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Highlights:

e Targets and strategies for cancer diagnosis and imaging are reviewed.
e The targets are systematically classified into extracellular, membrane, and intracellular targets.
e The advancements, challenges and future directions of related strategies are pointed out.

Abstract: Cancer diagnostic imaging is undergoing a fundamental transition from conventional anatomical
visualization to molecular-targeted and functionally driven profiling of tumor biology. Next-generation
imaging no longer merely detects morphological lesions, but decodes the dynamic biological states
underlying tumor initiation, progression, immune remodeling, metabolic reprogramming, and therapeutic
response. Imaging targets with high specificity, biological accessibility, and functional relevance are
primary drivers of this technological transition. Current cancer imaging targets can be categorized into
three spatial layers: extracellular biomarkers, membrane-associated targets, and intracellular biomarkers.
Progress in nanotechnology, molecular engineering, bioorthogonal chemistry, and artificial intelligence (AI)
has greatly facilitated the construction of multimodal, multi-target, and intelligent imaging systems.
Nevertheless, clinical translation still faces prominent obstacles, including tumor heterogeneity, temporal
biomarker fluctuation, limited tissue penetration, nonspecific background signals from off-target activation,
and translational gaps. This review systematically classifies imaging targets based on their spatial
distribution and biological function, summarizes the latest advances in cancer diagnosis and imaging,

and discusses emerging research directions and future prospects for next-generation precision oncology.
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1. Introduction

Cancer remains a leading cause of mortality worldwide, imposing substantial burdens on healthcare
systems and society [1-3]. Clinical outcomes are heavily stage-dependent, making early detection and
precise therapeutic monitoring central objectives of modern oncology [4—6]. Conventional imaging
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modalities, including computed tomography (CT), magnetic resonance imaging (MRI), ultrasound, and
positron emission tomography (PET), have significantly advanced cancer diagnosis and disease
management [7—10]. However, these approaches primarily detect anatomical abnormalities or nonspecific
metabolic alterations and often suffer from insufficient sensitivity and specificity, particularly for
early-stage tumors, minimal residual disease, and highly heterogeneous malignancies [11-14]. These
limitations have spurred the rapid development of molecular imaging strategies capable of visualizing
tumor-associated biological processes at cellular and subcellular resolution [15—-19].

Unlike conventional anatomical imaging, molecular imaging integrates imaging modalities with
biological targeting elements, including antibodies, peptides, aptamers, small molecules, activatable probes,
and engineered nanomaterials, to selectively visualize tumor-associated molecular events in vivo [20-23].
Critically, the performance of a molecular imaging system is fundamentally determined by the nature of
its target. An ideal imaging target should exhibit high tumor specificity, sufficient abundance, favorable
accessibility, biological stability, clear disease relevance, and compatibility with imaging probes and
signal amplification strategies [24—28]. Consequently, the evolution of cancer imaging has increasingly
become a process of discovering and engineering biologically informative imaging targets.

Current cancer imaging targets can be broadly categorized by their spatial localization and
biological functionality. Extracellular targets, including circulating proteins, extracellular vesicles,
circulating tumor DNA (ctDNA), cytokines, and metabolites, offer minimally invasive opportunities for
systemic tumor monitoring through liquid biopsy [29-31]. These targets reflect tumor burden, metastatic
progression, stromal remodeling, and therapeutic response. Advances in exosome profiling, ctDNA
amplification, and ultrasensitive biosensing have substantially expanded the scope of extracellular
molecular diagnostics [29,31-33].

Membrane-associated biomarkers represent the most clinically mature class, owing to their direct
accessibility to imaging probes and targeting ligands [34]. Numerous membrane proteins, such as
epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2),
programmed death-ligand 1 (PD-L1), integrins, prostate-specific membrane antigen (PSMA), and
epithelial cell adhesion molecule (EpCAM), are aberrantly overexpressed in diverse malignancies and
have become major targets for PET, fluorescence-guided surgery, radionuclide imaging, and targeted
nanomedicine [35-38]. Beyond merely enabling tumor localization, these biomarkers are intimately
linked to angiogenesis, metastasis, immune regulation, and therapeutic responsiveness, allowing imaging
systems to convey functional biological information alongside anatomical visualization [35-37,39].

Intracellular targets represent a rapidly growing frontier in next-generation cancer imaging [40—42].
Unlike extracellular and membrane-associated biomarkers, which primarily reflect accessible tumor
phenotypes, intracellular targets provide direct insights into the dynamic molecular states that drive tumor
progression and therapeutic adaptation [43—46]. These targets encompass oncogenic nucleic acids, signaling
proteins, metabolic enzymes, reactive oxygen species (ROS), glutathione (GSH), metal ions,
hypoxia-associated factors, and organelle-specific biomarkers [47-49]. They participate in tumor metabolic
reprogramming, oxidative stress regulation, ferroptosis, cuproptosis, apoptosis, autophagy, and drug
resistance [50—54]. Consequently, intracellular imaging is shifting from static biomarker visualization toward
dynamic functional-state imaging capable of monitoring real-time tumor physiology and cell-fate transitions.

More broadly, the evolution of cancer imaging targets mirrors a paradigm shift in oncology: early
strategies focused on detecting structural abnormalities and overexpressed receptors, whereas emerging
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systems increasingly aim to visualize dynamic biological processes, including immunometabolic remodeling,
redox fluctuations, therapy-induced stress responses, and regulated cell death pathways [25,55,56].
This transition from static molecular recognition to dynamic functional imaging is redefining the
conceptual framework of precision oncology.

Concurrently, advances in materials science, nanotechnology, molecular engineering, and
computational imaging have greatly accelerated the development of multifunctional imaging
systems [57,58]. Multimodal platforms that integrate PET, MRI, fluorescence imaging, photoacoustic
imaging, and biosensing technologies synergistically improve sensitivity, spatial resolution, and diagnostic
accuracy [59-63]. Furthermore, activatable and microenvironment-responsive probes that react to enzymes,
pH, ROS, hypoxia, or metal ions enable highly selective “off—on” imaging strategies with markedly
reduced background interference [64—67]. The integration of multi-omics profiling and artificial
intelligence (Al)-assisted image analysis is further transforming cancer imaging from qualitative
observation into intelligent, quantitative, and predictive diagnostics [68].

In this review, we systematically categorize cancer imaging targets according to their spatial
localization and biological functionality—extracellular, membrane-associated, and intracellular—and
comprehensively discuss representative biomarkers, imaging modalities, probe engineering strategies,
and translational applications (Figure 1). It should be noted that the spatial localization of tumor markers
is not static, their expression and distribution fluctuate dynamically with the progression of cancer.
Moreover, positional overlap frequently exists among different markers. In this review, we categorize
their localization into three compartments, which is aims to break through the limitations of conventional
research frameworks and offer a novel systematic perspective for readers to comprehend the complex
landscape of tumor markers. At the end of this review, we also highlight emerging directions, including
dynamic biomarker imaging, activatable and logic-gated probes, ferroptosis- and cuproptosis-associated
imaging, multimodal integration, and Al-assisted precision imaging. Finally, we examine current
limitations and future opportunities toward intelligent, real-time, and systems-level cancer visualization

for next-generation precision oncology.
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Figure 1. A schematic overview of targets for cancer diagnostic imaging, categorized as extracellular
targets, membrane targets and intracellular targets according to their spatial localization.
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2. Extracellular targets for cancer imaging
2.1. Overview of extracellular targets

As one of the most clinically translatable biomarker subtypes, extracellular imaging targets are
naturally accessible in body fluids and the tumor microenvironment (TME) without crossing cell
membranes [69,70]. Compared with intracellular targets that require efficient membrane penetration
and endosomal escape, extracellular biomarkers are more suitable for non-invasive or minimally
invasive imaging and have become core supports for liquid biopsy and longitudinal tumor
monitoring [71-74].

Extracellular molecular signals not only indicate tumor existence but also reflect dynamic
crosstalk between tumor cells and the TME. Tumor-derived extracellular molecules change
continuously during malignant progression and carry rich information about tumor burden,
angiogenesis, stromal remodeling, immune escape, metastasis and therapeutic response [73,75].
Different from membrane targets that mainly provide spatial localization and intracellular targets
that reflect intrinsic cellular signaling, extracellular biomarkers occupy an intermediate position:
they balance easy systemic detection and effective reflection of tumor evolutionary characteristics.

Advances in ultrasensitive biosensing, activatable probe design, PET tracers, fluorescence
imaging and nanotechnology have greatly expanded the connotation of extracellular targets, which
are no longer limited to classic serum markers but include dynamic stromal, immune and metabolic
characteristics [76—80]. Current extracellular imaging targets are divided into protein biomarkers,
extracellular nucleic acids and extracellular vesicles, which differ significantly in accessibility,
specificity, stability and functional information, jointly constructing a multi-dimensional molecular
imaging system for cancer diagnosis and treatment monitoring.

2.2. Protein targets

Extracellular protein biomarkers are the most mature and widely used subtype in clinical practice.
These proteins participate in tumor proliferation, angiogenesis, immune remodeling, invasion and
stromal activation, enabling protein-based imaging to simultaneously achieve tumor detection and
functional evaluation of TME activity [81,82]. Derived from tumor cells, stromal fibroblasts,
endothelial cells and infiltrating immune cells, extracellular proteins can reflect tumor-stroma
interaction beyond simple lesion identification [83—85]. Meanwhile, their high abundance, mature
detection technology and good compatibility with antibody/peptide/activatable probe endow them
with prominent translational advantages.

2.2.1. Classical tumor-associated antigens

(1) Alpha-Fetoprotein

Alpha-fetoprotein (AFP) is a classic serum biomarker clinically applied for hepatocellular
carcinoma (HCC) screening [86]. Its abnormal expression is closely correlated with vascular
invasion, malignant phenotype and poor prognosis, and dynamic AFP monitoring can effectively
warn of HCC postoperative recurrence [87]. Nevertheless, conventional AFP detection is vulnerable
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to non-specific biomolecule interference in complex serum, resulting in compromised sensitivity
and anti-interference ability.

To solve this problem, Ding et al. constructed a metal-organic framework (MOF)-based
electrochemiluminescence (ECL) biosensor with an “On—Off—On” dual-mode strategy for trace
AFP detection (Figure 2A) [88]. The Zn/Ru-MOF bimetallic framework enhances ECL emission via
coordination-induced luminescence enhancement; complementary aptamer chains trigger resonance
energy transfer to quench signals, while target AFP competitively dissociates quenching probes and
recovers ECL signals. Modified zwitterion further forms an antifouling interface to suppress non-specific
adsorption. The sensor achieves an ultra-low detection limit of 4.7 fg/mL and stable performance in real
serum, providing a high-performance tool for clinical trace AFP monitoring and HCC recurrence evaluation.

(2) Prostate-Specific Antigen

Prostate-specific antigen (PSA) serves as the standard biomarker for prostate cancer screening and
dynamic monitoring [89]. Traditional lateral flow detection suffers from low sensitivity and geometric
mismatch with laser spots [90]. To address these defects, a syringe-based wettability-enhanced
photothermal vertical flow biosensor (SW-PVFB) was developed for non-invasive PSA detection
(Figure 2B) [91]. The platform relies on sandwich immunoassay combined with photothermal
conversion: patterned nitrocellulose (NC) membranes enrich immune complexes and reduce signal loss,
while TaTe, nanosheets act as high-efficiency photothermal probes. Under 808 nm laser irradiation,
temperature variation is positively correlated with PSA concentration. The platform supports dual
colorimetric/photothermal readout with a detection limit of 0.028 ng/mL, and can be integrated with
smartphones to realize portable point-of-care prostate cancer detection.

(3) CA19-9 and CA125

CA19-9 and CA125 are typical soluble glycoprotein biomarkers widely used in pancreatic and
ovarian cancer diagnosis respectively [92]. Released into extracellular fluid and peripheral
circulation, they dynamically reflect tumor burden, stromal remodeling and disease progression.
Their easy accessibility in body fluids makes them indispensable components of minimally invasive
cancer diagnosis.

As a core biomarker for pancreatic ductal adenocarcinoma (PDAC), circulating CA19-9 level is
closely related to tumor progression, metastasis and therapeutic response. Li et al. developed an
exogenous-label-free colorimetric/Surface-Enhanced Raman Scattering (SERS) dual-mode immunosensing
platform based on Au NCs@Pt nanozyme (Figure 2C) [93]. Coral-like Au NCs provide electromagnetic
hotspots, while Pt clusters exhibit peroxidase-like activity to catalyze 3,3',5,5'-Tetramethylbenzidine
(TMB) oxidation. The generated oxidized TMB (oxTMB) acts as both colorimetric substrate and SERS
reporter, avoiding dependence on exogenous Raman tags. Magnetic bead-based sandwich immunoassay
realizes specific CA19-9 capture and dual signal amplification. The assay completes detection within 15 min
with a linear range of 1-200 IU/mL and a detection limit of 0.16 IU/mL, achieving 100% diagnostic
accuracy in 60 clinical serum samples.

CA125 is the routine biomarker for ovarian cancer surveillance and therapeutic evaluation, with
elevated level closely associated with peritoneal dissemination and advanced malignancy. To improve
the stability and antifouling ability of traditional peptide-based sensors, Jin et al. designed an aptasensor
based on cyclic peptide nanotubes (CPNTs) and Rh—Ti3C,Tx dual-enzyme nanozyme (Figure 2D) [94].
CPNTs form a dense hydration layer to resist serum non-specific adsorption; Rh-TizC2Tx possesses
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glucose oxidase and peroxidase activity to realize in situ H>O» generation and electrochemical signal
amplification. Specific binding of CA125 hinders interfacial electron transfer and reduces current signal
in a concentration-dependent manner. The aptasensor exhibits wide linear range and an ultra-low
detection limit of 0.005 U-mL"!, maintaining stable performance in undiluted human serum for clinical
ovarian cancer sample detection.
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Figure 2. Strategies for sensing extracellular tumor-associated antigens. (A) The “On—Off—On”
ECL biosensor based on Zn/Ru-MOF for AFP detection. Reprinted with permission [88].
Copyright 2025 American Chemical Society; (B) The SW-PVFB for PSA detection. Reprinted
with permission [91]. Copyright 2026 American Chemical Society; (C) The Au NCs@Pt
nanozyme-based colorimetric/SERS dual-mode immunosensor for pancreatic cancer biomarker
CA19-9 detection. Reprinted with permission [93]. Copyright 2026 American Chemical Society;
(D) The CPNT-based aptasensor with Rh-Ti3C2Tx dual-enzyme nanozyme for CA125 detection.
Reprinted with permission [94]. Copyright 2025 American Chemical Society.

2.2.2. Growth factors and cytokines

Different from classic tumor antigens that mainly reflect tumor burden, extracellular growth factors and
cytokines can directly characterize angiogenesis, inflammatory response, immune remodeling and
therapeutic resistance, playing an increasingly important role in functional tumor imaging and treatment
monitoring [95].

(1) Vascular Endothelial Growth Factor

Vascular endothelial growth factor (VEGF) is the key regulator of tumor angiogenesis, controlling
neovascular remodeling, vascular permeability and tumor metastasis [96]. VEGF-targeted imaging can
evaluate angiogenic activity and dynamically monitor the efficacy of anti-angiogenic therapy [97].
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Different from conventional imaging focusing only on tumor cells, VEGF imaging expands the target
scope to stromal and vascular components of the TME [98,99].

Yuan et al. constructed a “signal on-off-super on” sandwich aptasensor for ultrasensitive VEGF
detection. Gold nanoparticles (AuNPs)@Ti3C,Tx composite provides large specific surface area and
high conductivity for aptamer immobilization and signal amplification [100]. Methylene blue labeled at
the aptamer inner base generates initial signal-on state after VEGF-induced conformational change;
activated clustered regularly interspaced short palindromic repeats/Cas12a (clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas12a) triggers non-specific probe cleavage to attenuate current
(signal-off); positive voltage enrichment gathers redox fragments near electrodes and further amplifies
signals to achieve super-on state. This triple amplification strategy endows the sensor with wide linear
range and excellent stability for VEGF biological analysis.

(2) Interleukin-6

Interleukin-6 (IL-6) is a pleiotropic pro-inflammatory cytokine closely correlated with tumor
progression, cancer cachexia, immune remodeling and drug resistance, with abnormal upregulation
observed in multiple malignancies. Imaging targeting IL-6 enables sensitive visualization of
inflammatory TME and reflects immune activation and systemic inflammation, representing the integration
of cancer imaging and immunometabolic profiling [101].

In clinical practice, inflammatory cytokines such as IL-6, IL-12 and C-reactive protein (CRP) show
concentration differences across multiple orders of magnitude, bringing challenges for simultaneous
detection. Shi et al. developed an all-in-one diagnostic kit based on DNA-encoded nanocatalyst
assembly (Figure 3A) [102]. By regulating antibody quantity on Pt@AuNPs via single-stranded DNA
competitive binding, the detection range can be flexibly adjusted. Three nanoplatforms with different
valence states and DNA dendritic structures realize gradient detection from high concentration to
ultra-trace level, achieving IL-6 quantification down to 4 pg/mL. The platform can simultaneously
detect multiple cytokines in breast cancer serum, and dynamic cytokine changes during treatment
provide reference for personalized tumor immunotherapy.

(3) Soluble Programmed Death Ligand-1

As a soluble subtype of membrane programmed death-ligand 1 (PD-L1), soluble programmed
death ligand-1 (sPD-L1) have become vital extracellular biomarkers for evaluating tumor immune
escape and immune checkpoint blockade efficacy. Wu et al. proposed an aptamer-coupled droplet
CRISPR/Casl12a platform for amplification-free sPD-L1 detection (Figure 3B) [103]. Without sPD-L1,
structure-switching aptamer remains closed and cannot activate Casl2a; target binding displaces
blocking sequence and triggers Casl2a trans-cleavage activity to turn on fluorescence signal.
Picoliter microdroplets concentrate reaction components and suppress background fluorescence,
achieving nearly 1000-fold sensitivity enhancement. The platform completes detection within 70 min with
a detection limit of 0.5 pM and 100% accuracy in clinical plasma samples, serving as a rapid liquid
biopsy tool for tumor immunotherapy monitoring.

Li et al. designed a double-photoelectrode photoelectrochemical (PEC) sensing platform with
an antenna-like mechanism for sPD-L1 detection (Figure 3C) [104]. p-type MIL-68(In)-NH, MOF
acts as photocathode and CdSe/Mgln,S4 heterojunction as photoanode; MOF organic ligands capture
photons and accelerate carrier transfer via ligand-to-metal charge transition. Fermi energy difference
between two electrodes inhibits carrier recombination and enhances photocurrent response. Specific
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PD-L1 binding hinders interfacial electron transfer, resulting in regular photocurrent decline with

target concentration, realizing ultra-trace sPD-L1 detection down to 3.26 x107° ng/mL.
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Figure 3. Strategies for sensing extracellular tumor-associated growth factors and cytokines. (A) The

DNA-encoded nanocatalyst assembly-based all-in-one diagnostic platform for gradient and

simultaneous detection of multiple inflammatory cytokines represented by IL-6. Reprinted with

permission [102]. Copyright 2024 American Chemical Society; (B) The aptamer-coupled
droplet CRISPR/Cas12a platform for amplification-free, rapid sPD-L1 detection. In the absence of
sPD-L1, the structure-switching aptamer maintains a closed conformation and fails to activate

Casl12a. Reprinted with permission [103]. Copyright 2026 American Chemical Society; (C) The

dual-photoelectrode PEC sensing platform with an antenna-like mechanism for ultra-trace sPD-L1

detection. Reprinted with permission [104]. Copyright 2023 American Chemical Society.
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2.2.3. Proteases and stromal proteins

Proteases and stromal proteins are emerging fast-developing extracellular imaging targets [105—107].
Unlike classic tumor antigens that reflect tumor cell abundance, these biomarkers directly characterize
extracellular matrix (ECM) remodeling, stromal activation and invasive phenotype, highlighting that
TME is an active driver rather than a passive scaffold of tumor progression.

(1) Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are core extracellular proteases regulating ECM degradation,
tumor invasion, angiogenesis and metastasis, with significantly elevated enzymatic activity in aggressive
malignancies. Different from always-on imaging probes, MMP-activatable fluorescence probes remain
quenched in normal tissues and only activate after specific proteolytic cleavage in tumor lesions,
improving imaging specificity and reducing background interference [108,109]. MMP-based imaging
can further dynamically evaluate tumor invasiveness and metastatic potential.

Zhong et al. developed a low-cost portable MMP-1 detection platform by integrating commercial
pregnancy test strips, magnetic separation and peptide cleavage strategy (Figure 4A) [110].
Complementary DNA strands are conjugated with MMP-cleavable peptide and human chorionic
gonadotropin (hCG) protein and assembled on magnetic nanoparticles. Without MMP-1, hCG
probes are fixed on beads and generate no strip signal; MMP-1 specifically cleaves peptide
sequences to release free hCG-DNA complexes, which produce visible red bands on test strips after
magnetic separation. This strategy converts MMP detection into hCG signal readout without
complex antibody preparation, achieving a visual detection limit of 65.5 pg/mL in saliva and better
anti-interference performance than enzyme-linked immunosorbent assay (ELISA), suitable for early
oral cancer screening.

(2) Fibroblast Activation Protein

Fibroblast activation protein (FAP) is a landmark stromal biomarker specifically expressed on
cancer-associated fibroblasts (CAFs) and highly enriched in desmoplastic stroma of epithelial
tumors, showing important diagnostic value for fibrotic tumors such as pancreatic cancer [111,112].
Given that the FAP catalytic pocket is negatively charged, Zhang et al. proposed a universal strategy
by introducing positive charges into fluorescent fluorophore skeletons to enhance probe affinity and
sensing sensitivity (Figure 4B) [113]. The optimized dual positively charged near-infrared probe
FQCy7 remains silent under physiological conditions and emits strong fluorescence after specific
FAP cleavage, providing a new design idea for high-performance FAP-targeted imaging probes.
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Figure 4. Strategies for sensing tumor-associated proteases and stromal proteins. (A) Schematic

of the magnetic separation-assisted and hCG signal readout-based strategy for portable detection
of MMP-1. Reprinted with permission [110]. Copyright 2022 American Chemical Society; (B) Design
and characterization of the near-infrared activatable fluorescent probe FQCy7 for FAP. Reprinted
with permission [113]. Copyright 2025 Wiley-VCH.

2.3. Extracellular nucleic acid targets

Extracellular nucleic acids are transformative biomarkers for cancer molecular imaging and liquid

biopsy. Different from protein biomarkers reflecting downstream phenotypic changes, ctDNA,

extracellular microRNAs (miRNAs) and long non-coding RNAs (IncRNAs) carry tumor-specific

genetic and epigenetic information including oncogenic mutation, transcriptional dysregulation and

clonal evolution, enabling tumor profiling at genomic and transcriptomic levels [72,114,115].
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Circulating tumor-derived nucleic acids dynamically change during tumor progression and
treatment intervention, which can better reflect intratumoral heterogeneity and adaptive drug resistance
than static tissue biopsy [116]. Nevertheless, nucleic acid biomarkers generally have high molecular
specificity but low abundance and poor in vivo stability, requiring ultrasensitive amplification and signal
enhancement strategies for practical imaging application.

2.3.1. Circulating tumor DNA

ctDNA is fragmented tumor-derived DNA released into peripheral blood via apoptosis, necrosis and
active secretion, retaining tumor-specific mutation and epigenetic characteristics. ctDNA detection realizes
non-invasive real-time evaluation of tumor mutation landscape and captures intratumoral heterogeneity
and systemic metastasis evolution that cannot be fully reflected by single-site tissue biopsy [114,115].

(1) KRAS Mutation ctDNA

KRAS proto-oncogene, GTPase (KRAS) mutation is a key genomic biomarker for pancreatic and
colorectal cancer, occurring in the early stage of tumorigenesis. Dynamic monitoring of mutant KRAS
ctDNA is of great value for early diagnosis, postoperative recurrence surveillance and therapeutic
response evaluation [117]. Advances in droplet digital polymerase chain reaction (ddPCR), next-generation
sequencing (NGS), catalytic DNA circuits and nanoparticle-assisted fluorescence amplification have
greatly improved detection sensitivity, and longitudinal monitoring of mutant allele frequency can
identify therapy-induced clonal selection prior to anatomical morphological changes [118].

To overcome the dependence on large instruments and complex operation of traditional ctDNA
detection, Tang et al. integrated recombinase polymerase amplification (RPA), CRISPR-Cas9 and
catalytic hairpin assembly (CHA) into a lateral flow strip platform for simultaneous detection of lung
cancer-related KRAS ctDNA and miRNA-223 (Figure 5A) [119]. RPA pre-amplifies target ctDNA;
CRISPR-Cas9 specifically recognizes amplicons and captures gold nanoparticle probes to produce visible
test line signals; CHA reaction triggers cyclic strand displacement amplification for high-sensitivity
miRNA detection on another test line. This dual-index platform realizes one-step visual detection in
saliva, reduces false positives of single-biomarker detection, and provides portable point-of-care
testing (POCT) tool for non-invasive lung cancer early screening.

(2) EGFR Mutation ctDNA

EGFR mutation detection based on ctDNA has become an indispensable part of non-small cell lung
cancer (NSCLC) precision medicine, enabling dynamic monitoring of targeted therapy sensitivity,
acquired resistance and temporal tumor evolution [120]. Compared with local tissue biopsy, circulating
EGFR ctDNA better reflects spatial heterogeneity among metastatic lesions. Chen ef al. constructed an
ultrasensitive electrochemical biosensor based on Au@MNPs network for direct ctDNA detection in
whole blood (Figure 5B) [121]. A dispersible electrode sensing strategy was adopted to solve the
bottlenecks of ultra-low ctDNA abundance, slow mass transfer and complex sample pretreatment.
Probe-modified Au@MNPs are uniformly dispersed in samples to capture target ctDNA in situ and
shorten molecular diffusion distance; nanoparticle complexes are enriched on gold electrodes via external
magnetic field. Methylene blue and potassium ferricyanide form cyclic redox amplification system to
enhance electrochemical response, achieving trace ctDNA detection down to 5 fM within 20 min. The
sensor exhibits excellent anti-interference ability in undiluted whole blood, providing a rapid ultrasensitive
strategy for non-invasive ctDNA liquid biopsy.
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Figure 5. Strategies for sensing tumor-associated extracellular nucleic acids. (A) Schematic of the
lateral flow strip platform integrating RPA, CRISPR-Cas9, and CHA for simultaneous visual
detection of KRAS ctDNA and miRNA-223. Reprinted with permission [119]. Copyright 2025
American Chemical Society; (B) The Au@MNPs network-based electrochemical biosensor for
ultrasensitive ctDNA detection. Reprinted with permission [121]. Copyright 2021 Royal Society
of Chemistry; (C) Schematic of the RCA-based dual-step fluorescent platform for circulating
miRNA detection. Reprinted with permission [122]. Copyright 2025 American Chemical Society.

2.3.2. Extracellular RNAs

Extracellular miRNAs and IncRNAs participate in oncogenic signaling, metastasis, immune regulation
and drug resistance, serving as promising functional imaging biomarkers [123—127]. Unlike genomic
DNA mutations reflecting tumor genotype, noncoding RNAs dynamically characterize transcriptional
activity and phenotypic plasticity, and are closely associated with epithelial-mesenchymal transition (EMT),
stemness maintenance, metabolic reprogramming and immune remodeling [128].

miR-21 is one of the most widely studied oncogenic miRNAs with broad overexpression in solid
tumors and hematological malignancies [129—131]. It inhibits multiple tumor suppressor pathways to
promote proliferation, metastasis, chemoresistance and immune escape [122]. High circulating stability
and definite tumor correlation make miR-21 a representative biomarker for liquid biopsy-assisted
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molecular imaging. To improve the low sensitivity of traditional linear rolling circle amplification (RCA)
for trace miRNA detection, Tao ef al. developed an RCA-generated DNA seagrass (RCA-GDS) fluorescent
sensing platform (Figure 5C) [122]. Two padlock probes are adopted for cascade amplification: target
miR-21 initiates cyclization and primary RCA of the first probe, and generated repetitive sequences
activate the second padlock probe to trigger secondary RCA for exponential signal amplification.
Abundant amplicons hybridize with molecular beacons to restore fluorescence emission. The platform
achieves attomolar detection limit and single-base discrimination ability under isothermal conditions.
Combined with The Cancer Genome Atlas (TCGA) bioinformatics analysis and machine learning,
miR-21/miR-182/miR-183 signature realizes precise classification of healthy individuals and
early/advanced breast cancer patients.

2.4. Extracellular vesicle targets

Extracellular vesicles (EVs, especially exosomes) are next-generation core platforms for cancer
molecular imaging [132—135]. Encapsulated by lipid bilayer membranes, EVs protect internal
proteins, nucleic acids and metabolites from enzymatic degradation and maintain high stability in
circulation. Beyond passive biomarker carriers, tumor-derived exosomes mediate intercellular
communication and participate in immune suppression, stromal remodeling, angiogenesis and
metastatic niche formation, enabling EV-based imaging to reflect dynamic tumor-TME crosstalk
rather than isolated molecular changes [132,134,136].

2.4.1. Exosomal surface proteins

(1) PD-L1-Positive Exosomes

EV membrane-bound PD-L1 is a pivotal biomarker for lung cancer diagnosis and anti-PD-1/PD-L1
immunotherapy efficacy evaluation [137-139]. However, soluble PD-L1 in body fluids severely
interferes with specific EV-PD-L1 detection. Song ef al. established a DNA computation combined with
herringbone microfluidic chip strategy (DECLA) (Figure 6A) [140]. Cholesterol-modified DNA probes
insert into EV lipid bilayer, and PD-L1-specific aptamers act as dual input elements to construct AND-gate
DNA logic circuit. Only EVs with complete membrane structure and surface PD-L1 can trigger connector
probe activation, eliminating interference from free soluble PD-L1 and serum lipoproteins. Biotinylated
EVs are captured by streptavidin-modified microfluidic chips and quantified via anti-CD63
immunofluorescence. The method achieves high-sensitivity quantitative detection and perfectly
distinguishes lung cancer patients from healthy donors with an AUC of 1.

(2) EpCAM-Positive Exosomes

EpCAM is highly enriched on the surface of tumor-derived EVs and serves as an ideal marker
for capturing tumor-specific EV subpopulations [141]. Hu et al. fabricated EpCAM N-terminal
epitope-imprinted polymers (epitope-imprinted molecularly imprinted polymers, MIPs) using EpCAM
extracellular signature peptide as template (Figure 6B) [142]. The prepared MIPs exhibit excellent specific
recognition ability with an imprinting factor up to 6.02, selectively binding EpCAM-high-expressing
tumor cells and hardly adsorbing normal 293T cells. MIPs can specifically enrich EpCAM-positive EVs
from pancreatic cancer patient urine, and proteomic analysis of enriched EVs reveals consistent
expression changes of tumor-associated proteins with tumor and peritumor tissues. As low-cost artificial
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pathological monitoring.

Lipid probe ™% Step 1: EVs label

Affnity probe” &

Step 2: EVs capture ﬁ" Primary antibody - Step 3: EVs detection
712) B-Gal coupled

Epitopes Selection /

—

Template Modification
E——

y

1 1 ]
1 I 1
| ! |
[ secondary antibody 1 I
1 Biotin-abeled @ —_ T | ——— T I e v\,{ |
1 connector L L gyre A | ik E QY 1
\ o
' 1 EECVCENTK '
| I EpCAM N-terminal Peptide C13-labeled Peptide |
]

1 o o 8 o M
| Streptavidin I |
1
1 e = 1

% 1
1 : ¢ * !
1 Lipid probe Biotin-tabeled ° ! 3 ) 0 " 1
' e, g s e 1 o S0,
. — oot ouput Gk, © i, = 1 Template Removal. Y2 pemusification "\ N ¢ !
. Lipid probe | Affiniy probe | Biotin-abeled Hev i HEV :4«\.( 1 n~ o 4 !
Target V. 1 1 1 B s Ry M I < ~ < . 4 !
I LDL / Untarget EV. 1 o o %\,; (&"J 1 g ” l\ \ 1
1 Free PD-L1 o 1 o & § f S \
' S : . o o o8 o ! ¢ '
! ! b mIP Reverse Micelle 1
-
1 ! |
1 ! o E 1
1 2 !
1 \ 8¢ 4 I
| ! SiC ! , K > (3 JJ |
' ' ' ] ./ -
1 1 PANC-1 Cell \ " s P} ’ 1
| 1 Culture i (o Ve e o g~ ! \j\‘ = Protein Extraction N
| ! Medium : A ——p > = : Preoperative Urine EpCAM+EVs Enzymatic Digestion |
! ©0aTio; AuNPyy
-1 Y 1 '
: Bl b t;. H IS ol (. 4 e A 1 y i !
Mini-SEC” i M JON 1 > [ !
! SEC . i S |
| ' Exosomes | Exosomes Exosome Exosome N \
| |Human Blood ‘ Capture Targeting | . Postoperative Urine 1
1 \ Sample | PC Patients |
1
e 0.5uL Aliquot 051 Aliquot I !
. 1 Mass Spectrometry !
= IS I
1 < wiz =783 . 1 !
I 2 Ml g Smvich o !
N £ miz = 695 — D comple AuNPyg 1 -, 1
2 1 1
1 z ‘ i : |
1 v : J-é.’(’ Tumor Tissue i L] " 1
: VWWW M 15 1 i:ﬂ Py A=Y !
. MALDI MS Profiling 1 » u ] _. :
] Fe,0,@TiO, Anti-GPCI antibody (") GPCI(+) Exosome ! PC Tissue k h L! |
\/ A . ) |
I 1 Adjacent Tissue Proteomic Analysis I
: Q@ rave O AP, @ AuNp {4 GPCI(:) Exosome 1 I
1 ]
L o o o o Ll e e e e e e ol 1
I r I
1 1 ]
1 D PCa Serum EDM-based enzyme assay PCa diagnosis 1 E |
! [} ! 1
1 ] 1 1
1 & - ' /)' \f 1 = I
I I |
| Activation o N\ a e . . :
\ — v i/ | g EoM e | Extrusion A/B' dsDNA modification Tumor exosome ~A'/B dsDNA modification |
1 >
! ) ¢ o ! ZDC-Ves@MB !
\ i 1 e Exosomal I miR21 detection |
e g
» »
I > g ] 1 1
I EV EV APE1 i LN, PCa HD | .
. v / | / |' !
' e o S g ! '
a ™ 72 S Autonomous. 4| !
I 7 ¢ 3 e walking - 3 4 - o) 1 1
13 i ; b} NY
1 = % K I 1
| @ o« = s AR \ |
1 a —c2 A v I I
1 / DNAzyme with AP site- FAN-labeled substrate (Sub) 1 1
1 Free APE1 contained (AP- PCa HD 1 1

Figure 6. Strategies for sensing and imaging tumor-associated EVs. (A) The DECLA for specific

detection of PD-L1-positive EVs. Reprinted with permission [140]. Copyright 2023 American

Chemical Society; (B) EpCAM N-terminal MIPs for enrichment and proteomic analysis of

EpCAM-positive exosomes. Reprinted with permission [142]. Copyright 2026 American Chemical
Society; (C) MALDI-TOF MS-based in situ signal amplification strategy for the quantification of
GPCl1-positive exosomes. Reprinted with permission [143]. Copyright 2023 American Chemical

Society; (D) The EDM targeting exosomal APE1 for pancreatic cancer (PCa) diagnosis. Reprinted
with permission [144]. Copyright 2024, Wiley-VCH; (E) Schematic of the DNA-modified
exosome fusion strategy for exosomal miRNA detection. Reprinted with permission [145].

Copyright 2022 American Chemical Society.

(3) GPC1-Positive Exosomes

Glypican-1 (GPC1) is specifically enriched on pancreatic cancer-derived exosomes, and GPC1-positive

EVs are regarded as promising targets for early pancreatic cancer diagnosis [146]. Gao et al. developed

a matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) in situ
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signal amplification quantification strategy for GPC1-positive exosomes (Figure 6C) [143]. Size-exclusion
chromatography rapidly purifies high-purity exosomes from plasma; Fe3;O4@TiO2 magnetic nanoparticles
capture exosomes via phospholipid adsorption; anti-GPC1 antibody-modified gold nanoparticles form
sandwich recognition system to convert macromolecular protein signals into stable small-molecule mass
tag signals for MALDI-TOF MS detection. With internal standard calibration, the method achieves
accurate quantification in a wide concentration range and effectively differentiates pancreatic cancer
patients from healthy donors for early diagnosis and dynamic progression monitoring.

2.4.2. Exosomal functional enzymes

EV-encapsulated functional enzymes are emerging novel cancer biomarkers [145,147-149]. Traditional
ELISA and Western blot can only detect enzyme protein expression rather than real catalytic activity, and
low enzyme abundance in EVs brings additional detection challenges. Sun ef al. developed enzyme-triggered
spherical DNA nanomotors (EDM) for ultrasensitive detection of EV-encapsulated apurinic/apyrimidinic
endonuclease 1 (APE1) (Figure 6D) [144]. As a key enzyme in DNA base excision repair, APEI is highly
enriched in tumor-derived EVs. EDM is constructed by immobilizing deoxyribozymes (DNAzyme), AP-site
hairpin probes and 6-carboxyfluorescein (FAM)-labeled substrates on gold nanoparticles. Active APE1
cleaves AP-site structure to activate DNAzyme and trigger cascaded substrate cleavage for nonlinear
fluorescence amplification. The method achieves a detection limit of 177 fM with sensitivity two orders of
magnitude higher than ELISA. EV-derived APEI level is closely correlated with parental tumor stress status,
achieving 92% accuracy in distinguishing early prostate cancer patients from healthy donors. The
versatile EDM platform can be extended to detect other EV functional enzymes for liquid biopsy
and early tumor diagnosis.

2.4.3. Exosomal nucleic acids

Protected by lipid bilayer membranes, exosomal nucleic acids exhibit better stability against enzymatic
degradation than free circulating nucleic acids [150,151]. Exosomal miR-21 is markedly overexpressed
in tumor-derived EVs and serves as a classic tumor biomarker [152,153]. Traditional detection relies on
cumbersome exosome isolation, RNA extraction and quantitative reverse transcription polymerase chain
reaction (QRT-PCR), which is time-consuming and may cause miRNA degradation.

A DNA zipper-mediated membrane fusion strategy was established for rapid in sifu exosomal miR-21
detection (Figure 6E) [145]. Lipid vesicle probes encapsulated with miR-21-targeting molecular beacons
are modified with zipper DNA constructs (ZDCs), while isolated exosomes are functionalized with
complementary catalytic zinc-dependent DNAzymes (¢ZDCs). Specific hybridization between ZDC and
cZDC triggers spontaneous membrane fusion, enabling molecular beacons to recognize exosomal miR-21
and generate fluorescence signals. The assay completes detection within 30 min without RNA extraction
and qRT-PCR, and can effectively distinguish tumor-derived EVs from normal EVs combined with flow
cytometry, providing a convenient tool for tumor liquid biopsy.

2.5. Advantages and limitations of extracellular targets

Extracellular targets including proteins, nucleic acids and exosomal vesicles are core biomarkers
supporting non-invasive cancer molecular imaging and liquid biopsy. Their universal advantage lies in

15



Life Anal. Review

easy accessibility in body fluids and TME without membrane crossing, enabling minimally invasive
sampling, longitudinal monitoring and postoperative recurrence surveillance, with good compatibility
with antibodies, aptamers, nanozymes and multiple imaging modalities.

Each subtype possesses unique strengths: extracellular proteins feature high abundance and mature
detection technology, dynamically reflecting tumor angiogenesis, immune remodeling and ECM
invasion; extracellular nucleic acids carry tumor-specific genetic and epigenetic signatures with high
molecular specificity, capable of tracing clonal evolution and intratumoral heterogeneity beyond tissue
biopsy; exosomal vesicles protect internal cargos from enzymatic degradation, mediate intercellular
tumor-stroma communication and faithfully recapitulate parental tumor molecular profiles for tumor
subtyping and immunotherapy response evaluation.

Nevertheless, extracellular targets still face universal and subtype-specific bottlenecks restricting
diagnostic accuracy and clinical translation. Most extracellular biomarkers lack absolute tumor
specificity, with abnormal elevation also observed in inflammation, fibrosis and hyperplasia, easily
causing false-positive signals. Spatiotemporal heterogeneity and dynamic expression fluctuation during
tumor progression further reduce quantitative imaging reliability, and single target detection cannot
balance sensitivity and specificity well. Specifically, classic protein markers are vulnerable to serum
matrix interference and benign disease influence; extracellular nucleic acids suffer from ultra-low
abundance, nuclease degradation and lack of unified isolation and quantification standards; exosomal
targets are limited by heterogeneous size/origin, non-standard isolation protocols, soluble biomolecule
interference and time-consuming detection procedures.

In the future, multi-marker combined imaging, microenvironment-activatable probe design, cascade
signal amplification and Al-assisted quantitative analysis are expected to alleviate above limitations.
Establishing unified isolation and analytical standards will further accelerate the clinical application of
extracellular target-based intelligent imaging in precision oncology.

3. Membrane targets for cancer imaging
3.1. Overview of membrane targets

Membrane-located biomarkers represent the most clinically mature and translationally advanced
category of cancer imaging targets. Unlike intracellular biomarkers that require complex transmembrane
delivery and endosomal escape, membrane proteins are directly exposed on the cell surface, enabling
straightforward recognition by imaging ligands, antibodies and aptamers [154—156]. Meanwhile,
different from freely diffusing extracellular biomarkers diluted in body fluids, membrane targets retain
precise spatial localization at tissue and cellular levels, supporting in situ tumor delineation and
anatomical positioning [18,157,158].

Oncogenic transformation induces extensive remodeling of cell membrane components, including
abnormal expression of receptor tyrosine kinases (RTKs), immune checkpoint molecules, cell adhesion
proteins and lineage-specific antigens [159-161]. Beyond serving as passive biomarkers, these
membrane molecules actively regulate tumor proliferation, angiogenesis, epithelial-mesenchymal
transition, immune escape and metastatic progression [162,163]. Therefore, membrane-targeted imaging
can simultaneously provide anatomical localization and functional information regarding tumor
aggressiveness and treatment response. Benefiting from surface accessibility and stable expression
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characteristics, membrane biomarkers are highly compatible with mainstream imaging technologies
such as PET, fluorescence-guided surgery, photoacoustic imaging and integrated theranostic platforms.
Targets with high membrane density, favorable ligand internalization efficiency and low normal tissue
background expression exhibit superior imaging performance, among which EGFR, HER2, PD-L1 and
PSMA have become representative benchmarks for precision oncology imaging. According to biological
functions and translational characteristics, membrane imaging targets are classified into five subgroups:
growth factor receptors, immune checkpoint molecules, adhesion and metastasis-related proteins,
tumor-specific membrane antigens, and circulating tumor cell (CTC) surface markers.

3.2. Growth factor receptors

RTKs are the earliest validated and most widely applied membrane imaging targets [164—167]. Their
advantages lie in high surface accessibility, close oncogenic relevance and perfect compatibility with
targeted therapy. RTKs regulate core malignant phenotypes via phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT), mitogen-activated protein kinase (MAPK) and Janus kinase/signal transducer and activator
of transcription (JAK/STAT) signaling pathways, controlling cell proliferation, angiogenesis, invasion
and metabolic adaptation.

RTK-targeted imaging establishes an important link between molecular imaging and precision
therapy, enabling patient stratification, therapeutic response prediction and longitudinal monitoring of
drug resistance evolution [154]. Moreover, high receptor density on cell membranes provides favorable
conditions for radionuclide imaging and intraoperative fluorescence navigation. Notably, tumor
evolution, hypoxic microenvironment and drug intervention continuously reshape RTK expression and
activation status. Current research is gradually shifting from static protein quantification to dynamic
imaging of receptor phosphorylation, signaling adaptation and drug resistance progression.

3.2.1. Epidermal growth factor receptor

EGFR is a classic prototype membrane target for tumor theranostic imaging, with overexpression and
abnormal activation commonly observed in non-small cell lung cancer, glioblastoma, colorectal cancer and
head-neck squamous cell carcinoma [168]. It drives malignant proliferation, invasion and anti-apoptotic
signaling cascades. Modern EGFR imaging has evolved from traditional immunohistochemical
detection to radiolabeled tracers, small-molecule PET probes and near-infrared fluorescence imaging,
enabling quantitative mapping of EGFR distribution in primary and metastatic lesions [169—171]. It also
supports screening of targeted therapy candidates, early prediction of drug efficacy and precise
delineation of tumor margins during fluorescence-guided surgery.

Tan et al. designed a circular bivalent aptamer-functionalized afterglow luminescent nanoprobe
(cb-Apt-ALNP) (Figure 7A) [172]. The closed-loop circular structure improves nuclease resistance and
serum stability. The probe specifically anchors phosphorylated EGFR on cell membranes, and afterglow
intensity is dynamically modulated by electron transfer during EGFR phosphorylation. This design
realizes in situ continuous visualization of EGFR phosphorylation and nuclear translocation at cell,
tumor spheroid and in vivo levels, effectively distinguishing EGFR activation differences between tumor
and normal cells and evaluating the inhibitory effect of targeted drugs.
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3.2.2. Human epidermal growth factor receptor 2

HER2 amplification is a validated core biomarker for breast and gastric cancer targeted therapy, closely
associated with malignant progression and poor prognosis [173,174]. High membrane abundance and
accessibility make HER2 an ideal target for PET and fluorescence imaging, which can compensate for
sampling bias of local biopsy and reflect tumor heterogeneity [35,175]. It also assists intraoperative
identification of micrometastases and residual tumor foci to optimize surgical resection. Nevertheless,
therapeutic intervention often induces HER2 downregulation and internalization, and the widespread
existence of HER2-low tumors limits the detection sensitivity of conventional probes. Clinical routine
diagnosis relies on immunohistochemistry (IHC) combined with fluorescence in sifu hybridization (FISH)
confirmation, which suffers from subjective judgment deviation, cumbersome operation, high cost and
long detection cycle. In addition, traditional aptamer probes are easily degraded in biological fluids, and
electrostatic repulsion with negatively charged cell membranes further weakens targeting efficiency [155].

To address these limitations, Xue et al. constructed a proximity-driven spatially matched 3D DNA
aptasensor (3DDA) for HER2 detection and pathological typing (Figure 7B) [176]. The platform integrates
cholesterol-modified tetrahedral nucleic acid frameworks for stable membrane anchoring, HER2-specific
aptamers for spatially matched recognition, and CHA circuit for in sifu signal amplification. The rigid
tetrahedral structure enhances serum stability and nuclease resistance. Cellular experiments verify its
ability to distinguish HER2-positive and negative cell lines. In clinical breast cancer specimens, the
detection results are highly consistent with FISH gold standard, enabling accurate identification of IHC
2+ equivocal cases and providing a low-cost alternative for HER2 molecular subtyping.

3.2.3. c-Met

c-Met, activated by hepatocyte growth factor (HGF) ligand, is a key receptor tyrosine kinase dominating
tumor invasion, EMT progression, distant metastasis and drug resistance [177]. Different from EGFR
and HER2 focusing on proliferative activity, c-Met imaging mainly reflects aggressive metastatic
phenotypes, enabling evaluation of pathway activation status rather than merely protein expression level.
Current small-molecule PET and peptide fluorescent probes support c-Met detection in liver, gastric and
lung cancers [178]. However, ligand-induced receptor internalization and stromal crosstalk lead to
unstable imaging signals and poor quantitative reproducibility.

Traditional pH-responsive nucleic acid probes for c-Met detection rely on rigid i-motif or DNA
triplex structures, which are limited by sequence constraints and difficult large-scale synthesis. To break
this bottleneck, a novel pH-responsive DNA aptamer (CSL1-II) was designed by introducing unnatural
nucleobase with a pKa of 5.9 (Figure 7C) [153]. The aptamer maintains disordered conformation under
normal tissue neutral pH with low target binding capacity, while folding into active recognition structure
in weakly acidic tumor microenvironment. It can competitively block HGF/c-Met signaling and inhibit
tumor migration and invasion without obvious damage to normal cells, providing a versatile design
strategy for microenvironment-responsive aptamer construction.

3.2.4. MUCl

Mucin 1 (MUCI) is a transmembrane glycoprotein abnormally overexpressed and aberrantly glycosylated
in breast, lung, pancreatic and ovarian epithelial tumors, participating in tumor proliferation, EMT, invasion,
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metastasis and immune escape [179,180]. It has become a widely applicable core target for membrane tumor
imaging. Current MUC]1-targeted imaging mainly adopts aptamer, antibody and nanoplatform-based
fluorescent probes for early screening and intraoperative navigation [181-184]. Conventional near-infrared
fluorescence probes require repeated washing to reduce background interference, and suffer from poor
photostability and weak signal intensity, restricting long-term dynamic in situ observation.

Ouyang’s group fabricated DNA nanosheet-templated copper nanosheets (DNS/CuNSs) to
construct a high-performance Forster resonance energy transfer (FRET)-based MUC1 imaging platform
(Figure 7D) [184]. Two-dimensional DNA nanosheets serve as rigid templates for in situ growth of
copper nanosheets, forming well-defined nanocomposites with optimized optical properties. Combined
with Cy5.5 acceptor, the system achieves an ultra-large Stokes shift, effectively reducing autofluorescence
and optical scattering interference. This platform realizes wash-free in situ imaging, with significantly
improved anti-photobleaching stability and signal amplification efficiency, laying a foundation for in vivo
molecular imaging and targeted theranostic application.
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Figure 7. Strategies for imaging tumor-associated growth factor receptors on cell membrane. (A) The
cb-Apt-ALNP for dynamic visualization of EGFR phosphorylation and nuclear translocation. Reprinted
with permission [172]. Copyright 2022 American Chemical Society; (B) The proximity-driven
spatially matched 3DDA for HER2 detection and pathological subtyping. Reprinted with
permission [176]. Copyright 2026 American Chemical Society; (C) The CSL1-II for c-Met targeting
in weakly acidic tumor microenvironments. Reprinted with permission [153]. Copyright 2024 Royal
Society of Chemistry; (D) The FRET-based MUC1 imaging platform using DNS/CuNSs. Reprinted
with permission [184]. Copyright 2024 American Chemical Society.
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3.3. Immune checkpoint targets

Immune checkpoint molecular imaging promotes the development of tumor imaging from simple anatomical
lesion localization to functional profiling of tumor immune microenvironment (TIME) [74,185].
Different from conventional membrane biomarkers reflecting tumor proliferation burden, immune
checkpoint targets can directly characterize immune activation status, T cell exhaustion degree and
immunotherapy response susceptibility [186]. Clinical treatment efficacy is jointly determined by
intrinsic tumor biological characteristics and spatiotemporal distribution of TIME, making immune
checkpoint profiling an essential prerequisite for precise immunotherapy.

Compared with limited local biopsy of traditional IHC, whole-body molecular imaging enables
non-invasive panoramic visualization of immune checkpoint expression in primary and metastatic lesions,
supporting patient stratification, early efficacy prediction and longitudinal dynamic monitoring [187,188].
Current research mainly focuses on PD-L1, PD-1 and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) covering adaptive anti-tumor immunity, while innate immune checkpoint represented by cluster
of differentiation 47 (CD47) has gradually expanded the boundary of immune imaging in recent years.

3.3.1. PD-L1

PD-L1 is the most extensively studied immune checkpoint target, expressed on tumor cells, stromal cells
and antigen-presenting cells in TME. It binds to PD-1 on activated T cells to inhibit cytotoxic immune
response and mediate tumor immune escape. PD-L1 expression is dynamically regulated by inflammatory
cytokines, interferon signaling, radiotherapy and chemotherapy, leading to transient pseudo-positive
signals irrelevant to long-term anti-tumor immunity [189,190]. In addition, receptor glycosylation and
intracellular trafficking alter epitope accessibility, bringing difficulties to quantitative standardization.

PD-L1-targeted ImmunoPET overcomes the sampling bias of IHC and realizes whole-body
visualization of heterogeneous checkpoint expression, showing better predictive value for immune
checkpoint inhibitor efficacy than local biopsy [191]. Longitudinal imaging can detect immune
microenvironment remodeling earlier than anatomical morphological changes [192].

To improve detection specificity, recent studies focus on TME-responsive activatable probes
and Al-assisted quantitative analysis. Li et al. constructed an orthogonal nucleic acid-peptide amplification
circuit integrating matrix metalloproteinase 2 (MMP2)/9-activated hybridization chain reaction (HCR) and
aptamer-mediated PD-L1 recognition (Figure 8A) [193]. Using PNA as a bridging scaffold, the system
suppresses non-specific amplification in normal tissues and enhances localized signal amplification in tumor
regions with high MMP expression. This design improves the discrimination between tumor and normal
tissues, enabling accurate PD-L1 quantification and effective prediction of immunotherapy efficacy.

3.3.2. CD47

CDA47 is a key innate immune checkpoint overexpressed in multiple malignancies. By binding signal
regulatory protein alpha (SIRPa) on macrophages and dendritic cells, it transmits the “don’t eat me”
signal to inhibit phagocytosis and antigen presentation, facilitating immune escape and TME
immunosuppression [194,195]. Elevated CD47 expression is closely associated with tumor progression,
metastasis and poor prognosis, especially in triple-negative breast cancer. Different from PD-L1
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regulating adaptive immunity, CD47 imaging provides complementary information for innate immune
status evaluation, enabling more comprehensive immune network profiling.

Traditional IHC is limited by sampling bias and cannot capture lesion heterogeneity or support
intraoperative real-time navigation. Nanobodies, with small molecular size, excellent tissue penetration
and rapid in vivo clearance, are ideal carriers for CD47-targeted imaging. Li ef al. developed a dual-modal
PET/second near-infrared window (NIR-II) imaging platform based on engineered anti-CD47
nanobodies [196]. High-affinity nanobody C2 and its albumin-binding derivative ABDC2 were conjugated
with NIR-II fluorescent dye and radiolabeled tracer. The platform combines PET’s advantage in whole-body
tumor staging and NIR-II’s strength in deep tissue penetration and intraoperative real-time navigation.
In breast cancer models, the probe achieves high tumor-to-background contrast for primary tumor and
lymph node metastasis detection, and accurately delineates tumor margins during surgery, showing great
translational potential for precision imaging and image-guided oncologic surgery.

3.4. Adhesion and metastasis-associated targets

Most cancer-related deaths are caused by tumor metastasis, while conventional imaging only focuses on
anatomical lesion identification rather than the biological mechanism of tumor dissemination [197-200].
Adhesion and metastasis-related membrane proteins fill this gap, enabling visualization of tumor
invasive behavior, stromal interaction, vascular infiltration and pre-metastatic niche formation [201,202].
Different from proliferation-related receptors reflecting tumor growth rate, this type of target
characterizes tumor cell plasticity and migratory potential, directly participating in EMT, ECM
remodeling and organotropic metastasis. Imaging of these biomarkers can detect aggressive tumor
phenotypes and micro-metastatic lesions that are invisible to conventional anatomical imaging, realizing
the transformation from “tumor localization imaging” to “tumor behavioral imaging”. Representative
targets include EpCAM, integrin ovf3, cluster of differentiation 44 (CD44) and MMP family proteins.

3.4.1. EpCAM

EpCAM is a transmembrane epithelial adhesion glycoprotein widely overexpressed in epithelial
malignancies. In addition to cell adhesion function, it regulates tumor proliferation, stemness maintenance
and epithelial phenotypic plasticity. High extracellular exposure and stable membrane localization make
EpCAM an ideal target for tumor imaging and CTC enrichment [73,203,204]. EpCAM-targeted probes
are widely used in fluorescence-guided surgery, radionuclide imaging and liquid biopsy platforms.

Bai et al. constructed an aptamer-conjoined polydiacetylene nanoliposome (APN) self-accelerated
responsive fluorescent sensor [197]. Relying on multiple non-covalent interactions between EpCAM,
aptamer and cationic nanoliposomes, the platform achieves rapid response, high sensitivity and excellent
target selectivity. With near-infrared fluorescence turn-on mode, it realizes in situ imaging of living tumor
cells and sustained tumor imaging in xenograft models, and effectively identifies cancer lesions in clinical
pathological sections, providing a universal strategy for EpCAM sensing and targeted tumor imaging.

3.4.2. Integrin oyf3

Integrin o3 is a classic target associated with tumor metastasis and angiogenesis, highly expressed on
invasive tumor cells and angiogenic endothelial cells [205]. It mediates tumor adhesion, migration and
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ECM interaction via recognizing arginine-glycine-aspartic acid (RGD)-containing ligands [206]. RGD
peptide has high binding affinity and easy chemical modification, becoming an ideal scaffold for PET,
fluorescence and multimodal imaging. Radiolabeled RGD tracers visualize angiogenic activity and
metastatic aggressiveness, while fluorescent RGD probes assist intraoperative tumor margin delineation.
To overcome rapid in vivo diffusion and insufficient tumor retention of small-molecule probes,
Wang et al. designed a nitroreductase (NTR)-responsive dual-modal fluorescence/MRI probe with
cRGD targeting, hypoxic activation and in situ protein anchoring functions (Figure 8B) [198]. The probe
specifically recognizes tumor cells via cRGD peptide, and is triggered to generate reactive intermediates
under tumor hypoxic microenvironment, realizing covalent anchoring with intracellular proteins. This
in situ locking strategy significantly prolongs tumor retention time and improves imaging signal-to-noise
ratio. Validated in subcutaneous and orthotopic lung cancer models, the probe achieves high-contrast
dual-modal imaging and clear tumor boundary delineation.

It is worth noting that integrin expression is highly dependent on tissue microenvironment. Highly
vascularized lesions show strong probe uptake, while hypoxic and necrotic regions present weak signals.
Inflammatory angiogenesis and wound healing tissues also cause non-specific uptake, limiting
diagnostic specificity. Single angiogenesis-related imaging is insufficient to fully evaluate tumor
metastatic potential, and needs to be combined with immune and metabolic biomarkers.

3.4.3.CD44

CD44 is a multifunctional adhesion receptor and typical biomarker of cancer stem cell characteristics.
By binding hyaluronic acid and ECM components, it regulates tumor stemness maintenance, EMT
progression, drug resistance and distant metastasis colonization. Abnormal CD44 elevation is closely
correlated with tumor recurrence and chemotherapy insensitivity. Different from conventional proliferation
biomarkers, CD44 imaging preferentially labels stem-like and drug-resistant tumor subpopulations.

Traditional antibody or HA-based recognition strategies suffer from large steric hindrance, poor
stability and batch difference, limiting sensing performance. Jia ef al. constructed an aggregation-induced
electrochemiluminescence (AIECL) platform based on mesoporous silica nanosphere-confined
tetraphenylethene (TPE) derivatives (Figure 8C) [205]. Spatial confinement restricts intramolecular
rotation to enhance ECL emission. Artificially designed WC-7 heptapeptide replaces traditional
recognition molecules to reduce steric hindrance. Combined with DNA strand displacement reaction,
the platform realizes sensitive detection of CD44 antigen and CD44-overexpressed tumor cells, with
excellent stability and anti-interference capability.

3.4.4. MMP

Different from secreted MMPs described in extracellular targets, membrane-anchored and pericellular
MMP-2 acts as a TME-responsive enzymatic target for tumor invasion imaging. Such probes remain
inert under normal physiological conditions and only undergo structural assembly or functional activation
after specific cleavage by overexpressed pericellular MMP-2, achieving precise TME-activated targeting.

Lou et al. designed a peptide-conjugated transformable probe (DMFA) with MMP-2 cleavage-induced
morphological switching (Figure 8D) [206]. The probe initially self-assembles into nanoparticles for
stable membrane anchoring. After cleavage by pericellular MMP-2, it disassembles into a-helix and
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B-sheet fragments: the former destroys cell membrane integrity to induce Ca** influx, while the latter
self-assembles into nanofibers to inhibit ion pump activity. The two modules synergistically suppress
PI3K-AKT signaling pathway and inhibit tumor growth, migration and invasion, providing an
innovative paradigm for MMP-2 responsive imaging and targeted intervention.

____________________________________________ T
. 1
1 ‘s I
1 I
h 1
1 1
I AP 1
0 1
1 __PLGVRG _ PNA A _rois N
! . 8 et A
b @>@®Q®®©© i o el L S0 |
1 ; 2 !
2 I
1 % | MmP2r9 7 ¢
| C‘ 'MMPms:?l (€ «%\ !
y 1
: ©" f1 <0 !
! © e i 3 :
1 @%CH R HI  H2 I
: e HCR amplifier 1
h O O 1
! \f cyey o |
1 2 ® 1
\ H1  H2 g 1
) —
HCR amplifier 7 1
! & -
! < 1
I 1
w 1
1
1 1
| 1
1 1
e e e e m e ————————— 1
1
1 \ 17
1 QY N !
h C SsDNA-S2 R E !
H VAN > o5 ,‘9\ 1
1 YRR000NN 1\ & ; 1
| WMWY dsDNA-S1-s2 W7 ) = 1
1 SSDNA-S1 /f 1
1 MCF-7 cells 1
\ high-energy-state >%  NtBbvCl :
1 TRE \
TEA: O 1
1 NN
1 \( [TPE]* Y 3 without D44 ;\&//’ﬁq"{; ,
b GEL S | = 1
. ey e/ . e |
\ & \7 1
! / -
- o N |
1
\ FoLEa 6_3 1 Na*/K*-ATPase |
1 Centrifugation | increlased activity chreased |
1
! PP 1 lé !
1 OO I H B Inhibit PI3K-Akt pathway |
1 %9 Q {} ﬁ[ i F# > ET \ Nucleus !
1 e — F 4 1 Inhibit cell growth and metastasis :
1 — el 0 ey
1 TPE+TEA GCE SSDNA-H1 : DMFA e ¢/' LEA i @ca @ | Felieed ::
1 MSNs AIECL MSNs | anoparticle S a-helix” #” B-sheet Fibers @Ca p MMP-2 Na‘/K*-ATPase|
s L T

Figure 8. Strategies for imaging immune checkpoints and adhesion/metastasis-associated targets
on cell membrane. (A) The orthogonal nucleic acid-peptide amplification circuit for PD-L1
imaging. Reprinted with permission [193]. Copyright 2026 Wiley-VCH; (B) The multistage
tumor-targeted probe for dual-mode imaging of lung tumor. Reprinted with permission [198].
Copyright 2026 American Chemical Society; (C) The intracellular ECL self-enhanced biosensor
for CD44 detection. Reprinted with permission [205]. Copyright 2023 American Chemical
Society; (D) The MMP-2-responsive self-assembly transformation probe for tumor therapy.
Reprinted with permission [206]. Copyright 2023 Wiley-VCH.

3.5. Tumor-specific membrane antigens

Tumor-specific membrane antigens integrate three core advantages of molecular imaging: high
extracellular accessibility, low expression in normal tissues and definite pathological relevance [24].
Compared with widely expressed growth factor receptors and inflammation-related biomarkers, they
provide higher tumor-to-background imaging contrast and support highly selective lesion visualization.
Meanwhile, high surface density, prolonged membrane retention and efficient ligand internalization endow
them with good pharmacological properties, suitable for radionuclide imaging, fluorescence-guided
surgery and integrated theranostic systems [37]. The development of membrane antigen imaging reflects
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the evolution of tumor imaging from non-specific metabolic detection to biologically stratified precision
imaging, supporting molecular classification, patient selection and longitudinal treatment monitoring.
Many tumor-specific antigens have developed from simple diagnostic biomarkers into integrated
theranostic platforms, realizing the integration of imaging diagnosis and targeted therapy.

3.5.1. Prostate-specific membrane antigen

PSMA is one of the most successful translational imaging targets, fundamentally changing the clinical
management mode of prostate cancer. Its excellent clinical performance benefits from high membrane
density, strong prostate cancer specificity, efficient ligand internalization and long tumor retention,
generating high imaging contrast for metastatic lesion, biochemical recurrence and minimal residual
disease detection [24,37,39].

PSMA represents a typical target-guided theranostic model: small-molecule ligands can be conjugated
with diagnostic radionuclides for PET imaging or therapeutic isotopes for radioligand therapy, realizing
patient stratification, treatment planning and efficacy monitoring in one molecular framework [207].
Traditional MRI-based PSMA imaging is limited by low intrinsic sensitivity and lack of high-performance
targeted contrast agents. Meade et al. constructed GSH-responsive activatable Gd(II1) MRI probes via a
targeting-activation-retention strategy (Figure 9A) [208]. Optimized PCP-2 probe adopts hydrophilic
modified ligand to inhibit non-specific aggregation and enhance water solubility and binding affinity. It
maintains low baseline signal in normal tissues, and is activated by intracellular GSH after tumor cell
internalization. Aggregated probes enhance MRI relaxivity and turn on fluorescence signal, realizing
dual-modal imaging and specific differentiation of PSMA-positive/negative tumors.

Notably, physiological PSMA expression in salivary glands, kidneys and lacrimal glands causes
background interference, and neuroendocrine-differentiated prostate tumors often downregulate PSMA
expression, leading to false-negative imaging results.

3.5.2. Glypican-3

Glypican-3 (GPC3) is a membrane heparan sulfate proteoglycan selectively overexpressed in hepatocellular
carcinoma with negligible expression in normal adult tissues, possessing high tumor specificity for HCC
precision imaging. Different from AFP with poor spatial localization, GPC3 imaging can directly
visualize intratumoral heterogeneity and tissue distribution [209-211]. It participates in Wnt/B-catenin
and other oncogenic signaling pathways, linking imaging signals with intrinsic tumor biological
characteristics rather than simple biomarker accumulation. GPC3-targeted PET, MRI and fluorescence
imaging show great potential for fluorescence-guided liver surgery and future theranostic integration.
Micro-hepatocellular carcinoma is difficult to detect due to low AFP sensitivity and insufficient
performance of commercial MRI contrast agents. Zhang et al. established a dual-injection MRI platform
based on in vivo membrane engineering and bioorthogonal chemistry (Figure 9B) [212]. Self-assembled
peptide nanoparticles accumulate in HCC via enhanced permeability and retention (EPR) effect and bind
membrane GPC3, exposing dibenzocyclooctyne (DBCO) click sites. Subsequent azide-modified
gadolinium-DOTA (Gd-DOTA) realizes in situ immobilization via strain-promoted azide—alkyne
cycloaddition (SPAAC) reaction, prolonging molecular rotation time and significantly improving MRI
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relaxivity and tumor-to-liver contrast. This strategy achieves tumor-specific signal amplification with
low systemic gadolinium deposition and good biosafety.
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MRI/fluorescence dual-modal probes for PSMA-positive prostate cancer imaging. Reprinted with
permission [208]. Copyright 2021 American Chemical Society; (B) The two-step in vivo
bioorthogonal MRI platform for GPC3-targeted hepatocellular carcinoma imaging. Reprinted with
permission [212]. Copyright 2026 American Association for the Advancement of Science.

3.6. Circulating tumor cell targets

CTCs are intact malignant cells shed from primary or metastatic lesions into peripheral blood, retaining
complete genomic, transcriptomic and proteomic information at single-cell level. Different from cell-free
biomarkers such as ctDNA and extracellular RNA, CTC detection provides unique insights into metastatic
evolution and tumor heterogeneity [116,213-216]. CTC imaging realizes the transformation from
molecular fragment detection to direct visualization of metastatic cellular behavior, playing an important
role in evaluating tumor invasion, immune escape and therapeutic resistance.

Nevertheless, extremely low abundance and phenotypic plasticity bring great technical challenges.
Most current enrichment strategies rely on membrane marker screening, which are prone to missing
mesenchymal-like CTCs generated during EMT process.

3.6.1. EpCAM-positive CTCs

EpCAM is the most clinically validated target for CTC enrichment, and the FDA-approved CellSearch
platform is based on EpCAM immunomagnetic separation [217]. Its epithelial specificity and membrane
accessibility enable efficient capture of epithelial-derived CTCs. However, during EMT progression,
aggressive tumor cells often downregulate EpCAM expression, leading to false-negative detection and
underestimation of highly invasive metastatic subpopulations [218,219].

To compensate for the limitation of single-marker detection, a bioorthogonal click chemistry-based
CTC detection platform was constructed (Figure 10A) [220]. Vertically aligned silicon nanowire chips
modified with antifouling coating and tetrazine functional groups realize stable antibody immobilization
via rapid covalent reaction with trans-cyclooctene (TCO)-modified ligands. Dual targeting of EpCAM
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combined with trophoblast cell surface antigen 2 (TROP2) expands the recognition spectrum of
heterogeneous CTCs, achieving twice the capture efficiency of traditional platforms. Integrated with
enzyme-mediated chromogenic imaging, it avoids expensive fluorescence equipment and realizes
accurate identification of low-abundance CTCs in peripheral blood.

Zuo et al. designed tetrahedral DNA framework-ensembled multivalent aptamers (TEA,). Rigid
DNA nanostructures serve as programmable scaffolds to anchor multiple EpCAM aptamers, realizing
optimal spatial matching and cooperative binding with membrane EpCAM clusters (Figure 10B) [221].
The rigid framework enhances structural stability and anti-nuclease degradation ability in complex blood
environment, maintaining high binding affinity under hydrodynamic shear force. Combined with
magnetic bead separation, the platform exhibits excellent anti-interference performance in clinical samples
and enables accurate CTC quantification and treatment response stratification in liver cancer patients.
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Figure 10. Strategies for imaging and analysis of CTCs. (A) The bioorthogonal click chemistry-based
CTC detection platform for EpCAM/TROP2 dual-targeted capture. Reprinted with permission [220].
Copyright 2025 American Chemical Society; (B) The TEA, platform for high-affinity
EpCAM-positive CTC capture. Reprinted with permission [221]. Copyright 2025 Wiley-VCH;
(C, D) The GOIN for nucleolin-positive CTC capture, imaging, and release. Reprinted with
permission [222]. Copyright 2024 American Chemical Society; (D) (a) Flow cytometry analysis
confirming specific capture of 4T1 cancer cells; (b) Capture rate over three capture-release cycles,
demonstrating recyclability; (¢) Photothermal heating curves showing efficient temperature
elevation under NIR irradiation.
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3.6.2. Nucleolin-positive CTCs

Nucleolin is highly overexpressed on various tumor-derived CTCs and stably maintains expression during
EMT, becoming an ideal alternative biomarker independent of epithelial markers. Tang’s group developed
an octopus-inspired glowing nanomachine (GOIN) by modifying magnetic Fe304 nanoparticles with
fluorescent covalent organic framework (COF) and AS1411 aptamers (Figure 10C,D) [222]. Densely
arranged aptamers endow the platform with strong multivalent binding capacity for selective CTC capture.
Intrinsic COF fluorescence enables label-free in situ visualization. Under NIR irradiation, mild
photothermal effect reversibly weakens aptamer-cell binding by changing the secondary conformation of
the aptamer, realizing gentle release of intact viable CTCs for subsequent biological analysis. The platform
maintains stable performance for at least three capture-release cycles, integrating capture, imaging,
separation and viable cell release into one recyclable system.

3.7. Current limitations and outlook

Most clinically mature membrane targets such as EGFR, HER2, PSMA and PD-L1 are evaluated based
on static expression levels, which cannot fully reflect dynamic tumor biological states. Tumor spatial
heterogeneity, temporal expression fluctuation and therapy-induced phenotype adaptation often reduce
the reliability of single-target imaging.

A core contradiction exists between target accessibility and biological information depth: membrane
targets have excellent clinical accessibility and translational feasibility, but mostly provide indirect
phenotypic information; in contrast, intracellular targets can reflect core signaling and metabolic
regulation, but are restricted by delivery barriers and unstable quantitative performance.

Driven by such limitations, research is gradually shifting from static biomarker quantification to
dynamic functional imaging. Emerging targets related to ferroptosis, cuproptosis, immunometabolism and
organelle stress can directly reflect tumor functional status and therapeutic vulnerability, breaking the
limitation of traditional static markers. Meanwhile, imaging technology is evolving toward multi-target
combination, activatable probe design, multimodal integration and Al-assisted quantitative analysis, which
helps to comprehensively characterize tumor ecosystem and realize real-time monitoring of disease evolution.

The future development of membrane target imaging lies not only in exploring new biomarkers, but also
in constructing adaptive imaging strategies to capture dynamic tumor characteristics at molecular, cellular
and microenvironmental levels, supporting precise diagnosis and personalized therapeutic decision-making.

4. Intracellular targets for cancer imaging
4.1. Overview of intracellular targets

Intracellular targets refer to biomolecules and chemical substances located inside tumor cells, which directly
dominate malignant progression [223], signaling activation [224], metabolic reprogramming [225,226]
and cell fate regulation [227,228]. Different from extracellular markers reflecting tumor burden and
membrane markers reflecting cell surface phenotype, intracellular targets reveal the real functional state
of tumor cells, including signaling activity [229], metabolic flux [230,231], redox homeostasis [232] and
stress adaptation [233,234].
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Effective intracellular imaging requires probes to cross plasma membrane barriers and target
specific subcellular compartments. According to molecular properties and biological functions,
intracellular imaging targets are divided into four interrelated categories:

(1) Intracellular proteins: signaling proteins, molecular chaperones and apoptosis regulators controlling
proliferation, stress adaptation and cell fate;

(2) Intracellular nucleic acids: oncogenic mRNAs and noncoding RNAs regulating transcriptional and
post-transcriptional networks;

(3) Intracellular enzymes: proteases and metabolic enzymes whose catalytic activity can be monitored
by activatable ratiometric probes;

(4) Intracellular small molecules and ions: ROS, GSH, adenosine triphosphate (ATP) and metal ions
dynamically reflecting redox balance and metabolic stress.

4.2. Intracellular protein targets

Intracellular proteins carry the most functionally valuable information for tumor imaging, directly
regulating core malignant hallmarks including uncontrolled proliferation, apoptotic resistance,
proteotoxic stress adaptation and metabolic plasticity [210,235-237]. Compared with extracellular
biomarkers mainly reflecting tumor existence, intracellular proteins provide mechanistic insights into
tumor aggressiveness and treatment resistance [238]. Modern intracellular protein imaging has evolved
from simple static expression detection to dynamic pathway state monitoring, focusing on pathway
activation and cell fate determination rather than isolated molecular abundance.

4.2.1. Vimentin

Vimentin is a core intermediate filament protein and classic EMT biomarker, lowly expressed in normal
epithelial tissues but significantly upregulated in malignant tumors. Its overexpression drives tumor
migration, invasion and distant metastasis, closely correlated with poor clinical prognosis. Accurate
in situ detection of intracellular vimentin is critical for early tumor screening and invasive risk assessment.
Zou et al. developed a multifunctional DNA tetrahedron aptasensor integrating dual fluorescence modules
for tumor identification and vimentin quantification [239]. The platform contains dual-target aptamers for
EpCAM and protein tyrosine kinase 7 (PTK7) and AND-logic fluorescence reporting system, realizing
highly specific tumor cell imaging. Meanwhile, cyanine 3 (Cy3)/black hole quencher 2 (BHQ2)-labeled
hairpin aptamer enables specific recognition of intracellular vimentin, triggering hairpin opening and
fluorescence recovery after target binding. The sensor achieves a detection limit of 1.1 nM and
effectively distinguishes different EMT phenotypes in living cells.

4.2.2. Survivin

Survivin belongs to the inhibitor-of-apoptosis protein family, highly overexpressed in aggressive
malignancies and rarely expressed in normal adult tissues [240]. It inhibits apoptotic signaling, promotes
mitotic progression and enhances stress tolerance, leading to chemotherapy and radiotherapy resistance.
Located at the intersection of proliferation and apoptosis regulation, survivin imaging can reflect tumor
survival state and adaptive resistance pathway [241]. Fuchigami et al. designed a series of FRET-based
survivin-sensitive fluorescent peptide probes (SSFPs) (Figure 11) [242]. The probe consists of high-affinity
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targeting peptide, complementary protein segment and fluorophore-quencher pair. In the initial state,
intramolecular interaction keeps fluorophore and quencher close to generate FRET quenching. After specific
binding with survivin, probe conformation rearrangement breaks FRET effect and activates fluorescence.
SSFP5 exhibits optimal performance with nanomolar affinity and negligible non-specific response, enabling
specific labeling of survivin-positive tumor cells and providing a reliable tool for drug screening.
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Figure 11. Strategy for intracellular protein imaging. (A, B) The FRET-based SSFP for
intracellular survivin imaging. Reprinted with permission [242]. Copyright 2024 American
Chemical Society.

4.2.3. Heat shock protein 90

Heat shock protein 90 (HSP90) is a key molecular chaperone abnormally overexpressed in tumors under
proteotoxic stress, hypoxia and genomic instability. It acts as a global regulator of tumor stress
adaptation and cell survival, making it a valuable target for functional oncology imaging. Different from
proliferation biomarkers, HSP90 imaging mainly reflects tumor stress response and adaptive capacity.
Li et al. constructed a dual-modal PET/near-infrared fluorescence probe **Cu-1,4,7-triazacyclononane-
1,4,7-triacetic acid (NOTA)-San A-Cy7, using cyclopeptide San A as Hsp90a targeting ligand, conjugated
with NOTA chelator and Cy7 fluorescent group [243]. The probe shows high targeting affinity and
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physiological stability, enabling high-specificity tumor accumulation for PET whole-body imaging and
precise tumor margin delineation for intraoperative fluorescence navigation. Blocking experiments
confirm its excellent targeting specificity, integrating preoperative diagnosis and intraoperative guidance
for esophageal cancer precision management.

4.3. Intracellular nucleic acid targets

Intracellular oncogenic mRNAs and noncoding RNAs are located upstream of tumor signaling networks,
regulating transcription, epigenetics and post-transcriptional modification [42]. Their abnormal activation
often precedes phenotypic changes, possessing unique advantages for early tumor detection and dynamic
disease monitoring. Intracellular RNA imaging realizes real-time visualization of transcriptional
activity, metabolic adaptation and cell plasticity at single-cell level, providing functional information
that cannot be obtained by traditional histopathology and bulk omics.

4.3.1. MYC mRNA

MY C proto-oncogene is a central transcriptional regulator in cancer, driving cell proliferation, metabolic
reprogramming, ribosome biogenesis and metastatic dissemination across multiple malignancies [244,245].
Its transcriptional activity better reflects tumor functional state than downstream protein biomarkers.
MYC mRNA imaging represents a typical dynamic transcription-state detection mode, enabling real-time
monitoring of transcriptional bursting, single-cell heterogeneity and adaptive response under
microenvironmental stress [246-248].

A CHA-activated dual-modal Zn—Gd MOF-derived nanoplatform (ZGMD) nanoplatform was
constructed for MYC mRNA imaging (Figure 12A) [248]. ZGO: Mn nanorods provide two-photon and
afterglow luminescence, and CHA hairpin probes realize target-triggered cyclic signal amplification. In
the presence of MYC mRNA, CHA assembly induces FRET and aggregation-enhanced resonance
energy transfer (ARET) dual-signal response, achieving an ultra-low detection limit of 39 pM. The
platform enables deep tissue two-photon imaging and ultra-high signal-to-background afterglow
imaging, supporting longitudinal monitoring of tumor EMT status and chemotherapy efficacy.

To solve the limitation of sparse functional sites and non-specific adsorption of traditional
nanocarriers, Tang’s group proposed a bonding defect-amplified modification strategy to construct
COF-based spherical nucleic acid probe (Figure 12B,C) [249]. Abundant carboxyl active sites are formed
on COF surface for high-density grafting of hairpin DNA. Initial FRET quenching is eliminated after specific
hybridization with MYC mRNA, turning on obvious fluorescence emission. The probe exhibits excellent
specificity and nuclease resistance, enabling precise distinction of MY C-overexpressing tumor cells.

4.3.2. TK1 mRNA

Thymidine kinase 1 (TK1) mRNA is a key cell cycle biomarker abnormally upregulated in various
malignancies, closely participating in DNA replication and cell proliferation regulation, with expression
level correlated with tumor malignant progression and prognosis [250,251]. In situ visualization of TK1
mRNA can evaluate tumor proliferative activity in real time, while traditional single-function probes
cannot integrate detection and targeted therapy.
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Tang et al. constructed a nucleic acid-gated COF nanotheranostic platform (Figure 12D) [252].
Porphyrin COF nanoparticles serve as doxorubicin carriers, and Cy5-labeled TK1 recognition DNA acts
as a molecular gate. In normal cells, adsorbed nucleic acid seals COF pores to avoid drug leakage and
maintains FRET-induced fluorescence quenching. In tumor cells, TK1 mRNA hybridization disassembles
the nucleic acid gate, restoring Cy5 fluorescence and triggering controlled drug release under tumor
acidic microenvironment, realizing integrated i 1mag1ng and targeted chemotherapy.
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Figure 12. Strategies for intracellular nucleic acid imaging. (A) The CHA-activated dual-modal
ZGMD nanoplatform for MYC mRNA imaging. Reprinted with permission [248]. Copyright 2026
American Chemical Society; (B, C) The bonding defect-amplified COF-based spherical nucleic acid
probe for MYC mRNA detection. Reprinted with permission [249]. Copyright 2021 American
Chemical Society; (D) Fluorescence microscopy images showing specific activation in TK1
mRNA -positive MCF-7 cells but not in MCF-10A cells. Reprinted with permission [252]. Copyright
2021 American Chemical Society; (E) The multivariate-gated CHA nanoplatform for miR-21 imaging
in colorectal cancer. Reprinted with permission [253]. Copyright 2025 American Chemical Society.
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4.3.3. miR-21

Intracellular microRNA-21 (miR-21) is a core post-transcriptional regulator, inhibiting multiple tumor
suppressor pathways to promote proliferation, invasion, immune escape and drug resistance [122,225,235,254].
Different from relatively stable gene mutations, intracellular miR-21 expression dynamically fluctuates
in response to chemotherapy, radiotherapy, oxidative stress and hypoxia, making it a sensitive indicator
of tumor stress adaptation and treatment response.

Traditional CHA probes are prone to spontaneous signal leakage and reduce in situ imaging
specificity. Yuan ef al. constructed a multivariate-gated CHA nanoplatform based on upconversion
nanoparticles (Figure 12E) [253]. Integrated with endogenous GSH-responsive disulfide bonds and
exogenous NIR-photocleavable linkers, the platform locks CHA cascade in silent state under normal
conditions. Only tumor sites with high GSH concentration and NIR irradiation can unlock dual gates
to initiate miR-21-triggered cyclic amplification and FRET ratiometric fluorescence turn-on. This
design effectively eliminates off-target activation and improves signal-to-background ratio, enabling
correlation analysis of miR-21 expression and downstream DNA mismatch repair mechanism.

4.4. Intracellular enzyme targets

Intracellular enzyme activity directly reflects real-time biochemical flux and cellular functional state,
rather than static protein abundance [255-258]. Enzyme-targeted imaging has inherent catalytic
amplification advantage: a single enzyme molecule can continuously activate multiple probe substrates,
significantly improving detection sensitivity for early tumors and micro-metastases. Enzyme activity is
closely coupled with apoptosis, ECM remodeling, metabolic rewiring and autophagy, enabling imaging
to capture dynamic tumor behavioral characteristics. Activatable probes remain optically silent under
physiological conditions and are specifically activated in enzyme-rich tumor microenvironment, greatly
improving imaging contrast. Apoptotic protease reflects treatment response, lysosomal protease
indicates invasive potential, and metabolic enzyme mirrors tumor bioenergetic reprogramming.
Representative targets include caspase-3 and cathepsin B.

4.4.1. Caspase-3

Caspase-3 is the core executioner protease in apoptotic cascade, located downstream of endogenous and
exogenous death signaling pathways [259]. Activated caspase-3 cleaves multiple intracellular substrates
to induce chromatin condensation, cytoskeletal collapse and irreversible cell apoptosis. Apoptosis
response often appears earlier than anatomical tumor shrinkage after anti-tumor therapy, making
caspase-3 imaging an important means for early evaluation of treatment efficacy.

Traditional MRI probes for caspase-3 imaging lack in situ self-assembly ability and suffer from
insufficient low-field contrast. Liang et al. designed a caspase-3-responsive gadolinium probe based on
2-cyanobenzothiazole (CBT)-cysteine (Cys) bioorthogonal click chemistry (Figure 13A) [260]. After
entering apoptotic cells, the probe is specifically cleaved by caspase-3, and endogenous GSH mediates
disulfide bond reduction to trigger in situ self-assembly into gadolinium-rich nanoparticles, significantly
enhancing T1-weighted MRI relaxivity at 0.5 T low magnetic field. The platform achieves high-specificity
apoptotic imaging in cell and zebrafish models.
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Peptide-functionalized AuNPs are promising for intracellular biomarker imaging due to good
biocompatibility, fluorescence quenching performance and easy surface engineering. Conventional Au—S
bonded peptide probes suffer from interference by intracellular thiols such as glutathione, causing
non-specific fluorescence activation and false signals that hinder accurate in situ caspase-3 detection [40].
In contrast, Au—Se bonding delivers higher structural stability and anti-thiol resistance, enabling more
reliable detection of apoptotic biomarkers [42]. However, traditional Au—Se probe synthesis requires 48
h room-temperature shaking and extra sodium dodecyl sulfate (SDS) surfactant, accompanied by
residual contamination and low peptide loading efficiency.

To address these drawbacks, Tang et al. proposed a rapid freezing method for Au—Se-peptide nanoprobe
fabrication (Figure 13B) [261]. Simply incubating AuNPs with selenol-modified peptides at —20 °C for 60
min yields surfactant-free nanoprobes. The freezing-induced molecular enrichment increases peptide loading
by 20%-30% and ensures excellent serum stability and low cytotoxicity. By conjugating fluorescein
isothiocyanate (FITC)-labeled caspase-3-cleavable peptide and tetramethylrhodamine (TAMRA)-tagged
autophagy-related 4B (ATG4B)-targeted peptide onto AuNPs via Au—Se linkage, a dual-activatable
nanoprobe was constructed based on enzyme cleavage-triggered fluorescence recovery. This platform
exhibits high sensitivity, fast response and outstanding specificity toward caspase-3 and ATG4B. Cell
experiments achieved real-time synchronous imaging of drug-regulated autophagy and apoptosis in
HepG2 cells, distinguishing the differential effects of curcumin, SN-38 and rapamycin. This Au—Se
nanoprobe provides a facile, biocompatible tool for dynamic caspase-3 monitoring and chemotherapeutic
response evaluation.

4.4.2. Cathepsin B

Cathepsin B is a lysosomal cysteine protease, confined in lysosomes under physiological conditions but
overexpressed and ectopically distributed in aggressive malignancies. It is secreted to extracellular and
pericellular regions to promote ECM degradation, basement membrane destruction, tumor invasion and
angiogenesis [262-264]. Different from caspase-3 reflecting therapeutic apoptosis, cathepsin B imaging
focuses on tumor invasive and metastatic potential.

Xu et al. constructed a nucleolin-targeted ratiometric fluorescent nanoplatform with ultra-large
emission displacement for cathepsin B imaging (Figure 13C) [265]. Amine-rich carbon quantum dots
act as FRET donor, integrated with AS1411 aptamer and cathepsin B-cleavable peptide labeled with
chlorin e6 acceptor. Efficient FRET quenching occurs in the initial assembly state. After targeted
internalization into tumor cells, lysosomal cathepsin B specifically cleaves the peptide substrate,
interrupting FRET process and realizing ratiometric fluorescence response with a 200 nm spectral shift.
The sensor achieves ultrahigh sensitivity and enables precise distinction of tumor and normal cells.
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Figure 13. Strategies for intracellular enzyme imaging. (A) The caspase-3-responsive gadolinium
probe based on CBT-Cys bioorthogonal click chemistry for MRI imaging of apoptosis. Reprinted
with permission [260]. Copyright 2023 American Chemical Society; (B) The rapid freezing
method for Au—Se-peptide nanoprobe fabrication and dual-activatable imaging of caspase-3 and
ATG4B. Reprinted with permission [261]. Copyright 2019 American Chemical Society; (C) The
nucleolin-targeted ratiometric fluorescent nanoplatform for cathepsin B imaging. Reprinted with
permission [265]. Copyright 2021 American Chemical Society.

4.5. Intracellular small-molecule and ion targets

Intracellular small molecules, reactive species and metal ions represent a new generation of functional
imaging targets. Different from static protein biomarkers reflecting tumor lineage characteristics, these
chemical substances dynamically mirror metabolic reprogramming, redox homeostasis, stress adaptation
and cell fate transition. Their spatiotemporal fluctuation is closely coupled with ferroptosis, cuproptosis,
autophagy, hypoxic adaptation and therapy-induced stress response. Imaging of these substances realizes
the upgrade from “structural biomarker detection” to “dynamic biochemical process visualization”.

4.5.1. Reactive oxygen species

ROS is a core regulator of intracellular redox homeostasis [266]. Oncogenic activation, mitochondrial
dysfunction and metabolic reprogramming induce persistent ROS accumulation in tumor cells. Moderate
ROS elevation promotes tumor proliferation, angiogenesis and drug resistance, while excessive ROS
overload triggers oxidative damage and cell death [267]. ROS imaging can dynamically reflect tumor
metabolic activity, stress adaptation and treatment-induced cell fate transition.

34



Life Anal. Review

As the most stable and signaling-active ROS subtype, H20: elevation is closely associated with
mitochondrial dysfunction, oncogenic signaling activation and therapeutic resistance. Yang et al. developed
a microenvironment-tailored catalytic nanoprobe for ratiometric NIR-II fluorescence/photoacoustic
imaging of H>O» (Figure 14A) [268]. Liposome-confined nanoreactor constructs acidic GSH-shielded
microenvironment to enhance H>O» catalytic reaction. H»O»-triggered ABTS oxidation changes
photoacoustic and NIR-II fluorescence signals, enabling accurate in vivo visualization of H>O> in
primary tumors and metastatic lymph nodes.

4.5.2. ATP

ATP is the universal intracellular energy currency, directly reflecting mitochondrial activity and
metabolic flux. Tumor metabolic reprogramming reshapes ATP synthesis and distribution, supporting
uncontrolled proliferation, stress adaptation and drug resistance [269-271]. Rapid ATP depletion is
closely associated with apoptosis, ferroptosis and mitochondrial dysfunction, making ATP a key
dynamic biomarker for monitoring cell fate transition.

Zhang et al. constructed a universal DNA nanohydrogel platform via RCA for ATP-responsive NIR-II
imaging and synergistic therapy (Figure 14B) [272]. The nanohydrogel self-assembles from RCA
skeleton and programmable staple strands, with fluorophores initially in aggregation-caused quenching
state. Tumor-overexpressed ATP binds aptamer domain to disassemble nanohydrogel and turn on 1071 nm
NIR-II fluorescence. The platform can replace aptamer for other biomarker detection and intercalate
doxorubicin for ATP-triggered drug release, integrating diagnosis and targeted chemotherapy.

4.5.3. Glutathione

GSH is the dominant intracellular antioxidant maintaining redox homeostasis. Tumor cells upregulate
GSH level to neutralize excessive ROS and enhance stress tolerance, which is also a key suppressor of
ferroptosis by maintaining glutathione peroxidase 4 (GPX4) activity and preventing lipid peroxide
accumulation. GSH depletion has become a hallmark event of ferroptosis induction and tumor
metabolic vulnerability.

Zhu et al. fabricated 2D ZnO/MnO2 nanosheet heterostructure for dual-modal GSH-responsive MRI
imaging and granzyme B detection (Figure 14C) [273]. MnO: nanosheet is degraded by intracellular
GSH to release Mn?" and enhance T1 MRI signal; meanwhile, RGD targeting and FRET peptide motif
enable simultaneous detection of immune effector granzyme B activity, realizing real-time monitoring
of tumor redox status and immunotherapy efficacy.

Liu et al. designed a GSH/ATP dual-lock activatable DNA nanoprobe based on honeycomb MnO»
nanovectors (Figure 14D) [274]. Split aptazyme assemblies remain quenched under normal conditions;
only tumor cells with simultaneous GSH and ATP upregulation can trigger MnO- degradation, aptazyme
assembly and cyclic signal amplification. This dual-logic design effectively eliminates false positives of
single-biomarker probes and improves tumor recognition specificity.
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Figure 14. Strategies for intracellular small molecule and ion imaging. (A) The microenvironment-
tailored catalytic nanoprobe (MTCNs) for ratiometric NIR-II fluorescence/photoacoustic imaging of
H>0:. Reprinted with permission [268]. Copyright 2022 Wiley-VCH; (B) The RCA-derived DNA
nanohydrogel (DNHFD) for ATP-responsive NIR-II imaging and synergistic therapy. Reprinted
with permission [272]. Copyright 2025 American Chemical Society; (C) The 2D ZnO/MnO>
nanosheet heterostructure for dual-modal GSH-responsive MRI imaging and granzyme B detection.
Reprinted with permission [273]; (D) The GSH/ATP dual-lock activatable DNA nanoprobe based
on honeycomb MnQO; nanovectors. Reprinted with permission [274]. Copyright 2021 American
Chemical Society.

4.6. Perspective on intracellular imaging targets

Among the three major target categories, intracellular biomarkers carry the deepest biological information,
directly revealing oncogenic signaling, metabolic reprogramming, redox regulation and cell death
pathway regulation. Different from extracellular and membrane markers only reflecting molecular
expression abundance, intracellular targets support visualization of tumor dynamic functional states.

However, high biological information value is accompanied by greater technical challenges: probes
need to overcome cell uptake, endosomal escape and subcellular targeting barriers; dynamic expression
fluctuation of intracellular molecules also increases the difficulty of quantitative interpretation.

With the progress of probe engineering, nanotechnology and signal amplification strategy,
intracellular imaging has become one of the most promising frontiers in precision oncology. Emerging
targets related to ferroptosis, cuproptosis, immunometabolism and organelle stress expand the
connotation of molecular imaging, shifting the research focus from “what tumors express” to “how
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tumors function”. Future technological advances will further promote the application of intracellular
imaging in tumor functional characterization and personalized therapeutic guidance.

5. Challenges and future perspectives

Despite remarkable progress in molecular imaging probe design and biomarker exploration, multiple
fundamental bottlenecks still restrict large-scale clinical translation, including tumor heterogeneity,
insufficient early detection sensitivity, biological delivery barriers, non-specific background interference,
biosafety risks and lack of unified quantitative standards [275]. These constraints interact and restrict
each other, becoming the core obstacles limiting the transformation of preclinical research into routine
clinical application. From a strategic perspective, resolving these bottlenecks requires a paradigm shift
in molecular oncology: moving away from the reductionist approach of isolating individual targets, and
moving toward a holistic, systems-biology view that treats the tumor, its microenvironment, and its
dynamic evolution as an interconnected, living ecosystem.

5.1. Tumor heterogeneity and dynamic biomarker variability

Tumors exhibit obvious heterogeneity among patients, lesions and disease stages, leading to significant
differences in biomarker expression, probe enrichment efficiency and therapeutic response. Many key
imaging targets such as PD-L1, ROS and cell death-related molecules show dynamic temporal fluctuation
during tumor progression and drug intervention. Single-target static imaging cannot adapt to such
heterogeneous and dynamic characteristics. Future research needs to develop multi-target combined
imaging and longitudinal dynamic monitoring strategies, combined with spatial omics, single-cell analysis
and Al modeling to reconstruct tumor evolutionary characteristics and optimize patient stratification.

5.2. Sensitivity for early detection and minimal residual disease

Early-stage tumors, micro-metastases and minimal residual disease are difficult to detect due to low
biomarker abundance and weak signal output. Moreover, most classic serum and membrane biomarkers
are upregulated in the middle and late stages of tumorigenesis, lacking early warning value. Future
research should focus on early functional abnormal events including oxidative stress, metabolic rewiring
and DNA damage response. Activatable probes, DNA nanotechnology, CRISPR-assisted signal
amplification and catalytic biocircuits are effective means to improve detection sensitivity for early
tumor screening.

5.3. Biological barriers and probe delivery

Probe delivery is a major technical bottleneck, especially for intracellular and organelle-targeted
imaging. Dense tumor extracellular matrix, abnormal tumor vasculature, endosomal trapping and
inefficient intracellular trafficking jointly hinder probe penetration and target accessibility. Future probe
design should integrate target recognition and delivery optimization, adopting biomimetic carriers,
exosome-inspired nanoplatforms and organelle-targeting ligands to break biological barriers and
improve intracellular localization efficiency.
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5.4. Background interference and imaging specificity

Most tumor imaging biomarkers are not completely cancer-specific, and their abnormal expression also
exists in inflammation, fibrosis and tissue regeneration lesions, easily generating false-positive signals.
To improve specificity, imaging systems are evolving from constitutive always-on probes to
microenvironment-responsive, logic-gated and multi-condition activatable platforms, which require
multiple tumor-specific stimulation signals to trigger fluorescence or MRI activation, effectively
reducing off-target background interference. Dynamic functional characteristics such as metabolic flux
and immune state transition are more reliable for tumor identification than static molecular expression.

5.5. Biosafety and clinical translation

A large number of imaging probes have achieved excellent performance in preclinical experiments, but
few have entered routine clinical application. The main barriers include long-term in vivo toxicity, poor
biodegradability, complex synthetic routes, difficult large-scale production and strict regulatory
approval procedures. Future translational research should prioritize biodegradable and clinically
approved raw materials, simplify probe structure, balance imaging performance, biosafety and
manufacturing feasibility, and accelerate the standardization of production and clinical verification.

5.6. Quantitative imaging and standardization

Precise quantitative molecular imaging underpins reliable clinical decision-making. However, quantification
accuracy is susceptible to multiple confounding factors, including variable probe pharmacokinetics,
heterogeneous tissue penetration, divergent instrument hardware parameters and inconsistent experimental
operating protocols. Notably, dynamic functional targets, such as ROS, intracellular metabolites and
enzymatic activity, present far greater barriers to robust quantitative imaging owing to their inherent
temporal and spatial fluctuations. Against this backdrop, it is particularly critical to develop dedicated
dynamic calibration standards and universal reference systems. Concurrently, unified probe calibration
workflows, standardized imaging acquisition protocols need to be established.

5.7. Artificial intelligence and computational imaging

Al technology is transforming cancer imaging from qualitative visual observation to data-driven
biological inference. Integrating imaging data with multi-omics and clinical records, Al enables
automated lesion identification, tumor heterogeneity analysis, therapeutic response forecasting and
novel biomarker discovery. Representative cutting-edge applications include multimodal image fusion
and intelligent automated probe design. Limited medical datasets and weak generalization hinder clinical
translation; future multimodal foundation models and interpretable Al will reconstruct tumor biological
features and guide precision oncology decisions.

6. Conclusions

Cancer diagnostic imaging has completed the evolution from simple morphological observation to
biology-driven functional profiling of tumor behavior. The core driving force of this evolution lies
in the renewal of imaging targets: research focus has shifted from static anatomical markers to
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dynamic biomarkers reflecting signaling activation, metabolic remodeling, immune interaction and
cell fate transition.

Extracellular, membrane and intracellular targets form a hierarchical and complementary research
system for cancer imaging. Extracellular biomarkers support non-invasive liquid biopsy and longitudinal
systemic monitoring; membrane targets, as the most clinically mature subtype, are compatible with
multiple mainstream imaging modalities and image-guided surgery; intracellular targets reveal core
oncogenic signaling, metabolic reprogramming and cell death regulation mechanisms, linking imaging
phenotypes with intrinsic tumor molecular logic.

Advances in probe engineering, nanotechnology and multimodal imaging greatly improve the
sensitivity, specificity and quantitative capability of molecular imaging, promoting the transformation
of imaging technology from passive lesion visualization to active interrogation of tumor biological
characteristics. Future cancer imaging will break through the limitation of single-target and single-modality
detection, developing integrated platforms combining multi-target recognition, functional metabolic
imaging, spatial resolved analysis and Al-driven data interpretation. Emerging targets related to
ferroptosis, cuproptosis, immunometabolism and organelle stress further expand the research boundary
of molecular imaging.

At present, tumor heterogeneity, insufficient early detection sensitivity, biological delivery barriers,
non-specific interference, biosafety risks and lack of quantitative standardization still restrict clinical
translation. Solving these problems requires interdisciplinary integration of chemistry, materials science,
molecular biology, imaging physics and clinical oncology.

In summary, the integration of intelligent molecular probes, multimodal imaging technology,
systems biology and artificial intelligence is reshaping cancer imaging into a predictive, quantitative and
decision-guiding precision medical platform, which is expected to realize real-time whole-process
monitoring and precise management of tumors in the whole biological lifecycle.
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