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Conventional optical imaging is constrained by photon absorption and multiple scattering in biological
tissues. Extending excitation and emission into the second near-infrared window (NIR-Il, 1000—
1700 nm) markedly suppresses tissue autofluorescence and improves imaging fidelity. However,
enhanced optical performance alone does not ensure clinical translatability. In this review, we distinguish
the conceptual boundary between optical probes and translational optical agents, highlighting the
critical role of formulation engineering in bridging material functionality with biomedical applicability.
Representative NIR-Il probe classes are summarized together with their intrinsic advantages and
translational limitations. We further discuss key formulation strategies for optical agent construction,
including targeting engineering, hydrophilicity regulation, size optimization, and carrier-assisted
integration. Recent advances in cardiovascular, oncological, neurological, and multimodal imaging
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applications are also reviewed. Finally, remaining challenges related to biosafety, imaging hardware, and
clinical standardization are discussed. By adopting a formulation-centered perspective, this review
DOI: 10.1039/d6tb00661b emphasizes the transition from signal-generating probes to clinically relevant optical agents and outlines

future directions for accelerating the translation of NIR-Il imaging toward precision diagnostics and
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1. Introduction

Clinical imaging techniques are widely used for disease diag-
nosis and monitoring, surgical guidance, and evaluation of
therapeutic efficacy and prognosis." With the advancement of
science and technology, various imaging modalities have been
adopted in clinical practice, including computed tomography
(CT), magnetic resonance imaging (MRI), positron emission
tomography (PET), and single-photon emission computed
tomography (SPECT). However, these tomographic techniques
are limited by several inherent drawbacks: exposure to harmful
ionizing radiation (in CT, PET, and SPECT), poor spatial
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resolution (in MRI and PET), low temporal resolution due to
the reliance on image reconstruction (in CT, MRI, PET, and
SPECT), and a lack of suitable exogenous or endogenous probes
for molecular or functional imaging.>

Optical imaging, combined with specialized optical probes,
offers high spatiotemporal resolution, deep tissue penetration,
and real-time monitoring capabilities, making it highly promising
for both basic biomedical research and clinical applications.?
Among optical imaging modalities, near-infrared (NIR) fluores-
cence imaging has attracted significant attention due to its super-
ior tissue penetration,” low autofluorescence background, and
high spatial resolution.” Numerous studies have demonstrated
its effectiveness in imaging the vascular system,®” lymphatic
system,® and tumors.’ It is widely accepted in the scientific
community that the spectral range from 1000 nm to 1700 nm
defines the NIR-II window. Compared with the NIR-I window,
NIR-II fluorescence imaging features lower tissue autofluores-
cence, deeper tissue penetration, and higher signal-to-noise ratio
(SNR, a quantitative parameter describing the ratio between the
desired signal and background noise, reflecting the clarity and
reliability of an imaging or detection system).'® In 2021,
Qian et al'™" conducted comprehensive simulations and
in vivo imaging studies across the entire NIR spectrum, expand-
ing the NIR-II window to 900-1880 nm (Fig. 1a). NIR-II imaging
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Fig. 1 (a) NIR-Il enables clearer imaging with reduced scattering. Copyright 2024, Springer Nature.’® (o) NIR-Il imaging enhances visualization and
surgical precision. Copyright 2024, Springer Nature.® (c) NIR-IIb yields superior cerebrovascular imaging clarity. Copyright 2015, John Wiley and Sons.**
(d) SWIR imaging enables noninvasive vital monitoring. Copyright 2017, Springer Nature.'® (e) Ratiometric NIR-II probe monitors miR-21 and cancer.
Copyright 2024, John Wiley and Sons.2® (f) Schematic of pressure and temperature sensing platforms. Copyright 2021, American Chemical Society.?”

provides several unique advantages for clinical diagnostics,
including high spatial resolution, non-invasiveness, real-time
monitoring, portability, and operational simplicity (Fig. 1b).
High Resolution: within the NIR-II spectral range, photon
scattering in biological tissues is markedly attenuated, shifting
light transport away from a fully diffusive regime toward quasi-
linear propagation. Consequently, the image degradation caused
by multiple light scattering is substantially reduced. Moreover,
endogenous autofluorescence—which is prominent in NIR-I
window—becomes negligible at longer NIR-II wavelengths.
Together, these effects suppress background interference,
leading to significantly improved SNR and enhanced spatial
resolution during deep-tissue imaging (Fig. 1c)."* It should be
noted, however, that the extent of this improvement depends
on tissue heterogeneity and instrumental sensitivity, factors
that vary across experimental settings. Non-invasiveness: unlike
many conventional diagnostic techniques that require surgical
intervention or physical contact, optical imaging can be per-
formed without incision or direct tissue interaction, thereby
minimizing procedural risk and patient discomfort. Demon-
strating this potential, Bawendi and colleagues developed
short-wave infrared-emitting InAs quantum dots for non-
contact, whole-body imaging in awake mice, while simulta-
neously monitoring resting physiological parameters (Fig. 1d).">
Although such studies highlight the practical benefits of NIR-II
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imaging, questions regarding probe scalability and long-term
biocompatibility remain to be addressed. Real-time monitor-
ing: optical imaging further enables dynamic, real-time visua-
lization of biomolecular processes in living systems. This
temporal capability allows for early detection of pathological
changes and supports molecular-level disease assessment.
Nevertheless, real-time monitoring presents methodological
challenges: signal instability, motion artifacts, and limited
photostability of probes can complicate longitudinal measure-
ments. Therefore, translating real-time optical data into quan-
titative diagnostic conclusions requires careful interpretation.
For example, while NIR imaging has been used for early
detection of skin and breast cancers—by visualizing vascular
patterns and microcirculation—such applications must
account for the technical constraints inherent to dynamic
imaging. Yang et al.'® developed a NIR-II ratiometric fluores-
cent nanoplatform (DCNP@DNA2@IR806) capable of real-time,
quantitative visualization of miR-21 expression in vivo in tumor-
bearing mice. Using this system, miR-21 abundance was shown
to closely track tumor growth and neovascularization, high-
lighting its potential utility for early-stage cancer diagnosis and
longitudinal assessment of tumor progression (Fig. 1e). Port-
ability and simplicity: current cancer cell detection methods
based on electrochemical, fluorescent, chemiluminescent, mag-
netic, Raman, mass spectrometry, microfluidic, and colorimetric

This journal is © The Royal Society of Chemistry 2026
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readouts often suffer from high cost, complexity, and dependence
on large-scale instrumentation, limiting their applicability in
point-of-care settings. Wang et al.'” reported the fabrication of
NIR-II-responsive gold nanoframes (Au NFs) through a combined
photoreduction and template-etching strategy. When coupled
with portable pressure and temperature sensing devices, these
nanomaterials facilitated highly sensitive, dual-modal cancer cell
detection, underscoring their potential for early oncological
screening and real-time prognostic evaluation (Fig. 1f).

Optical diagnostic technologies are increasingly adopted in
clinical practice, enhancing diagnostic accuracy while minimiz-
ing procedural invasiveness. This progress is fundamentally
linked to the rational design of optical probes. When it comes
to optical probes, it is important to distinguish between an
optical “probe” and an optical “agent” of biomedical imaging.
In general, a probe refers to a molecule, fluorophore, or
nanomaterial possessing intrinsic optical responsiveness or
signal-generation capability. Most studies on probes primarily
focus on optical performance parameters such as absorption
characteristics, emission wavelength, quantum yield, or photo-
stability. However, favorable optical properties alone do not
necessarily guarantee biomedical applicability or clinical
translation.

In contrast, an optical agent represents a formulation-
engineered system developed from optical probes with addi-
tional consideration of in vivo behavior and translational
feasibility. Beyond signal generation, optical agents are typi-
cally designed to address physiological stability, aqueous dis-
persibility, biosafety, pharmacokinetics, targeting efficiency,
immune compatibility, large-scale manufacturability, and long-
term storage stability. Therefore, the transition from a probe to an
agent is not merely a semantic difference, but reflects a critical
evolution from material functionality toward clinically applicable
biomedical systems.

In biomedical imaging, probes act as signal converters,
transforming the recognition of specific biomarkers into
detectable optical outputs. Many clinically established small-
molecule fluorophores, such as the FDA-approved NIR-I dye
indocyanine green (ICG), are characterized by well-defined
chemical structures and predictable pharmacokinetics—
properties that often weigh more heavily in regulatory approval
than optical performance alone. Notably, ICG has garnered
renewed interest due to its non-negligible emission extending
into the NIR-II window. From a formulation perspective, optical
agents refer to probes or materials engineered not only for
optimal optical properties but also for biological compatibility.
Advancing from a molecular probe to a formulated agent can
address inherent limitations such as instability and undesirable
biodistribution, thereby extending functional utility in vivo.
Within the NIR-II domain, nanoprobes are often functionalized
with targeting moieties—including antibodies, peptides, nucleic
acids, or biomimetic membranes—to enable active targeting. This
strategy enhances precise lesion localization and creates opportu-
nities for earlier diagnosis and targeted therapy. Representative
cases illustrate how deliberate formulation can directly expand
clinical applicability. Zhu et al.*® enhanced ICG by conjugating it

This journal is © The Royal Society of Chemistry 2026
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with functionalized albumin. This formulation unexpectedly
extended the effective imaging window to approximately 3
hours—a stark contrast to the rapid signal decay of free ICG
(~2 minutes)—while enabling high-resolution visualization of
microvasculature. In a distinct strategy focused on combi-
nation therapy, Zhang et al.’*® co-encapsulated cisplatin and
ICG within gelatin-based nanocapsules. This design estab-
lished an NIR-II fluorescence-guided platform for the precise
chemoradiotherapy of treatment-resistant benign lesions.
Similarly, Yang et al.>' developed a biomimetic nanoplatform
by coating a doxorubicin-loaded polymeric core, integrated
with DSPE-PEG2000-modified ICG, with cancer cell mem-
branes. The resulting construct demonstrated effective tumor-
homing capability and high photothermal conversion effi-
ciency, highlighting the functional benefits of membrane-
mediated targeting for combined chemo-photothermal therapy.
While these innovative formulations demonstrate significant
functional advantages in preclinical models, their increased
structural complexity raises important translational questions.
Challenges related to scalable manufacturing, batch-to-batch
reproducibility, and long-term biosafety continue to define the
practical limits of NIR-II optical agent development.

Optical imaging technologies hold significant and growing
clinical value in disease diagnosis, treatment guidance, and
biomarker detection. These modalities provide high-resolution
visualization, enabling more precise delineation of tumor
boundaries and lesion extent. Such clarity directly informs
critical clinical decisions, including surgical resection margins
and radiotherapy planning. Against this backdrop, techniques
offering enhanced resolution at the tissue level are of particular
interest. One notable advancement is dynamic full-field optical
coherence tomography (D-FFOCT), which has emerged as a
high-resolution method capable of capturing subtle, functional
contrasts within tissues. Wang et al.>* were the first to apply
D-FFOCT to image breast tissue and axillary lymph nodes,
producing ‘“virtual histology” images that closely resemble
traditional pathological sections. Notably, clinicians demon-
strated reliable interpretability of these label-free, non-sectioned
images after only minimal training. This capability is largely
attributed to the inherent metabolic and structural contrasts
between malignant and normal tissues captured by the technique.
However, whether such pattern recognition can be consistently
generalized across diverse tumor types remains an open question
for further validation.

Beyond morphological assessment, optical imaging allows
direct visualization of vascular architecture and hemodynamic
activity, facilitating the precise localization of thrombotic
lesions. Illustrating this capability, Tang et al** developed a
high-efficiency NIR-II contrast agent named 4THTPB, which
enabled high-fidelity resolution of vascular networks in live
mice. Leveraging this imaging precision, the team could accu-
rately identify thrombus sites and guide targeted photothermal
ablation in situ. While these results underscore the potential of
NIR-II imaging to integrate diagnosis with therapy, its effec-
tiveness at greater tissue depths and overall translational
robustness warrant further investigation.
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NIR-II optical imaging can also be integrated with other
imaging modalities to enhance diagnostic capabilities: photo-
acoustic imaging: the integration of NIR-II imaging with photo-
acoustic detection achieves high-resolution, high-contrast
visualization of deep-seated tissues. Demonstrating this syner-
gistic potential, Liu et al>* developed the cyanine-based dye
A1094, which enabled accurate delineation of glioma bound-
aries. This work exemplifies how optical-acoustic synergy can
enhance structural mapping beyond the depth and contrast
limits of conventional fluorescence imaging. Magneto-optical
imaging: the integration of NIR-II fluorescence with MRI
enables the concurrent observation of anatomical structures
and molecular-level changes. Li et al.>® demonstrated this
multimodal approach by developing ASA6 nanoparticles, which
allowed non-invasive imaging of atherosclerotic plaques
through both NIR-II fluorescence and MRI contrast. Although
such a dual-readout strategy enhances diagnostic reliability, the
interplay between nanoparticle loading, MRI relaxation effi-
cacy, and fluorescence brightness requires systematic optimi-
zation to maximize the synergy of this combined modality. NIR-
II/CT dual-modality imaging: the integration of NIR-II fluores-
cence with CT addresses the inherent depth limitations of
purely optical methods by combining functional biological
readouts with high-resolution anatomical context. This multi-
modal synergy provides enhanced spatiotemporal resolution,
enabling detailed structural analysis alongside concurrent
acquisition of dynamic physiological information. NIR-II/PET
imaging: Hybrid imaging platforms that combine NIR-II
fluorescence with PET enable precise tumor localization and
guided surgical resection. As an example, Cheng et al.>® devel-
oped a dual-modality nanotracer by integrating the NIR-II
fluorophore CH-4T with the positron-emitting isotope °‘Cu,
which simultaneously provides optical and nuclear signals for
accurate intraoperative identification of tumor margins. For
such integrated probes to advance toward clinical use, however,
key practical factors including radiochemical stability and
in vivo clearance kinetics must be systematically evaluated.

The development of NIR optical agents follows a clear
evolutionary path, progressing from fundamental material
innovation to sophisticated biomedical applications, and from
passive imaging toward active theranostic platforms. This
journey began in 1959 when the U.S. FDA approved ICG for
clinical use.?” This milestone validated the concept of superior
tissue penetration by NIR-I photons and provided early proof-
of-principle for the clinical translation of optical technologies.
However, initial applications were limited by insufficient target
specificity, which constrained diagnostic accuracy. Around the
turn of the millennium, advances in chemical biology enabled
the conjugation of NIR-I dye such as Cy5.5 with antibodies or
peptides, giving rise to targeted molecular probes.*® This
transition represented a critical shift from nonspecific staining
toward molecular-level recognition, enhancing both the SNR
and the biological information content of optical images.
Nevertheless, the inherent limitations of NIR-I imaging—notably
its shallow penetration depth and moderate spatial resolution—
soon became apparent. During the period from 2009 to 2012,
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the field strategically pivoted to the NIR-II window. Pioneering
studies that utilized single-walled carbon nanotubes (SWCNTs)
demonstrated that tissue scattering and autofluorescence
are substantially suppressed within this spectral region,
thereby enabling deeper in vivo penetration and higher-
resolution imaging.>® While these findings ushered in a new
era for optical bioimaging, practical implementation of NIR-II
technology continues to be shaped by persistent challenges in
biocompatibility, probe standardization, and adaptation across
diverse tissue types. To address these translational hurdles,
water-soluble small-molecule NIR-II dyes such as CH1055 were
subsequently developed in 2014. These dyes feature well-
defined chemical structures, favorable biocompatibility, and
rapid in vivo clearance, offering greater clinical potential
compared with early nanomaterial-based systems.*® With the
continuous emergence of high-performance probes, the func-
tionality of NIR optical agents has expanded beyond diagnostic
imaging. Since the mid-2010s, the concept of “‘theranostics”
has gained momentum. Researchers have ingeniously inte-
grated imaging moieties (e.g., ICG or NIR-II dyes) with ther-
apeutic components (e.g., photothermal or photosensitizing
agents) into unified platforms such as liposomes and polymeric
nanoparticles, achieving the innovative paradigm of “seeing
and treating simultaneously”.*' Meanwhile, the introduction of
aggregation-induced emission luminogens (AIEgens) provided
a revolutionary solution to the intrinsic problem of aggregation-
caused quenching (ACQ) observed in conventional fluoro-
phores. Since 2015, NIR AlEgens have become ideal materials
for constructing highly emissive and efficient phototheranostic
agents, owing to their unique property of synergistically
enhanced fluorescence and reactive oxygen species (ROS) gen-
eration in the aggregated state.>® Entering the 2020s, the field
has witnessed rapid and synergistic progress toward diversifi-
cation and precision.'” In imaging, NIR-II-guided precision
surgery has demonstrated successful identification and resec-
tion of submillimeter-scale tumors in preclinical models, with
exceptionally high SNR underscoring its significant clinical
value.*® Research frontiers have since extended to longer wave-
lengths. Around 2022, the introduction of the NIR-IIb sub-
window (1500-1700 nm) enabled ultra-high-contrast visualiza-
tion of deep-seated structures such as cerebral vasculature. By
further suppressing photon scattering, this approach pushed
the penetration limits of in vivo optical imaging to unprece-
dented levels.>* In the past few years (2023-2024), transforma-
tive innovations have accelerated progress on two parallel
fronts. One direction focuses on enhancing signal intensity:
the development of ultrabright NIR-II probes—such as Tm®'-
doped lanthanide nanoprobes®® and biomimetic protein-shell
fluorescent proteins, alongside advances in AIEgens—has pro-
vided powerful tools for deeper and multiplexed functional
imaging. The other direction prioritizes biological precision
and clearance: a representative breakthrough was reported in
2024 with the design of “protein-escape” cyanine dyes.*®
Through subtle structural modifications, these dyes avoid non-
specific binding to serum albumin, thereby achieving high-
contrast vascular imaging while enabling rapid systemic

This journal is © The Royal Society of Chemistry 2026
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clearance. This class of probes offers critical solutions for
applications requiring real-time intraoperative guidance and
longitudinal monitoring. In 2025, Wen et al®’ reported a
design strategy for NIR-II fluorophores characterized by unu-
sually large Stokes shifts (167-260 nm in chloroform). A repre-
sentative formulation, VIPI-4 liposomes, achieved high-
resolution visualization of fine bone structures in the knee
joints of female mice at wavelengths beyond 1300 nm. Beyond
its practical imaging utility, the study provided fundamental
insights into the excited-state photophysics governing the NIR-
II window, thereby offering a rational design blueprint for long-
wavelength, large-Stokes shift fluorophores. Over the past six
decades, NIR optical agents have evolved from simple diagnos-
tic dyes into multifunctional platforms that now support high-
precision imaging, minimally invasive surgical guidance,
targeted therapy, and immune modulation. Looking forward,
deeper integration of chemistry, materials science, and biology
is expected to yield activatable probes with higher specificity,
advanced bioorthogonal labeling strategies, and broader clin-
ical applicability. These advances are poised to further expand
the frontiers of life science research and precision medicine
(Fig. 2). Nevertheless, the translation of such innovations
continues to face practical hurdles, including scalable probe
manufacturing, long-term in vivo stability, and the establish-
ment of regulatory-ready standardization frameworks.

Optical imaging in NIR-II window represents a transforma-
tive advance for biomedical imaging and precision diagnostics.
The field has evolved from early dyes like ICG to sophisticated
agents—including inorganic nanoparticles, organic fluoro-
phores, and rare-earth-doped materials—progressively enhan-
cing resolution, penetration depth, and real-time monitoring in
living subjects. By overcoming key limitations of conventional
modalities (e.g., CT, MRI, PET, SPECT), NIR-II imaging enables
non-invasive, high-sensitivity visualization of both structural
and molecular dynamics. The development of multifunctional
theranostic agents, which combine diagnosis, therapy, and
surgical guidance, signals a shift toward integrated, intelligent
medical platforms (Scheme 1). However, the clinical translation
of NIR-II imaging remains hindered by several unresolved
challenges, particularly in biosafety validation, imaging
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Scheme 1 Schematic diagram of NIR-Il fluorescent classification.
Combination image of clinical medical application, NIR-Il imaging system
and multimodal imaging. Copyright 2019, Springer Nature;*® Copyright
2022, Oxford University press;*® Copyright 2024, Springer Nature;'® Copy-
right 2024, John Wiley and Sons;*° Copyright 2020, American Chemical
Society;*® Copyright 2025, John Wiley and Sons;** Copyright 2021,
Elsevier;*? Copyright 1997, American Chemical Society;** Copyright
2025, Springer Nature;** Copyright 2016, Elsevier;*> Copyright 2026,
Elsevier.®

hardware performance, and clinical standardization. From a
formulation-centered perspective, overcoming these barriers
requires not only the rational engineering of biocompatible,
biodegradable, and activatable optical agents with controllable
pharmacokinetic and optical properties, but also improve-
ments in detector sensitivity, manufacturing reproducibility,
and regulatory evaluation frameworks. Looking forward, the
integration of chemistry, materials science, bioengineering,
and clinical medicine—together with advances in portable
imaging systems and artificial intelligence-assisted image

Clinical application Exploration of the Diversification of NIR-IIb (1500-1700 New strategies for NIR-IT
of Indocyanine NIR-II window high-performance nm) deep-tissue fluorophores with large
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Fig. 2 Development of NIR optical agents.
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analysis—is expected to accelerate the evolution of NIR-II
technologies from signal-generating probes toward clinically
actionable optical agents. Such interdisciplinary progress may
ultimately position NIR-II imaging as a key enabling platform
for precision diagnostics, image-guided interventions, and
personalized medicine.

2. Classification of common NIR-II
fluorescent probes
2.1 Organic fluorescent dyes

Based on differences in their chemical structures, currently
reported NIR-II organic molecules can be classified into four
main categories: small molecules containing the benzobisthia-
diazole (BBTD) core, cyanine dyes, oxanthracene-based dyes,
and Boron-dipyrromethene (BODIPY) derivatives.*” ™’

Small molecules based on BBTD typically adopt a donor-
acceptor-donor (D-A-D) architecture and exhibit excellent
photostability, broad emission spectra, and high molar extinction
coefficients. In recent years, numerous studies have designed
various NIR-II fluorophores by leveraging the unique structure
of BBTD (Fig. 3a).”””**" Cyanine dyes consist of a polymethine
chain flanked by two terminal groups. Although these dyes
often suffer from low quantum yields (QY, defined as the ratio
of emitted photons to absorbed photons for evaluating fluores-
cence efficiency) and may be prone to photobleaching, they
possess high extinction coefficients. Their optical performance
can be enhanced by structural modifications, such as adjusting
the length of the conjugated chain and introducing functional
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groups (Fig. 3b).>> Previous investigations have demonstrated
that the introduction of electron-withdrawing substituents,
such as fluorine, together with sterically bulky groups can
effectively reduce the electron density along the polymethine
backbone. This strategy consequently suppresses the suscepti-
bility of the backbone to oxidative C-C bond cleavage. Further-
more, a supramolecular strategy involving the encapsulation of
polymethine dyes within a polymer matrix has been reported to
enhance molecular rigidity. This approach can significantly
improve the QY of these dyes.>® Oxanthracene-based dyes, such
as fluorescein, rhodamine, and their analogues, are charac-
terized by high extinction coefficients, robust photostability,
minimal cytotoxic effects, strong fluorescence efficiency, and
readily adjustable emission wavelengths (Fig. 3c).>* Although
their excitation and emission wavelengths typically fall within
the visible range, extending the n-conjugation of the chromo-
phore can shift the emission into the NIR-I or even NIR-II
window. For example, fusing naphthalene rings or styryl groups
with the oxanthracene scaffold has led to the development of
novel NIR-I/Il emissive oxanthracene dyes.>®> Another widely
adopted strategy for achieving NIR emission from oxanthracene
derivatives involves replacing the central oxygen atom at the
10-position with other heteroatoms (e.g., S, Se, P, Si, Ge, Sn, Te)
or functional groups such as PO,, POR, or SO,.°**® BODIPY
compounds have received broad attention due to their tunable
fluorescence QY, excellent photostability, low toxicity, and high
molar extinction coefficients. BODIPY derivatives have been
extensively exploited across a broad range of applications,
including biosensing, biological imaging, photodynamic and
photothermal therapies, as well as solar energy harvesting
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(Fig. 3d).>”~° It has been reported that the aqueous solubility of
nitrogen-substituted BODIPY dyes can be substantially
enhanced through the introduction of hydrophilic functional-
ities at the 2,6-positions of the BODIPY scaffold. In addition,
ammonium groups can be introduced at the boron center
to further improve water solubility. These modifications elim-
inate the need for additional hydrophilic coatings or PEG
modification.®® Owing to its intrinsically electron-deficient
nature, the BODIPY core is commonly regarded as an acceptor
unit, enabling the rational design of D-n-A-n-D conjugated
systems when paired with electron-donating moieties. Such
molecular engineering promotes efficient intramolecular
charge transfer, ultimately supporting fluorescence emission
within the NIR-II window.*!

2.2 Inorganic nanoparticles

Common nanomaterials used in NIR-II fluorescent probes
include quantum dots (QDs), gold nanoparticles (AuNPs), and
carbon nanotubes (CNTSs).

QDs are semiconductor nanocrystals, typically 2-10 nm in
size, whose dimensions are smaller than twice the exciton Bohr
radius of the corresponding bulk semiconductor material in
all three spatial dimensions. Common QDs are composed of IV,
II-VI, or III-V elements, such as silicon QDs, germanium QDs,
cadmium selenide QDs, and indium phosphide QDs. Based on
morphology, QDs can be further categorized into spherical,
rod-shaped, cubic, and other complex-shaped structures. QDs
possess outstanding optical properties, including broad
absorption spectra, narrow emission peaks, tunable fluores-
cence, high QY, long fluorescence lifetimes, and excellent
photostability. Bawendi et al.'> employed high-quality indium
arsenide-based QDs emitting in the SWIR region to concur-
rently measure lipoprotein metabolic turnover in multiple
organs while monitoring cardiac and respiratory dynamics in
freely moving, awake mice. This approach enabled the con-
struction of a comprehensive three-dimensional, quantitative
map of in vivo biodistribution (Fig. 3e). Wang et al.®> were the
first to demonstrate silver sulfide (Ag,S) QDs exhibiting strong
NIR-II fluorescence, synthesized via thermal decomposition of
an Ag(DDTC) [(C,H5),NCS,Ag] precursor. Building on this work,
later studies achieved Ag,S QDs with high optical quality,
delivering QY of approximately 20% and emission wavelengths
tunable from 900 to 1250 nm.**** Notably, the absence of toxic
heavy-metal elements endows Ag,S QDs with favorable bio-
compatibility. Furthermore, surface functionalization can
improve their aqueous dispersibility, making them particularly
attractive for tumor imaging applications. AuNPs, although
derived from one of the most chemically stable elements,
exhibit unique optoelectronic and physicochemical properties
at the nanoscale (1-100 nm), along with good biocompatibility.
Compared with many other metallic nanomaterials, AuNPs
exhibit superior biosafety. As a result, they have been widely
utilized in biomedical applications ranging from rapid diag-
nostics to therapeutic interventions. For instance, Smedt et al.®®
reported that hyaluronic acid-coated AuNPs combined with ICG
can spontaneously accumulate in vitreous haze within rabbit

This journal is © The Royal Society of Chemistry 2026
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eyes. Upon exposure to nanosecond laser pulses, these com-
plexes generate vapor nanobubbles capable of disrupting vitr-
eous opacities noninvasively. While this strategy demonstrates
potential for treating ocular haze, its clinical translation still
requires careful evaluation. In particular, localized thermal
effects and the reproducibility of nanobubble formation should
be thoroughly investigated. CNTs, also known as buckytubes,
represent another important class of nanomaterials. Structu-
rally, they consist of one or more concentrically rolled graphene
sheets forming seamless cylindrical nanostructures with hexago-
nal carbon lattices. Based on the number of graphene layers,
CNTs are categorized as SWCNTs or multi-walled (MWCNTS).
SWCNTs, typically with diameters below a few nanometers,
exhibit exceptional physicochemical properties that make them
attractive for deep-tissue fluorescence imaging. Surface functio-
nalization further improves their biocompatibility, enables tar-
geted therapeutic delivery, and facilitates integration with other
imaging modalities for multimodal applications. Dai et al.®® first
employed PL-PEG-modified SWCNTs as NIR-II fluorescent probes
for in vivo imaging. Expanding on this, Bhatia et al.®” functiona-
lized SWCNTs with M13 bacteriophages and targeting peptides,
markedly improving aqueous dispersibility and enabling tumor
visualization and treatment monitoring. Mukhopadhyay et al.®®
further demonstrated that DNA-wrapped SWCNTs implanted in
pancreatic ductal adenocarcinoma (PDAC) models could dynami-
cally report intratumoral hydrogen peroxide levels, providing
a sensitive readout of chemotherapy efficacy. Beyond these
strategies, CNT-based probes can be optimized via covalent or
noncovalent surface engineering, including PEGylation or incor-
poration of carboxyl and amino groups, and through conjugation
with peptides or antibodies for selective tumor targeting. Welsher
and colleagues employed sodium cholate-assisted sonication
followed by surfactant exchange to coat SWCNTs with PL-PEG,
generating bright, biocompatible agents capable of high-resolu-
tion imaging of tumor vasculature i vivo. While these approaches
demonstrate remarkable versatility, challenges related to long-
term biocompatibility, reproducibility, and translational scalability
remain to be addressed.

Nanomaterials—including QDs, AuNPs, and CNTs—are
often engineered into NIR-II probes through surface functiona-
lization and targeted modification. For instance, QDs can be
encapsulated within biocompatible coatings such as PEG and
further conjugated with targeting ligands (e.g., antibodies or
peptides). This design not only improves colloidal stability and
targeting specificity but also extends circulation time in vivo,
thereby enhancing overall imaging performance. Schipper et al.®®
conducted a systematic investigation into how QDs size, surface
coating, and PEGylation influence their biodistribution in mice.
Their study demonstrated that coatings such as PEG or specific
peptides significantly delay clearance by the reticuloendothelial
system (RES)—a critical factor for achieving stable and repro-
ducible in vivo imaging. In a parallel strategy, AuNPs can be
functionalized via thiol or amine groups and subsequently con-
jugated with biomolecules to achieve targeted delivery. When
further integrated with fluorescent reporters, these functionalized
AuNP clusters support multimodal imaging applications. NIR-II-
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emissive gold nanoclusters modified with thiolated cyclodextrin
(CD-Au NCs, emission at 1050 nm) were developed by Yang et al.”
In vivo, these CD-Au NCs were shown to permit efficient tracking
during blood circulation without impairing tumor targeting or
altering biodistribution. Furthermore, strong stability under phy-
siological conditions, efficient renal clearance, and good biocom-
patibility were demonstrated, highlighting their potential for
sensitive tumor imaging. Although such nanomaterial-based
NIR-II probes exhibit promising imaging performance, several
challenges must be addressed before clinical translation can be
realized. These include long-term biocompatibility, variability in
RES-mediated clearance, and the need for reproducible, scalable
synthesis.

In summary, the incorporation of nanomaterials into NIR-II
fluorescent probes—through rational surface functionalization
and targeted modification—significantly enhances diagnostic
accuracy and imaging efficacy. These engineered probes pro-
vide a versatile platform for early disease detection and image-
guided therapeutic interventions. Despite this promising out-
look, the clinical translation of such probes requires systematic
evaluation of key parameters, including long-term biocompat-
ibility, in vivo stability, and overall feasibility for human use.

2.3 Rare-earth-doped nanomaterials

Rare-earth elements (REEs) comprise scandium, yttrium, and
the 15 lanthanides from lanthanum to lutetium. These elements
possess unique luminescent properties, including tunable emis-
sion, large Stokes shifts, and exceptional photostability. These
features make them promising materials for bioimaging, sensing,
anti-counterfeiting, and related technologies. To harness these
optical properties in functional nanomaterials, rare-earth-doped
nanoparticles (RENPs) are synthesized by incorporating RE ions
into inorganic host crystal lattices. This approach yields nanos-
tructures with precisely controlled optical characteristics, render-
ing them highly suitable for advanced imaging and diagnostic
applications. Lanthanide ions (Ln**), owing to their rich energy
level structures and multiple electronic transitions, endow RENPs
with distinctive upconversion and downconversion luminescence
characteristics.

Liu et al” introduced a general design framework for
NaYF,-based rare-earth nanoprobes by employing a single host
lattice co-doped with ytterbium (Yb*"), thulium (Tm*"), and
erbium (Er’"). Through precise regulation of lanthanide
composition and dopant concentrations, this system enabled
emission spanning from the visible to the NIR region under
excitation at a single wavelength. Previous studies have
reported the successful synthesis of lanthanide-functionalized
AuNPs, which were effectively applied in in vivo MRI, CT
imaging, and photothermal therapy (PTT) in tumor-bearing
mice.”> In another study, Liu et al.”?> constructed multifunc-
tional UCNP-Fe;O,-Au nanocomposites that enabled dual-
mode upconversion luminescence/MRI imaging as well as
magnetically targeted PTT (Fig. 3f).

In terms of biosafety, key factors for evaluating RENPs
include biocompatibility, cytotoxicity, degradability, and potential
long-term effects. Ju et al.”® summarized that lanthanide-doped
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RENPs emitting in the NIR-II window exhibit favorable biocom-
patibility, rendering them promising optical agents for early-stage
disease detection and tumor treatment. From a translational
perspective, the clinical adoption of RENPs depends on several
practical factors. These include structural stability, batch-to-batch
reproducibility, scalable synthesis, and consistent optical perfor-
mance under physiological conditions. The significance of these
properties is illustrated in a study where RENPs were engineered
for high-precision photoluminescence-based nanothermometry,
demonstrating their potential for in vivo temperature sensing
and related diagnostic applications.”” Despite such promising
functional demonstrations, key translational hurdles remain—
particularly concerning the long-term stability of RENPs in
complex biological milieus and the scalability of their manu-
facturing processes to clinically relevant quantities.

In conclusion, RENPs present a promising clinical outlook
due to their favorable biosafety and multifunctional capabil-
ities. However, their translation necessitates thorough in vivo
validation and rigorous assessment of long-term safety and
efficacy. Continuous research efforts are expected to address
these requirements, thereby facilitating the future integration
of RENPs into clinical practice. Conversely, the clinical applica-
tion of many inorganic phototheranostic agents is hindered
by inherent limitations, such as poor biodegradability and
relatively low photothermal conversion efficiency (PCE), which
pose significant challenges for their practical use. In contrast,
organic phototheranostic agents demonstrate significant potential
in tumor phototherapy owing to their superior biocompatibility
and strong NIR absorption properties. However, the PCE of
currently reported organic phototheranostic materials remains
relatively low. In particular, multifunctional agents that inte-
grate both imaging and therapeutic capabilities within the NIR-
II window are still scarce, which has severely hindered the
further clinical translation of phototheranostic approaches.

3. From optical probes to translational
optical agents

3.1 Limitations of standalone optical probes for clinical
translation

Although numerous NIR-II probes exhibit excellent optical
responsiveness and imaging capability under experimental con-
ditions, most standalone probes remain insufficiently equip-
ped for direct biomedical and clinical translation. In practical
physiological environments, successful in vivo applications
require not only intrinsic optical performance, but also systemic
properties including physiological stability, biosafety, controllable
pharmacokinetics, prolonged circulation, efficient clearance, and
target specificity. However, these translational requirements are
difficult to achieve using unmodified probes alone.

Among currently reported systems, inorganic nanoparticles
generally possess superior photostability and high fluorescence
brightness, yet their clinical applicability is frequently restric-
ted by biosafety concerns. Many inorganic probes, including
QDs and RENPs, contain heavy-metal or non-biodegradable

This journal is © The Royal Society of Chemistry 2026
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components that tend to accumulate in organs such as the liver
and spleen after systemic administration, thereby increasing
the risk of long-term toxicity (Fig. 4a).”*’®> In addition, most
inorganic nanoparticles exhibit relatively large hydrodynamic
diameters (> 10 nm), making them susceptible to macrophage
uptake and reticuloendothelial system sequestration during
circulation, while simultaneously limiting rapid renal clearance
and increasing nonspecific biodistribution. These characteris-
tics substantially hinder their translational potential despite
their favorable optical properties.

In contrast, organic fluorophores generally display lower
intrinsic toxicity and improved structural tunability, making
them attractive candidates for clinical translation. Neverthe-
less, many NIR-II organic dyes still suffer from inadequate
aqueous dispersibility, poor photostability, ACQ, and insufficient
QY under physiological conditions. Most reported small-molecule
fluorophores possess highly conjugated hydrophobic frameworks
and molecular weights frequently exceeding 500 Da, which com-
plicates direct in vivo administration and limits systemic stability.
Furthermore, the fluorescence performance of many organic
probes deteriorates substantially in complex biological microen-
vironments, thereby restricting imaging sensitivity and long-term
applicability.

RENPs provide additional advantages including long lumi-
nescence lifetimes, narrow emission bands, and excellent
resistance to photobleaching. However, their intrinsically low
absorption cross-sections and limited excitation efficiencies
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often require high-power laser excitation or sensitization strategies
to achieve sufficient signal intensity. More importantly, RENPs
themselves remain poorly biodegradable and generally require
extensive surface engineering, such as PEGylation or biomembrane
coating, to improve colloidal stability, hydrophilicity, circulation
behavior, and in vivo compatibility. Without appropriate formula-
tion optimization, these systems also exhibit substantial hepatic
and splenic accumulation after administration.

Collectively, these limitations indicate that most NIR-II
probes primarily function as optical signal-generating materi-
als rather than clinically applicable biomedical systems. While
probes provide intrinsic fluorescence or photoacoustic func-
tionality, they alone are typically unable to satisfy the complex
physiological and translational requirements necessary for
in vivo applications. Therefore, substantial formulation engi-
neering—including surface functionalization, hydrophilic
modification, size optimization, targeting integration, and
carrier-assisted assembly—is essential for transforming opti-
cal probes into translational optical agents suitable for
biomedical and clinical use. This probe-to-agent transition
has consequently become a central direction in the develop-
ment of next-generation NIR-II imaging systems.

3.2 Formulation engineering strategies for optical agent
construction

3.2.1 Targeting engineering. To increase probe accumula-
tion in tumors or other lesions, investigators typically conjugate
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targeting ligands to NIR-II probes to direct them to specific
receptors or organelles. Common targeting ligands include
integrin ligands (e.g., RGD peptides), blood-brain-barrier pene-
trating peptides (e.g., lactoferrin), and mitochondria-targeting
triphenylphosphonium (TPP). For example, Hong et al.”® linked
a TPP carboxyl group to the NIR-II blinking dye H4 via a PEG
spacer to form the H4-PEG-TP probe. This probe rapidly
accumulated in osteosarcoma cell mitochondria, enabling sub-
cellular localization imaging while providing high SNR tumor
imaging and excellent photothermal performance. Xiao et al.””
engineered a degradable conjugated polymer system in which
NIR-II-emissive fluorophores were incorporated directly into
the polymer backbone, while RGD targeting ligands and a
cisplatin-derived anticancer agent (56MESS) were covalently
attached. The self-assembled nanoparticles, with an average
diameter of ~100 nm, enabled high-contrast in vivo NIR-II
tumor visualization and simultaneously supported on-site drug
release with real-time monitoring of therapeutic responses
(Fig. 4b). In addition, activatable NIR-II agents that respond
to pathological proteolysis, acidic microenvironments, or ROS
can indirectly achieve lesion specificity (Fig. 4c).”® In summary,
decorating probes with targeting peptides, receptor ligands, or
other targeting moieties effectively enhances tumor or vascular
localization (Table 1).

View Article Online
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3.2.2 Hydrophilicity engineering. Neat NIR-II dyes synthe-
sized chemically are typically hydrophobic and poorly disper-
sible in biological media. To improve water solubility and
biocompatibility, strategies such as PEGylation, polymer encap-
sulation, water-soluble ligands, or liposomal formulations are
commonly employed. For example, Zheng et al. prepared a
PEGylated conjugated polymer probe (CPN-PEG_5k); compared
with an F127-encapsulated control, PEG modification increased
NIR-II fluorescence intensity by nearly threefold while retaining
up to 58.6% photothermal conversion efficiency. This probe
produced high-definition vascular imaging in mouse circulation
with a SNR of 8.9 and effectively suppressed tumor growth.”
Introducing hydrophilic groups into nanoparticle systems can
also prevent probe aggregation and preserve high QY. Yan et al.
reported an amphiphilic peptide polymer that co-loads hydro-
philic chains and hydrophobic NIR-II dyes, which significantly
suppresses H-type aggregation of the dyes and markedly enhances
fluorescence brightness in aqueous phase; the nanoparticles
demonstrated high resolution and high contrast in in vivo vascu-
lar microscopy (Fig. 4€).®® In general, hydrophilic polymers (such
as PEG) reduce protein adsorption and mononuclear phagocyte
system (MPS) clearance, thereby prolonging blood half-life. Probes
surface-modified with hydrophilic polymers are more stable in
blood and more amenable to renal clearance than hydrophobic

Table 1 Quantitative comparison of representative formulation-engineered NIR-II optical agents and their translational performance

Major
Representative Circulation clearance
agent Formulation strategy Size (nm) half-life pathway Renal excretion SNR improvement Ref.
Nanoemulsion  Self-emulsifying ~100 nm NA Hepatobiliary Minimal renal 5-fold 79
nanotechnology clearance clearance
SHIFT ICG super-stable NA NA Hepatobiliary Minimal renal ~1.8-fold vs. conventional ICG 80
homogeneous clearance clearance and
intermix formulating 81
technology
LZ-1105 Long-circulation ~3-4nm 3.2h Renal 86% ID excreted in  11.3-fold signal enhancement 82
molecular clearance urine within 24 h in urine
engineering
PSO PEGylation/hydro- 5 nm ~1.8h Renal Partial renal ~ 3-fold higher tumor 83
philic engineering clearance clearance observed  fluorescence intensity than
within 24 h non-PEGylated control
B-LG@IR-780 Protein-assisted 4.1 nm ~2h Renal ~75% ID renal 5.6-fold higher vascular SNR 84
assembly clearance clearance within than free dye
24 h
LUMO15 PEGylation/hydro- NA NA Renal Partial renal 4.1 85
philic engineering clearance clearance; uncleaved
probe detected
in kidney
GE-137 Targeting NA NA Renal 0.13 kg  h™* Tumor to muscle ratio ~ 12 86
engineering clearance
DCNPs@ Targeting 255 nm NA Hepatobiliary NA SNR = 15 after tail vein 87
Si-omSi RGD engineering clearance injection for 48 h
F4-Br@P17 Molecular 31 nm NA Hepatobiliary NA SNR = 12 for F4-Br@P17 88
nanoparticles  engineering clearance nanoparticles VS SNR < 2 for
ICG when depth comes to
6 mm
Fe-CPNDs Size minimization 5.3 nm 0.25 = 0.04 Renal 65% ID excreted in ~ NA 89
engineering h clearance urine within 24 h
TCPP-PEG, ok PEGylation/hydro- 14.2 + 17.62 £+ Renal 40.05 + 8.70 min NA 90
philic engineering 2.8 nm 3.34 min clearance

Abbreviations: ID, injected dose; SNR, signal-to-noise ratio; NA, not available.
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probes, reducing nonspecific accumulation. Therefore, conjugat-
ing NIR-II fluorophores to PEG, starch, proteins, or other water-
soluble carriers can improve plasma stability and distribution
homogeneity, making probes better suited for in vivo vascular and
tumor imaging applications.

3.2.3 Size engineering. The nanoscale size of a probe
directly influences in vivo distribution, tumor penetration,
and clearance route. Generally, ultrasmall probes (<6-8 nm
or molecular weight <40 kDa) can be rapidly filtered by the
glomerulus for renal clearance, whereas nanoparticles larger
than ~8-10 nm more commonly rely on the mononuclear
phagocyte system and hepatobiliary metabolism.’” Therefore,
controlling probe size enables a balance between rapid clear-
ance and high accumulation. Tumor penetration: smaller
probes more readily penetrate the tumor stroma and rapidly
contact tumor cells. For instance, tumor microenvironment-
responsive degradable silica nanoplatforms have been engi-
neered to undergo framework decomposition under pathologi-
cal conditions, leading to activatable fluorescence recovery and
enhanced signal specificity at diseased tissues.”® Conversely,
overly large particles are difficult to extravasate and carry
increased risk of long-term retention in vivo. Large nano-
particles readily accumulate in the liver and spleen, potentially
causing toxicity; thus, rational control of particle size (e.g:,
~10-100 nm) favors tumor enrichment while allowing con-
trollable clearance. In summary, probe design should consider
size effects on biodistribution and clearance: ultrasmall probes
tend toward rapid circulation and excretion, whereas mid-sized
probes can exploit the enhanced permeability and retention
(EPR, refers to the preferential accumulation of nanomaterials
in tumor tissues owing to leaky vasculature and poor lymphatic
drainage) effect for tumor imaging.**

3.2.4 Carrier-assisted drug integration. Incorporating ther-
apeutic agents into NIR-II optical probes enables integrated
imaging-and-therapy (‘“photothermal/photochemical therapy +
chemotherapy”’). Common strategies involve covalent or non-
covalent loading of anticancer drugs onto probe carriers.
For example, Xiao et al. conjugated NIR-II fluorophores and a
platinum-based drug (56MESS) onto a degradable polymer
chain to form self-assembling nanoparticles. These particles
are taken up via RGD targeting and synchronously release drug
payloads in vivo; researchers directly observed quantitative drug
release within deep tumors by laser desorption mass spectro-
metry (Fig. 4b).”” Xiao et al. further introduced the first “Poly-
platin” polymeric platform, in which an NIR-II fluorescent
reporter (T) and a Pt(iv) prodrug (D) were covalently incorpo-
rated into the polymer backbone at predetermined molar
ratios. The engineered polymer spontaneously assembled into
nanoscale particles (Nanoplatin®") and was subsequently func-
tionalized with a caspase-responsive, apoptosis-sensing peptide
to yield Nanoplatin®™®. By ensuring co-transport of the ther-
apeutic agent and fluorescent signal at a fixed stoichiometry,
this system enabled real-time NIR-II visualization of platinum
drug distribution alongside in situ reporting of apoptosis
throughout the treatment process (Fig. 4f).>> Collectively, these
findings suggest that the direct integration of therapeutic agents

This journal is © The Royal Society of Chemistry 2026
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into imaging probes or delivery platforms enables near-real-time
drug tracking and imaging-assisted treatment, thereby substan-
tially enhancing targeting precision and improving the reliability
of therapeutic outcome assessment.

3.2.5 Other formulation optimization strategies. Beyond
the above conventional strategies, structural optimization can
enhance probe stability and signal intensity. For example,
designing anti-aggregation motifs increases fluorescence
QY and resistance to quenching. Li et al. reported an anionic
cyano-dimethyl-tolyl dye (C5T) whose amphiphilicity was opti-
mized by pairing it with a PEGylated triphenylphosphonium
cation, effectively suppressing dye aggregation. This approach
allowed the assembly to produce efficient type-I ROS under
760 nm excitation while maintaining strong NIR-II fluorescence
under 808 nm excitation. This “ionic engineering” successfully
achieved a dynamic balance between fluorescence imaging and
photodynamic therapy, effectively enhancing signal and stabi-
lity (Fig. 4g).”® Additionally, AIE, J-aggregation engineering, and
incorporation of rigid conjugated backbones can enhance NIR-
II emission and QY. Lu et al.®” demonstrated that AIE-active
NIR-II nanoparticles based on BPBBT maintained stable
fluorescence output during prolonged irradiation owing to
restricted intramolecular motion and aggregation-enhanced
photophysical robustness. Overall, combining the optimization
routes above (optimizing aggregation-state optics, enhancing
chemical stability, mitigating photobleaching, etc.) can signifi-
cantly improve NIR-II probe imaging quality and biological
applicability, offering superior solutions for tumor vasculature
and deep-tissue in vivo imaging.

4. Preclinical and clinical applications
by disease area
4.1 Cardiovascular and vascular applications

Cardiovascular and vascular diseases remain leading causes of
morbidity and mortality worldwide, creating an urgent need for
imaging modalities.”® NIR-II fluorescence imaging significantly
reduces tissue scattering and autofluorescence, thereby
enabling superior SNR, enhanced penetration depth, and
improved spatiotemporal resolution for vascular visualization.
These advantages have promoted the rapid development
of NIR-II optical agents for cardiovascular and vascular applica-
tions, particularly in angiography, thrombosis detection, ische-
mia monitoring, and atherosclerotic plaque imaging.

One of the earliest and most representative demonstrations
of NIR-II vascular imaging was reported by Dai et al., who
employed SWNTs as NIR-II fluorophores for real-time visualiza-
tion of mouse hindlimb vasculature.'® The study achieved
spatial resolution of approximately 30 pm and temporal resolu-
tion below 200 ms per frame at imaging depths of 1-3 mm,
outperforming conventional NIR-I imaging and micro-CT.
Importantly, NIR-II imaging enabled clear differentiation
between arteries and veins based on distinct hemodynamic
behaviors and allowed accurate quantification of blood flow
velocity in ischemic femoral arteries. These findings
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highlighted the unique capability of NIR-II imaging for
dynamic vascular functional assessment.

Beyond anatomical angiography, NIR-II optical agents have
shown substantial promise in thrombosis imaging. Early detec-
tion of arterial and venous thrombi is clinically crucial because
therapeutic efficacy is strongly time-dependent. Conventional
modalities such as CT, MRI, and ultrasound primarily visualize
secondary structural changes rather than directly identifying
fresh thrombi. In contrast, targeted NIR-II fluorescence agents
can provide real-time visualization of thrombotic lesions with
high sensitivity. Wu et al.'* developed an RGD-modified NIR-II
fluorophore agent (TTQ-PEG-c(RGD)) with high fluorescence
stability and strong affinity toward activated platelets, enabling
specific accumulation at thrombotic sites in vivo. The agent
exhibited significantly enhanced NIR-II fluorescence signals at
fresh thrombi, reaching peak intensity at 4 h post-injection,
while competitive inhibition experiments further confirmed its
integrin-targeting specificity. Importantly, TTQ-PEG-c(RGD)
demonstrated the capability to distinguish fresh thrombi from
old thrombi, highlighting its potential for early noninvasive
thrombosis diagnosis.

NIR-II imaging has also demonstrated important potential
in ischemia-related vascular disorders. Dynamic contrast-
enhanced NIR-II imaging enables quantitative monitoring of
blood perfusion, vascular remodeling, and collateral vessel
formation in ischemic tissues. Hong et al'®> demonstrated
that NIR-II fluorescence imaging enabled high-resolution visua-
lization of hindlimb vasculature and quantitative monitoring of
tissue perfusion recovery in peripheral arterial disease models,
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highlighting its potential for dynamic ischemia monitoring and
vascular functional assessment.

In atherosclerosis research, NIR-II optical agents are increas-
ingly being explored for molecular imaging of vulnerable plaques.
Zhang et al.'® developed a neutrophil membrane-camouflaged
NIR-II agent (Neu-NPs) for targeted imaging of inflamed, high-risk
atherosclerotic plaques (Fig. 5a). Owing to the specific interaction
between LFA-1 and ICAM-1, Neu-NPs achieved enhanced accu-
mulation within inflammatory plaques in both ApoE—/— mice
and rabbit atherosclerosis models, enabling sensitive visualiza-
tion of vulnerable plaques and dynamic evaluation of plaque
inflammation following treatment.

Recent advances in fluorophore engineering have further
accelerated the translational potential of NIR-II vascular ima-
ging. Organic small-molecule dyes, AlEgens, RENPs, and QDs
have been optimized to achieve higher QY, longer blood
circulation times, and improved biosafety profiles. Surface
modification strategies such as PEGylation and biomimetic
coating have additionally enhanced vascular retention and
reduced nonspecific uptake by the reticuloendothelial system.

Despite these advances, several challenges continue to hin-
der the clinical translation of NIR-II optical agents in cardio-
vascular applications. Many inorganic fluorophores still face
concerns regarding long-term biosafety, biodegradability, and
clearance pathways. In addition, limited targeting specificity
and insufficient fluorescence brightness in deep tissues remain
obstacles for imaging small or early-stage vascular lesions.
Standardization of imaging instrumentation, fluorophore
synthesis, and quantitative imaging protocols will therefore
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Fig. 5 (a) In vivo NIR-I and NIR-II fluorescence imaging at 1, 2, 4, and 8 h after intravenous injection (scale bar = 10 mm). Copyright 2022, Elsevier.1%
(b) In a representative patient with HCC, NIR-II imaging revealed residual fluorescence signals despite apparently complete tumor resection. Copyright
2019, Springer Nature.®* (c) SHIFT-ICG fluorescence imaging guides surgery, revealing primary and metastatic tumors pre-resection via MRI correlation.
Copyright 2022, Oxford University press.*® (d) Confocal imaging of a tumor using two colors in the NIR-Il window. Copyright 2018, Springer Nature.**
(e) Ratiometric NIR-1I luminescent nanoprobe enables assess ischemic stroke. Copyright 2021, American Chemical Society.*” (f) Schematic of a NIR-II
brain-targeted theranostic system enabling dual-target therapy for AD through a four-step pathway. Copyright 2024, Springer Nature.?
(9) Representative images of rat brachial plexus and sciatic nerves following systemic administration of micelle-formulated LGW08-35. Copyright
2023, John Wiley and Sons.*?®
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be essential for future clinical implementation. Nevertheless,
with ongoing improvements in probe engineering and imaging
hardware, NIR-II optical agents are expected to become increas-
ingly important tools for precision cardiovascular diagnosis
and intraoperative vascular guidance.

2.2 Cancer applications

Fluorescent agents can be employed to detect and analyze
biomarkers such as proteins, nucleic acids, and organelles.
For instance, fluorescent agents can quantitatively detect tumor
markers, facilitating early diagnosis and monitoring of cancer
therapy. PDAC is a highly fibrotic cancer with a five-year
survival rate of less than 8%.'°* Combination therapies such
as gemcitabine with nab-paclitaxel’®® or the FOLFIRINOX
regimen'®® are the only first-line treatment options for PDAC.
However, a major clinical challenge in chemotherapy is the lack
of real-time therapeutic monitoring. To address this issue, Song
et al.’®” developed a NIR-II fluorescent activatable drug-delivery
nanoplatform capable of dynamically visualizing responsive
drug release in vivo, thereby enabling real-time evaluation of
tumor therapeutic responses during combined cancer therapy.

As a rapidly emerging and evolving biomedical imaging
technique, NIR-II window fluorescence imaging has been the
focus of extensive research in recent years. Wu et al.'°® devel-
oped an NIR-I fluorescent agent, CH1055-PEG-PT, incorpo-
rating an osteocalcin-mimetic peptide that exhibited strong
binding affinity toward osteosarcoma cells. In noninvasive
NIR-II imaging studies, this agent enabled visualization of
osteosarcoma lesions smaller than 1 mm, which were not
detectable by conventional CT. Moreover, CH1055-PEG-PT-
assisted surgical navigation allowed complete excision of
malignant tissue during osteosarcoma resection procedures.
Other studies have reported the use of NIR-II optical agents for
visualizing occult lesions in various organs, including micro-
metastases in the liver and lungs,'® abdominal metastases
of ovarian cancer,"'® and lymph node metastases in breast
cancer."""

The first clinical investigation of NIR-II fluorescence-guided
surgery (FMI) was reported in 2020, enrolling 23 patients
diagnosed with hepatocellular carcinoma (HCC).** A multi-
spectral imaging platform incorporating visible, NIR-I, and
NIR-II channels was employed, with ICG serving as the contrast
agent for both NIR modalities. The clinical outcomes validated
the feasibility of NIR-II FMI and further demonstrated its
superior tumor detection capability. Compared with NIR-I-
guided surgery, NIR-II imaging achieved markedly higher sen-
sitivity (100% vs. 90.6%) and diagnostic accuracy (91.4% vs.
82.9%). Importantly, NIR-II imaging uncovered five occult
lesions that were missed preoperatively, whereas NIR-I detected
only two of these lesions (Fig. 5b). In a related advancement,
Li et al.*** developed high-intensity NIR-II fluorescent polymer
dots (NIR-II Pdots) for real-time visualization of metastatic
ovarian cancer. Under NIR-II fluorescence guidance, metastatic
nodules as small as 2 mm could be readily identified and
surgically excised, highlighting the potential of NIR-II probes
for precision oncologic surgery.

This journal is © The Royal Society of Chemistry 2026
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In 2023, Liu et al.>® reported the successful application of a
super-stable homogeneous intermixed formulation technology
(SHIFT) for precision conversion hepatectomy in ruptured
hepatocellular carcinoma. One patient with ruptured HCC
received a combined treatment of embolization and fluores-
cence-guided surgery, showing excellent hemostatic effects.
Both Lipiodol and ICG were effectively deposited in the primary
lesion, and during subsequent laparoscopic liver resection,
SHIFT-ICG provided clear and precise real-time imaging of
the complete tumor region and boundaries (Fig. 5c). Even
difficult-to-distinguish satellite lesions exhibited strong fluores-
cence intensity. This study suggests that the simple and envir-
onmentally friendly SHIFT-ICG formulation can be effectively
used for emergency embolization and hemostasis in ruptured
HCC patients, as well as for subsequent fluorescence-guided
precision resection, offering significant clinical value.

Real-time vascular imaging provides both anatomical and
hemodynamic information, which significantly enhances the
accuracy of cancer detection and evaluation of therapeutic
efficacy."”™ Dai et al'™ developed an ultra-bright NIR-II
complex, p-FE, by combining hydrophobic dyes with amphi-
philic polymers (PS-PEG). Using a custom-built NIR-II confocal
system, they performed three-dimensional vascular imaging in
the mouse brain. Thanks to the high brightness of the fluor-
ophore and the deep tissue penetration of NIR-II imaging, they
achieved unprecedented 3D vascular imaging with single-
photon NIR-II technology. Tiny vessels as narrow as 5-7 um
were visualized with high contrast at imaging depths reaching
up to 1.3 mm (Fig. 5d).

NIR-II fluorescence imaging has established itself as a
powerful tool for improving disease detection and guiding
surgical procedures in both preclinical research and clinical
practice. Compared to conventional radiological methods, it
offers enhanced safety and superior spatial resolution.'*>*®
This advantage stems from the intrinsic optical properties of
NIR-II light: reduced tissue scattering and absorption enable
greater penetration depth while delivering higher image con-
trast and resolution. Consequently, anatomical structures and
pathological lesions can be visualized with greater precision.
Furthermore, the significant suppression of background auto-
fluorescence in this spectral window results in exceptionally
clear images. Furthermore, it can be integrated with other
imaging modalities, such as photoacoustic and MRI, to enable
multimodal imaging, thus supporting more comprehensive
diagnostic and therapeutic strategies.

4.3 Neurological and brain applications

Brain disorders represent a growing global health challenge,
underscoring an urgent need for more effective diagnostic and
therapeutic approaches. Despite significant advances, the
development of noninvasive yet highly sensitive methods for
neurological conditions remains a formidable task. Addressing
this gap, Liu et al''” designed a ratiometric NIR-II agent
responsive to ROS. Engineered through a dye-sensitized archi-
tecture that conjugates IR-783 with lanthanide-doped nano-
particles, this agent demonstrated the potential for real-time
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in vivo monitoring of oxidative stress. This agent enabled
discrimination between salvageable ischemic penumbra and
infarct core in stroke models by visualizing agent accumulation
at lesion sites, while simultaneously allowing ischemic tissue
stratification through quantitative assessment of oxidative
stress levels (Fig. 5e). Remarkably, NIR-II luminescence ima-
ging delineated ischemic regions as early as 30 min after onset-
substantially earlier than MRI-thereby offering a practical and
timely strategy for acute ischemic stroke evaluation.

In 2022, Miao et al.**® developed an NIR-II agent for the
specific detection of AP plaques in Alzheimer’s disease (AD)
model mice. This agent demonstrated excellent blood-brain
barrier (BBB) permeability and deep tissue penetration due to
NIR-II fluorescence. It exhibited the highest affinity for AP
fibrils, enabling specific detection of A plaques in AD models.
This work offered a promising strategy for non-invasive AB
plaque imaging and a deeper understanding of AD progression.
That same year, Han et al.’*® reported a family of NIR-II agent
based on boron difluoride formazanate scaffolds that enabled
noninvasive brain imaging by penetrating the BBB. In murine
glioblastoma models, these agents effectively distinguished
malignant lesions from surrounding healthy brain tissue.
In 2024, Zhang et al."*° proposed an innovative fluorescence
quenching strategy based on a sterically hindered quencher
(SHQ) that modulates molecular aggregation to suppress emis-
sion. Building on this concept, they established an “off-on”
activatable sensing paradigm in which specific biological
analytes deactivate the quenching function of SHQ. Using a
hypochlorite (ClO™)-responsive SHQ system, intense NIR-II
fluorescence was generated in the hippocampus and in highly
scattering brain tissues beneath the skull of epileptic mice,
enabling real-time in vivo imaging of ClIO™ production. In a
related advance, Tang et al'®' developed an NIR-II AIE
nanoparticle-based therapeutic platform for the targeted treat-
ment of Alzheimer’s disease (Fig. 5f). Upon stimulation by ROS,
two encapsulated AIE therapeutics were sequentially released
to trigger a self-reinforcing treatment cascade. One agent
selectively blocked amyloid-B fibrillogenesis, promoted fibril
degradation, and inhibited re-aggregation, thereby alleviating
inflammatory responses. The second agent efficiently sca-
venged excess ROS and further suppressed neuroinflammation,
contributing to redox homeostasis restoration in the brain.
Collectively, this approach mitigated neurotoxicity and pro-
duced marked improvements in behavioral and cognitive per-
formance in female AD mouse models.

Among various anatomical targets, nerves are particularly
difficult to visualize, making nerve imaging considerably more
challenging. Earlier studies showed that in vivo NIR-I fluores-
cence imaging using ICG enables visualization of thoracic
sympathetic nerves during thoracoscopic procedures as well
as pelvic nerves in the context of radical hysterectomy.**'23
However, NIR-II window imaging offers significant advantages
in the field of nerve imaging. Under NIR-II imaging, ICG-
labeled pelvic autonomic nerves can be identified more
clearly, although the specificity of the imaging was lower than
expected.'**

J. Mater. Chem. B
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Gibbs and colleagues'>® developed a nerve-specific near-
infrared fluorescent contrast agent, LGWO08-35, which was
successfully used to image pelvic nerve anatomy in female rats
and pigs. This work supports ongoing clinical translation and
the potential for real-time identification of critical nerves such
as the femoral, sciatic, lumbar, iliac, and hypogastric nerves
(Fig. 5g). Further research on this contrast agent may help
reduce nerve injury during gynecological surgeries. Wo et al.'*®
reported an in vivo and in situ real-time imaging method based
on NIRII fluorescence for peripheral nerve visualization.
This technique utilized PbS QDs that specifically bind to
motor neuron-associated lectin proteins, allowing for clear
imaging of peripheral nerve structures and potential damage
in mouse models. This approach presents a promising strategy
for the early diagnosis and precise treatment of peripheral
neuropathies.

5. Multimodal imaging strategies
based on NIR-II optical agents

Multimodal imaging refers to the integration of two or more
imaging modalities within a single system to acquire more
detailed diagnostic information than any individual modality
alone can provide. Although each imaging technique has its
own limitations-such as insufficient sensitivity or resolu-
tionthey also possess unique advantages that can complement
each other."® NIR-II imaging has demonstrated numerous
strengths, and exploring strategies that combine it with other
imaging modalities is crucial for improving clinical outcomes.

5.1 NIR-II imaging combined with MRI

MRI is a medical imaging technique based on the principles of
nuclear magnetic resonance. It uses strong magnetic fields and
radiofrequency pulses to excite hydrogen nuclei (protons)
within the human body. When protons relax back to their
original energy states, they emit radiofrequency signals that
are detected and reconstructed to generate high-resolution
images. This fundamental process enables MRI to provide
detailed, non-invasive visualization of internal anatomy, inclu-
ding soft tissues, organs, blood vessels, and bony structures.
Although MRI is costly and time-consuming, it is widely used in
clinical settings due to its excellent soft tissue contrast and
unrestricted penetration depth.

The combination of NIR-II imaging with MRI in dual-
modality systems has shown great potential in the management
and treatment of cancer patients. Cheng et al'*® reported a
tumor microenvironment-responsive, degradable silica-based
nanoplatform that exploits the hydrogen peroxide-to-glutath-
ione ratio for MRI and self-amplified chemodynamic therapy.
Within this framework, NIR-II fluorescence imaging was
applied to assess therapeutic target expression and to track
drug delivery and intratumoral accumulation, whereas MRI
provided a noninvasive means for longitudinal evaluation of
treatment efficacy (Fig. 6a). Thus, integrating NIR-II imaging

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) FMSN-MnO,-BCQ enables in vivo dual-modal imaging and demonstrates antitumor efficacy in mice. Copyright 2021, John Wiley and Sons.*?®
(b) PA imaging visualizes subcutaneous HepG2 tumors in mouse ears before and after PTD NP administration. Copyright 2019, John Wiley and Sons.**°
(c) NIR-1I imaging with CH-4T/SLB-MSN—-Mdot/Cu®* guides A431 tumor detection and surgery 48 h post-injection. Copyright 2019, John Wiley and
Sons.2® (d) In vivo PET imaging post 64Cu-DOTA-FA-ICG injection. Copyright 2022, John Springer Nature.*?? (e) IR thermal imaging of 4T1 tumors post-
injection of PBS, 5-NP, or 5@FAP-NP with 880 nm laser irradiation. Copyright 2024, John Wiley and Sons.*°

with MRI allows for more precise treatment guidance and helps
minimize damage to non-malignant tissues.

5.2 NIR-II imaging combined with photoacoustic imaging

Photoacoustic imaging is a promising biomedical imaging
modality that combines the excellent contrast of traditional
optical imaging with the superb spatiotemporal resolution of
ultrasound imaging."*® It enables accurate localization of deep-
seated tumors within the body, offering high-resolution and
deep-penetration diagnostic capabilities. Zhang et al.*® devel-
oped a multifunctional phototherapeutic small-molecule plat-
form derived from an aza-BODIPY scaffold. Through the
introduction of substituents with varied electron-donating
and electron-withdrawing characteristics, followed by encapsu-
lation within folic acid-functionalized polymeric carriers, the
resulting nanostructure was capable of traversing the blood-
brain barrier via receptor-mediated endocytosis and subse-
quently exhibiting selective affinity toward glioma cells (Fig. 6e).
This system enabled NIR-II fluorescence/photoacoustic dual-
modality imaging-guided PTT.

In the field of vascular imaging, NIR-II optical agents have
also demonstrated excellent performance. Precise vascular
imaging plays a vital role in the early diagnosis and therapeutic
monitoring of diseases. Liu et al.'®** engineered conjugated
polymer-based nanoparticles exhibiting intense NIR-II absorp-
tion, favorable biocompatibility, and robust photoacoustic
stability. Their findings demonstrated that NIR-II-absorbing
conjugated polymers can effectively support photoacoustic
microscopy, enabling precise tumor margin definition as well

This journal is © The Royal Society of Chemistry 2026

as visualization of vascular networks within tumors and sur-
rounding normal tissues (Fig. 6b). This work marked the first
successful application of exogenous contrast agent-assisted
NIR-II photoacoustic microscopy imaging.

5.3 NIR-II imaging combined with nuclear imaging

PET provides a functional complement to conventional anato-
mical imaging by visualizing tissue metabolism and biological
activity. Through the detection of radiolabeled tracers adminis-
tered at trace doses, PET delivers molecular-level information
that aids in early disease detection and characterization.
Its ability to perform whole-body scans further allows compre-
hensive lesion assessment, making it especially valuable in
cancer staging and treatment monitoring. In contrast, NIR-II
fluorescence imaging offers high spatial resolution and enhanced
tissue penetration. Integrating PET with NIR-II fluorescence
merges metabolic, functional, and anatomical information into
a single multimodal platform, thereby significantly improving
diagnostic accuracy. This synergy proves particularly impactful
in surgical oncology. Dual-modality PET/NIR-II probes enable
precise preoperative tumor localization and real-time intraopera-
tive visual guidance. Together, these capabilities support more
complete tumor resection while helping to minimize the risk of
recurrence. Dual-modality NIR-II/PET probes exemplify the con-
vergence of functional and optical imaging. For instance, an agent
was constructed by Cheng et al using biomimetic melanin
nanoparticles, mesoporous silica, and a lipid bilayer, which
co-encapsulated the NIR-II fluorophore CH-4T and the PET iso-
tope ®*Cu.”® This design enabled precise tumor visualization and
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subsequently guided accurate surgical resection (Fig. 6¢). In a
parallel approach, Shi et al. engineered a folate receptor-o-targeted
PET/NIR-II nanoprobe for glioblastoma.’®! The system demon-
strated strong tumor selectivity and provided effective real-time
fluorescence guidance during surgery, underscoring its potential
for improving outcomes in precise tumor removal (Fig. 6d).

The integration of NIR-II optical agents with PET nuclear
imaging presents a powerful multimodal strategy for enhan-
cing diagnostic precision and guiding tumor surgery. To ensure
its clinical viability, however, thorough assessment of in vivo
safety, biocompatibility, and controlled biodegradation is
essential to mitigate potential toxicity and prevent long-term
accumulation. Comprehensive clinical investigations are there-
fore required to confirm both the efficacy and biosafety of NIR-
II/PET platforms and to facilitate their translation into routine
clinical practice.

5.4 NIR-II imaging combined with photothermal imaging

PTT is an emerging modality in cancer treatment. NIR photo-
thermal nanomaterials have gained widespread attention in
recent years due to the favorable tissue penetration of NIR light.
Compared to the NIR-I, NIR-II makes it more promising for
photothermal conversion applications. Mao et al."** prepared
a series of gold nanorods (GNRs) with comparable aspect ratios
and closely matched localized surface plasmon resonance
(LSPR) characteristics. After surface functionalization with
PEG and the tumor-targeting ligand lactoferrin, the resulting
construct (GSE-HP) was further coated with a silica layer
to improve optical transmission. Following structural modi-
fication, the absorption maximum exhibited a red shift from
810 nm to 846 nm while maintaining strong absorbance at
the original 806 nm. Under 10-minute NIR irradiation, the
system achieved a temperature rise of approximately 30 °C and
demonstrated a photothermal conversion efficiency of 38.4%,
reflecting excellent photothermal stability. In addition, the
modified GNRs demonstrated rapid cellular internalization
and pronounced in vitro photothermal cytotoxicity toward
HepG2 cells. Follow-up studies using a mouse xenograft
model confirmed effective tumor ablation upon exposure to
980 nm NIR light, underscoring the potential of these GNRs as
efficient photothermal agents for cancer therapy within the
NIR-II regime.

6. Remaining challenges toward
clinical translation
6.1 Biosafety and long-term biocompatibility

NIR-II optical imaging technology employs optical agents for
deep-tissue imaging. However, these agents often include QDs,
metallic nanoparticles, and fluorescent dyes, which have raised
widespread concerns about their biocompatibility and long-
term safety in biomedical applications. Studies have shown that
if NIR-II imaging agents cannot be effectively degraded in vivo
or tend to accumulate in vital organs such as the liver and
kidneys, they may trigger toxic reactions. For instance, QDs are
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widely used in NIR-II imaging due to their strong fluorescence
performance, but the leakage of toxic heavy metal elements
(e.g., lead, cadmium) from their surfaces can cause significant
biological toxicity. Similarly, metallic nanoparticles may inter-
act with proteins in the blood, affecting their biodistribution
and clearance rate. Therefore, in optimizing existing probes or
designing novel NIR-II fluorophores, the primary objective
should be to minimize or eliminate toxic components. Probe
safety can be further enhanced by controlling particle size
(e.g., maintaining a diameter below 5 nm) and applying appro-
priate surface modifications to facilitate efficient renal clear-
ance, thereby reducing the risk of systemic accumulation.’

Comprehensive toxicity assessment is essential to ensuring
the clinical safety of NIR-II optical agents. Current evaluation
strategies are broadly categorized into in vitro and in vivo
approaches. In vitro studies typically involve exposing various
cell types—such as hepatocytes or fibroblasts—to NIR-II agents
to assess their effects on cell proliferation, migration, apoptosis,
and overall viability. Additional indicators, including oxidative
stress and DNA damage, provide insight into the mechanisms of
intracellular biocompatibility. I vivo studies employ small animal
models to investigate biodistribution, metabolism, tissue accu-
mulation, and potential toxicity in major organs. These investiga-
tions help clarify clearance pathways and establish a theoretical
foundation for safe clinical translation.

To improve the biocompatibility of NIR-II optical agents,
recent research has focused on several key engineering strate-
gies. Surface modification and specific ligand conjugation are
widely used to enhance in vivo stability and biocompatibility.
A prominent example is PEGylation, which reduces immune
recognition of nanoparticles by shielding their surface, thereby
significantly extending their circulation half-life.** Another
important direction involves the design of biodegradable
imaging agents. This includes certain organic nanomaterials
and engineered QDs that are capable of gradual, natural break-
down within the body, preventing long-term accumulation.'??
Furthermore, targeted design plays a critical role in enhancing
both imaging performance and biosafety. By conjugating spe-
cific targeting ligands, NIR-II agents can selectively accumulate
at disease sites. This active targeting improves imaging contrast
and accuracy while simultaneously minimizing off-target
effects and reducing potential damage to healthy tissues.

Although NIR-II imaging surpasses conventional NIR-I
methods in tissue penetration, acquiring high-quality images
from deep anatomical regions remains a significant technical
hurdle. This challenge can be addressed through parallel
advancements in both probe design and imaging instrumenta-
tion. The performance of the fluorescent probe directly dictates
achievable imaging depth and signal strength. Key strategies for
probe optimization include engineering dyes or QDs with broad
absorption, narrow emission profiles, high QY, and superior
photostability, all of which enhance signal contrast and penetra-
tion capability. Furthermore, surface modifications that enable
active targeting concentrate the probe specifically within diseased
tissues, thereby amplifying the local signal and significantly
improving image fidelity for deep-seated structures.'**™°

This journal is © The Royal Society of Chemistry 2026
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Enhancing resolution represents another pivotal objective in
advancing NIR-II imaging. By integrating NIR-II fluorescence
with super-resolution microscopy techniques—such as stimu-
lated emission depletion (STED) or structured illumination
microscopy (SIM)—the diffraction limit inherent to con-
ventional optical microscopy can be overcome. This synergy
enables detailed visualization of subcellular structures, effec-
tively bridging macroscopic tissue imaging with molecular-
and cellular-scale analysis.>*'*” Consequently, the application
scope of NIR-II imaging is expanding to encompass both
systemic anatomical observation and high-resolution biological
investigation.

Future progress in imaging hardware—including high-
sensitivity detectors, improved spatial resolution, and advanced
noise-reduction technologies—is anticipated to substantially
enhance overall image quality. The development of compact,
portable NIR-II imaging systems will be especially valuable for
applications requiring real-time feedback, such as intraopera-
tive guidance and longitudinal small-animal studies. In parallel,
artificial intelligence (AI) is poised to transform image processing
workflows. By integrating Al-driven algorithms for tasks such as
image reconstruction, noise suppression, and automated resolu-
tion enhancement, NIR-II imaging can achieve greater precision,
clarity, and diagnostic utility.

6.2 Current state of NIR-II imaging hardware

In addition to the development of high-performance NIR-II
optical agents, advances in imaging hardware are equally
important for achieving clinically translatable NIR-II imaging.
Current NIR-IT imaging systems generally consist of excitation
sources, optical filters, imaging optics, image-processing
software, and infrared-sensitive detectors. The synergistic opti-
mization of these components critically determines imaging
sensitivity, penetration depth, spatial resolution, temporal
resolution, and intraoperative visualization capability.

Recent progress in NIR-II imaging hardware has substan-
tially expanded the biomedical applications of NIR-II fluores-
cence imaging, including wide-field imaging, high-resolution
microscopy, vascular imaging, image-guided surgery, and real-
time intraoperative navigation. Compared with conventional
visible and NIR-I imaging systems, NIR-II instrumentation
benefits from reduced photon scattering, lower tissue auto-
fluorescence, and improved imaging depth, thereby enabling
high-contrast visualization of deep biological tissues.

Among all hardware components, detector performance
plays the most critical role in determining overall imaging
quality. Currently, indium gallium arsenide (InGaAs)-based
cameras remain the gold-standard detectors for NIR-II imaging
owing to their high quantum efficiency and sensitivity within
the 900-1700 nm spectral range. Compared with conventional
silicon-based charge-coupled device (CCD) and complementary
metal-oxide-semiconductor (CMOS) detectors, InGaAs systems
exhibit superior SWIR responsiveness and significantly
enhanced deep-tissue imaging capability. Advanced detector
architectures, including electron-multiplying CCD (EMCCD),
intensified CCD (ICCD), and SWIR-CMOS systems, have also
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been explored to improve signal amplification, noise suppres-
sion, and real-time imaging performance.'*

Nevertheless, current NIR-II detectors still face several tech-
nical limitations. InGaAs cameras are associated with high
manufacturing cost, limited accessibility, relatively low pixel
density, and increased thermal noise compared with visible-
light imaging systems. In addition, detector cooling require-
ments and limited portability restrict their widespread imple-
mentation in routine clinical environments. These limitations
remain major barriers to large-scale clinical translation of NIR-
II imaging technologies.

Regarding excitation sources, 808 nm, 980 nm, and 1064 nm
lasers are currently the most commonly employed excitation
wavelengths in NIR-II imaging systems. Among them, 1064 nm
excitation has attracted increasing attention because of its
lower tissue scattering, reduced autofluorescence, and deeper
tissue penetration capability. Simultaneously, advances in opti-
cal filtering systems, high-speed image acquisition modules,
and Al-assisted image reconstruction algorithms have signifi-
cantly improved image contrast, SNR, and real-time surgical
navigation performance.

Importantly, recent studies have demonstrated the growing
translational potential of NIR-II imaging hardware in clinical
oncology, particularly in fluorescence-guided surgery, vascular
imaging, lymph node mapping, and intraoperative tumor margin
delineation. Several integrated NIR-II imaging platforms have
already entered early-stage clinical evaluation, highlighting the
feasibility of combining NIR-II optical agents with real-time
imaging instrumentation for precision medicine applications.

Hardware and reconstruction optimization strategies are
increasingly enhancing biomedical imaging performance.
A panoramic needle-based EIT approach integrating hybrid
transmission topology with spatially adaptive sensitivity com-
pensation has been developed to overcome conventional field-
of-view limitations, enabling robust real-time monitoring of
IRE ablation boundaries with improved peripheral sensitivity
and noise tolerance."*®

Despite these advances, substantial challenges remain for
the clinical implementation of NIR-II imaging hardware.
Current systems still suffer from insufficient standardization
of imaging parameters, lack of universally accepted calibration
protocols, limited compatibility between imaging devices and
fluorophore systems, and inadequate portability for routine
surgical use. Therefore, future progress in NIR-II imaging is
expected to rely on the coordinated evolution of optical agents,
detector technologies, imaging software, clinically adaptable
instrumentation platforms, AI and machine learning (ML).

Al and ML are emerging as promising computational
tools for next-generation NIR-II imaging systems. Deep
learning—based image restoration methods, including convo-
lutional neural network (CNN) denoising, super-resolution
reconstruction, and low-light enhancement algorithms, have
demonstrated the ability to improve fluorescence image
quality by suppressing noise and recovering structural
details from photon-limited datasets."*° For example, ensemble
deep learning-assisted composite structured illumination
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microscopy (eDL-cSIM) enables single-shot super-resolution
reconstruction with improved robustness under low-SNR con-
ditions, reduced reconstruction artifacts, and enhanced suit-
ability for live-cell imaging."*' Recently, Al-assisted NIR-II
fluorescence molecular tomography (FMT) has been explored
using a deep system prior—based graph convolution network
(DSPGN), which incorporates graph-structured spatial priors
and attention mechanisms into image reconstruction. This
strategy improved fluorescence source localization and mor-
phological recovery in both simulated and in vivo studies,
demonstrating the potential of deep learning to enhance NIR-
II image reconstruction quality and reduce ill-posedness in
FMT.'*?

Such computational strategies may be particularly valuable
for addressing current limitations of NIR-II detectors, including
relatively low detector sensitivity, thermal noise, and restricted
signal acquisition efficiency in low-photon imaging conditions.
Although AI cannot fundamentally overcome hardware con-
straints or replace advances in detector materials (e.g., InGaAs
sensor optimization), it may partially compensate for sensitivity
limitations through computational denoising, signal recon-
struction, and enhanced feature extraction, thereby impro-
ving effective image usability and diagnostic interpretability
(Table 2).

6.3 Clinical translation

Despite the rapid development of NIR-II optical agents, transla-
tional application remains significantly constrained by limited
manufacturing standardization and insufficient evaluation
of batch-to-batch reproducibility.”*®* Compared with conven-
tional small-molecule pharmaceuticals, many NIR-II agents
involve complex multicomponent formulations, nanostruc-
tured assemblies, or biomimetic engineering strategies, which
may introduce substantial variability during synthesis and
scale-up production.

View Article Online
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Among currently reported NIR-II agent classes, organic
fluorophores generally exhibit relatively mature synthetic
routes and higher production reproducibility due to their
defined molecular structures and established purification pro-
cedures. In contrast, RENPs, QDs, and polymeric nano-
platforms often require multistep synthesis, ligand exchange,
or self-assembly processes, which may lead to fluctuations in
particle size, surface chemistry, fluorescence intensity, and
colloidal stability across different batches."”’

Dynamic light scattering (DLS) analysis and polydispersity
index (PDI) measurements are among the most commonly
reported indicators for evaluating formulation consistency.">>
In many studies, PDI values below 0.2 are considered indicative
of acceptable monodispersity and batch uniformity. However,
substantial heterogeneity still exists in the characterization
standards adopted across different reports."®® Several studies
provide only single-batch physicochemical data without statis-
tical validation of inter-batch reproducibility, which may limit
translational reliability.'**

Synthesis yield and scalability also vary considerably among
different NIR-II agent systems. Small-molecule fluorophores
and liposome-assisted formulations generally demonstrate
relatively scalable preparation procedures, whereas biomimetic
vesicles, cell membrane-coated nanoparticles, and multifunc-
tional hybrid nanoplatforms often suffer from low production
yield, complicated purification steps, and limited large-scale
reproducibility.**”

Importantly, only a limited number of NIR-II agents have
been evaluated under GMP-compatible or GMP-like manufac-
turing conditions. Several clinically relevant formulations
derived from FDA-approved materials, such as PEGylated dyes,
liposomal systems, and ICG-based formulations, exhibit com-
paratively favorable translational potential due to their scalable
synthesis strategies and established pharmaceutical manu-
facturing frameworks.'”® Nevertheless, standardized quality-

Table 2 Representative hardware components and characteristics of current NIR-1l imaging systems

Hardware Representative
category system/device  Major advantages Current limitations Translational significance Ref.
Infrared InGaAs camera High quantum efficiency; excellent  High cost; thermal noise; lim-  Currently the gold-standard 143
detector SWIR sensitivity; deep tissue imaging ited accessibility; relatively low  detector for preclinical and
capability pixel density early clinical NIR-II
imaging
Infrared SWIR-CMOS Faster acquisition speed; improved  Lower sensitivity than InGaAs Potential for portable and clini- 144
detector sensor portability; lower power systems cally adaptable imaging devices
consumption
Signal EMCCD/ICCD  Enhanced sensitivity and noise Complex integration; limited Useful for ultraweak fluorescence 145
amplification systems suppression SWIR responsiveness imaging applications
detector
Excitation 808 nm laser ~ Mature technology; broad Relatively shallow penetration =~ Widely used in conventional NIR- 146
source fluorophore compatibility depth II imaging systems
Excitation 980 nm laser = Improved tissue penetration Water absorption-associated Commonly used in nanoparticle 147
source heating effects excitation systems
Excitation 1064 nm laser Reduced scattering; lower auto- Higher hardware requirements Increasingly important for 148
source fluorescence; deeper penetration and cost clinically translatable NIR-II
imaging
Imaging Wide-field Large field-of-view; rapid imaging Limited microscopic resolution Suitable for intraoperative 149
modality NIR-II imaging speed imaging and vascular
system visualization
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Table 3 Manufacturing reproducibility and characterization considerations of representative NIR-II agent classes

Typical synthesis

GMP-like production

Agent class yield Batch variability =~ DLS/PDI consistency Scalability status Ref.

Organic fluorophores ~ Moderate-high Relatively low Commonly reported; PDI usually Good Partial 157
<0.2

RENPs Moderate Moderate Size variation occasionally Moderate Rare 158
reported

QDs Low-moderate Relatively high Inconsistent reporting among Limited  Rare 159
studies

Polymeric Variable Assembly- DLS widely used for QC Moderate Limited 160

nanoparticles dependent

Biomimetic Low High Often insufficiently standardized Poor No established reports 161

nanoplatforms

control protocols, industrial-scale synthesis procedures, and
regulatory manufacturing guidelines for most NIR-II agents
remain insufficiently developed.

Future progress in NIR-II translational nanomedicine will
require not only optimization of optical performance and
targeting capability, but also rigorous batch-to-batch quality
control, standardized physicochemical characterization, scal-
able manufacturing processes, and GMP-compatible produc-
tion systems (Table 3).

7. Conclusions and future perspectives

NIR-II optical imaging has emerged as a highly promising
technology for biomedical imaging and precision medicine
owing to its reduced tissue scattering, low autofluorescence,
deep penetration capability, and high spatiotemporal resolu-
tion. Recent advances in organic fluorophores, inorganic nano-
materials, rare-earth systems, and multimodal platforms have
substantially expanded its applications in oncology, cardiovas-
cular imaging, neuroscience, and image-guided intervention.
However, accumulating evidence suggests that favorable optical
properties alone are insufficient for clinical translation.

A major theme highlighted throughout this review is the
transition from optical probes to translational optical agents.
While probes provide intrinsic signal-generation capability,
successful biomedical deployment requires additional optimi-
zation of physiological stability, pharmacokinetics, biosafety,
targeting efficiency, and manufacturability. In this context,
formulation engineering—including targeting modification,
hydrophilicity regulation, size optimization, and carrier-assisted
integration—has become a critical strategy for bridging material
innovation with clinical applicability.

Despite substantial progress, several challenges remain. First,
biosafety and long-term biocompatibility continue to limit the
translation of many NIR-II systems, particularly inorganic and
non-biodegradable nanomaterials. Second, current NIR-II ima-
ging remains constrained by hardware limitations, including the
high cost and limited accessibility of SWIR detectors and the lack
of standardized imaging protocols. In addition, increasing plat-
form complexity in multimodal and theranostic systems raises
practical concerns regarding reproducibility, large-scale manufac-
turing, and regulatory evaluation.

This journal is © The Royal Society of Chemistry 2026

Future development of NIR-II optical agents will likely focus
on biodegradable and activatable systems with improved
clearance behavior, stronger target specificity, and simplified
translational design. Parallel advances in imaging hardware,
portable devices, and artificial intelligence-assisted image ana-
lysis are expected to enhance quantitative imaging capability
and clinical accessibility. Ultimately, continued integration of
chemistry, materials science, engineering, and clinical medi-
cine will be essential for accelerating the transition of NIR-II
imaging from experimental research toward standardized
precision diagnostics, image-guided surgery, and personalized
healthcare.
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