC-based strategies (homologous cell
membrane coating or in vitro reprogramming of TIICs) primarily
address probe enrichment in tumors and prolonged circulation,
getting more probes to the tumor site. But these approaches
have their own limitations: potential immunogenicity, batch-to-
batch variability, and constrained cargo capacity. More impor-
tantly, even with enhanced delivery, probes entering the TME

6108 | Chem. Soc. Rev, 2026, 55, 6075-6116

View Article Online

Chem Soc Rev

still face the core problem of distinguishing immune cells from
their malignant neighbors.

Addressing this will require a shift from recognition-only
designs to recognition-and-retention mechanisms that achieve
spatially constrained activation.””” For instance, in situ self-
assembling probes leverage TIIC-associated enzymes to trigger
local aggregation, enhancing retention specifically within
immune cells.””® 2% Alternatively, TME-anchored responsive
probes undergo conformational change and covalent binding
only upon encountering immune-rich tumor regions.**" Target-
activated covalent binding strategies couple signal generation
with permanent retention at the target site, allowing unbound
probes to be washed out and significantly improving imaging
fidelity. Looking ahead, resolving immune-tumor interactions
will demand probes that can spatially resolve multiple targets at
once. NIR multi-color platforms engineered for compartment-
specific sensing could integrate orthogonal sensors on a single
nanocarrier, each tuned to a distinct biomarker combination
with well-separated spectral signatures.>*>**? Going further,
activatable probes with molecular logic gates (AND, OR, NOT)
could discriminate TIICs from tumor cells based on combina-
torial biomarker expression. A probe that requires both NE and
CTSG (enriched in neutrophil extracellular traps) for activation,
for instance, would light up NETs specifically while remaining
dark in the presence of viable neutrophils or tumor cells alone.
Ultimately, achieving single-cell resolution across the NIR spec-
trum would transform our understanding of TIIC-tumor cross-
talk. Spatially mapping TIIC subsets and their functional states
relative to surrounding cancer cells could reveal how local
immune architecture shapes therapeutic response and identify
spatially defined biomarkers for precision immuno-oncology.

Beyond cellular specificity, clinical translation also faces
technical hurdles related to imaging performance. The need to
image deep-seated tumors (lung, liver, ovarian) imposes stringent
requirements on probe design in two areas: deep tissue penetra-
tion and long-term monitoring. NIR-II fluorescence reduces
photon scattering and autofluorescence, but it still suffers from
photobleaching and repeated excitation during long-term mon-
itoring. Emerging NIR-II afterglow imaging probes address
this by providing a prolonged imaging window after a single
excitation, minimizing optical background and allowing repeated
sessions without continuous illumination.?®* still, these advanced
optical methods largely provide only molecular information. To
understand the complex spatial architecture of TIICs within
tumors, we also need complementary anatomical and structural
context. This has motivated the development of multimodal
optical probes that combine fluorescence with PA, CT, MRI, UL,
MPI, or PET. These integrations trade off sensitivity, penetration
depth, and spatial resolution. By combining modalities, we can
correlate TIIC distribution with detailed anatomical features,
giving multidimensional insights into tumor immune architec-
ture. Nevertheless, current multimodal probes bring their own
problems: complex synthesis, batch-to-batch variability, and
potential interference between imaging modalities.>*>*** Addi-
tionally, larger size and altered surface chemistry can also affect
pharmacokinetics, biodistribution, and tumor penetration.

This journal is © The Royal Society of Chemistry 2026
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Future efforts should focus on simpler, robust designs with
orthogonal signal outputs that minimize mutual interference
and maintain favorable in vivo behavior.

In parallel with these technical challenges, the current
landscape of TIIC-targeted optical probes is characterized by
a significant imbalance in research focus. The majority of
probes have been developed for abundant myeloid populations
such as macrophages and neutrophils, with ROS-responsive
probes being particularly prevalent due to the relative ease of
designing chemical sensors for small molecules. In contrast,
many lymphoid subsets—particularly Tregs, memory T cells,
and innate lymphoid cells—remain underexplored. This dis-
parity stems primarily from the limited availability of robust,
specific surface markers for these populations, as well as the
challenge of designing probes that can distinguish functionally
distinct subsets (e.g., activated versus exhausted T cells) within
the same lineage. Tregs exemplify this gap. Increasing evidence
indicates that Tregs exhibit pronounced functional heteroge-
neity, metabolic plasticity, and context-dependent roles in
tumors, closely correlating with prognosis and immunotherapy
outcomes. Current clinical detection of Tregs relies largely on
conventional methods such as tissue biopsy, while imaging-
based approaches remain limited by high cost and technical
complexity. The absence of Treg-specific optical probes prevents
real-time visualization of these cells within the TME, substan-
tially impeding the development and assessment of Treg-based
immunotherapies. Therefore, addressing this imbalance by
developing probes for underrepresented TIIC subsets represents
an important and promising direction for future research.

To overcome both the biological and technical challenges
outlined above, future progress will increasingly depend on
cross-disciplinary collaboration. Beyond traditional recognition
element screening techniques, innovative platforms such as the
diversity-oriented fluorescence library (DOFL) approach offer
powerful strategies for discovering novel probes.**>*%¢ DOFL
enables systematic generation and screening of large libraries of
fluorescent small molecules, allowing identification of probes that
can distinguish subtle phenotypic differences between immune
cell subsets without predefined biomarkers. This phenotype-
based discovery paradigm is particularly valuable for targeting
currently “undruggable” or poorly characterized TIIC populations,
opening new avenues for immune cell visualization. Moreover,
the advanced analytical and pattern-recognition capabilities of
artificial intelligence (AI) will be crucial for future probe develop-
ment and application. Al can accurately match existing data,
correlate imaging readouts with disease characteristics, system-
atically analyze datasets, and predict potential risks with higher
accuracy.

Ultimately, successful translation of TIIC-targeted optical
probes from bench to bedside depends on addressing chal-
lenges in both probe design and instrumentation. Many well-
designed probes still require extensive clinical trials before they
can be used in patients. Researchers developing new probes
should prioritize FDA-approved biocompatible materials, such
as Pluronic F127, PLGA, and ICG. These materials have excellent
biocompatibility, biodegradability, and low immunogenicity,
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and are already widely used in clinical practice and research.
Using them can speed up regulatory review. On the instrumen-
tation side, the trend toward multimodal and multifunctional
probes demands parallel development of highly compatible,
portable, and user-friendly imaging devices. Image quality
depends as much on the instrument as on the probe itself.
Close collaboration between probe chemists and biomedical
engineers will be essential for successful clinical adoption. In
short, the road to high-performance tumor diagnosis and treat-
ment is long and hard, but with continued innovation and
interdisciplinary work, optical probes will undoubtedly become
indispensable allies in this fight.
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