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Abstract The introduction of environment-responsive probes has greatly improved the accuracy of
fluorescence bioimaging in evaluating drug nanocarriers. This review highlights the key roles of Forster
resonance energy transfer, aggregation-induced emission, and aggregation-caused quenching in
advancing nanomedicine. These technologies have enhanced our understanding of nanocarrier pharmaco-
kinetics, biodistribution, and intracellular behavior, providing valuable insights for optimizing drug de-
livery systems. Their integration into imaging platforms has enabled precise monitoring of
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nanocarriers in complex biological environments. This review outlines detailed progress in the use of
environment-responsive probes, emphasizing their importance in improving the design and effectiveness
of nanomedicines. Looking forward, advances in probe engineering and multimodal imaging, combined

Aggregation-caused with computational tools, are expected to drive the development of more targeted, efficient, and person-

quenching; alized therapeutic strategies.
In vivo fate
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1. Introduction

Over the past few decades, the field of drug delivery has experi-
enced rapid and transformative advancements. Among various
strategies, nanocarriers have emerged as a cornerstone for trans-
porting therapeutic and diagnostic agents to targeted sites with
improved efficacy. Nanocarrier drug delivery systems have
become a major focus of research, as evidenced by the publication
of tens of thousands of papers annually and substantial investment
in the nanomedicine sector' . Despite the commercial approval of
over 60 nanomedicine products, the clinical translation rate re-
mains relatively low, revealing a significant disparity between
research output and returns>*. One of the key limiting factors is
the insufficient understanding of the in vivo biological processes
that govern nanocarrier behavior>>”.

Elucidating the in vivo and subcellular dynamics of nano-
carriers is essential for optimizing formulations, repurposing de-
signs, conserving development resources, and accelerating clinical
translation. Accurate spatiotemporal tracking of nanocarriers is
critical for unraveling their interactions with both payloads and
biological systems>>. However, mapping these distributions re-
mains challenging due to the nanoscale dimension and degrad-
ability of most carrier materials. Moreover, the major components
of nanocarriers, such as lipids, polymers, and proteins, typically
lack intrinsic imaging signals, necessitating the use of external
probes, such as fluorophores and nuclides, to enable
visualization®,

Compared to radionuclide labeling, which requires specialized
handling facilities and protocols, fluorophores offer a more
accessible and versatile option for routine imaging studies®'°.
Therefore, fluorescence bioimaging (FB) has emerged as a
powerful technique for investigating the fundamental biological
processes and mechanisms underlying diseases and therapeutic
interventions. Fig. 1 outlines the wavelength ranges of different
emission colors from ultraviolet to near-infrared (NIR), as well as
the corresponding fields of applications. It is advised to refer to

Figure 1

recent reviews for advances in FB''"'>. One important branch of
FB applications is bioimaging of drug nanocarriers'®2’.

FB allows for real-time tracking of nanocarrier translocation,
assessment of targeting efficiency, and evaluation of bio-
distribution, cellular uptake, PK, and drug release?! 3. These in-
sights are of substantial pharmacological and toxicological
importance24'28. Since most nanocarriers lack inherent fluores-
cence, they are commonly labeled with fluorophores via chemical
conjugation or physical embedment. However, this labeling in-
troduces new challenges, particularly the risk of probe detachment
and constant emission, which can lead to inaccurate or misleading
imaging results in complex biological environments®2°~?,

To overcome these hurdles, the advent of environment-
responsive fluorophores (ERFs) has significantly enhanced the
accuracy of FB for nanocarrier studies®>>>. ERFs alter their sig-
nals in response to environmental stimuli, allowing differentiation
between intact carrier-associated signals and those from detached
probes®¥223-3637 This capacity improves imaging precision and
supports the quantification of nanocarriers in vivo>>*. To date,
several ERF strategies have been successfully applied in FB,
primarily Forster resonance energy transfer (FRET)*63841
aggregation-caused  quenching ~ (ACQ)*>333940:4243 = 4pq
aggregation-induced emission (AIE)**4°.

This review aims to provide a comprehensive overview of
these ERFs, including their fundamental characteristics, environ-
mental response mechanisms, imaging principles, and current
applications in nanocarrier research.

2. Fundamental considerations for bioimaging nanocarriers
using fluorescence techniques

Initially, fluorophores were directly employed to investigate bio-
logical processes. However, limitations such as poor water solu-
bility, low stability, and non-specific distribution often hinder their
direct application in bioimaging. To address these issues,

Operational wavelength ranges of fluorescence technologies. This schematic illustrates the spectral bands across the electromagnetic

spectrum where fluorescence microscopy, dyes, probes, and light-emitting diodes (LEDs) operate. Checkmarks indicate the applicable technology

for each spectral band.
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nanocarriers are introduced to encapsulate and deliver fluo-
rophores more effectively. Lipid or polymeric nanoparticles, mi-
celles, and vesicles not only enhance the solubility and stability of
fluorophores but also enable their targeted and controlled delivery
to specific biological sites. These systems provide structural pro-
tection and facilitate more precise biodistribution of fluorophores,
significantly improving imaging efficiency'*'**”.

Targeted delivery can be achieved through various mecha-
nisms, such as passive accumulation through natural uptake by the
mononuclear phagocyte system (MPS), or via the enhanced
permeation and retention (EPR) effect, especially in tumor tis-
sues*®*4% However, accurately attributing observed fluorescence
signals to nanocarriers that have reached the target site in vivo
remains a major challenge. Overcoming this is essential for reli-
able analysis of nanocarrier biodistribution and for achieving
effective and specific illumination of target sites.

Both encapsulated and free fluorophores contribute to FB.
When the focus of FB is to trace the nanocarriers themselves, the
analytical precision becomes paramount. The presence of free or
released probes can interfere with data interpretation, potentially
leading to overestimation of nanocarrier accumulation or
misleading spatial distribution patterns®®>’. This issue, often
referred to as fluorescence bias in FB, has become a central
concern in recent studies®'®.

Given the challenges associated with fluorophore behavior in
biological systems, a thorough understanding of nanocarrier
structure and labeling strategies is essential. Such knowledge not
only aids in mitigating analytical bias but also enhances the
overall accuracy and efficacy of fluorescence-based tracking. The
following sections will provide a detailed discussion on the
structural classification of nanocarriers, diverse fluorescence la-
beling strategies, and the key challenges currently faced in this
field, offering a comprehensive overview of the state and future
directions of nanocarrier bioimaging via fluorescence techniques.

2.1.  Structural classification of nanocarriers

Understanding the structural classification of nanocarriers is
essential for the effective implementation of fluorescence labeling
strategies. Statistics indicate that the majority of clinically
approved or development-stage drug nanocarriers are composed
of biodegradable materials, primarily including lipids, polymers,
and proteins'®* The structural design of these nanocarriers
varies considerably depending on the physicochemical properties
of the constituent materials and the specific objectives of drug
delivery. These structural variations play a pivotal role in deter-
mining appropriate probe labeling strategies for FB. Fig. 2 il-
lustrates the fundamental structures of commonly studied drug
nanocartiers.

To provide a clearer understanding of fluorescence labeling
methods, drug nanocarriers are classified into distinct categories
based on their structural characteristics, as illustrated in Fig. 2.
These include: 1) micelles; 2) vesicles; 3) matrices; 4) drug par-
ticles, further subdivided into crystalline and amorphous types;
and 5) inorganic nanocarriers.

Micelles are formed by the self-assembly of a single layer of
amphiphiles, such as surfactants and copolymers, with sizes
ranging from a few to more than one hundred nanometers and a
hydrophobic/hydrophilic “core/shell” structure?®. Probes can be
chemically conjugated to the hydrophilic or hydrophobic ends of
amphiphilic molecules’' or physically embedded into the hydro-
phobic cores%.

Vesicles, also self-assembled systems, are composed of bi-
layers of lipids and/or lipid derivatives. Their unique architecture
comprises a hydrophobic bilayer and an aqueous internal cavity,
allowing encapsulation of both hydrophilic and hydrophobic
agents>>. Common examples include liposomes, niosomes, and
extracellular vesicles (EVs), all of which are extensively investi-
gated for drug delivery applications™.

Matrix-based nanocarriers consist of solid matrices constructed
from biocompatible and biodegradable materials, including lipids,
polymers, or proteins. These carriers typically have a uniform
structure and can accommodate both hydrophilic and hydrophobic
agents, depending on the material properties. Notably, when pure
drug crystals are downsized to the nanometer scale, they can form
nanoparticles with solid matrices. These drug nanoparticles are
generally referred to as nanosuspensions, regardless of the phys-
ical state of the drug molecules (whether crystalline or amor-
phous), or as nanocrystals (NCs) specifically in the case of
crystalline forms™>.

Inorganic nanoparticles form a distinct class. For example,
“Ferumoxytol” stands as a successfully marketed nanomedicine
based on inorganic iron oxide nanoparticles, its primary use is as
an intravenous therapy for iron deficiency anemia in adults with
chronic kidney disease®®>”. However, there is a noticeable gap in
research regarding the use of this type of nanoparticle as a drug
nanocarrier since inorganic materials are usually non-degradable
with poor biocompatibility and toxicity.

Additionally, hybrid nanocarriers, which integrate features
from multiple types of fundamental systems, are gaining attention
for their potential to optimize drug loading, stability, and release
characteristics™®.

The structural diversity of nanocarriers presents both oppor-
tunities and challenges in fluorescence labeling. Each nanocarrier
type demands tailored labeling strategies to ensure accurate,
efficient, and stable probe integration, which is essential for reli-
able fluorescence-based tracking in complex biological
environments.

2.2.  Strategies for fluorescence labeling

Given the complexity of nanocarrier systems, the development of
an effective fluorescence labeling strategy requires a customized
approach, considering the unique characteristics of both the
nanocarriers and the probes to achieve practical and efficient
outcomes. Fig. 3 summarizes commonly utilized strategies for
fluorescence labeling of nanocarriers.

Some nanocarriers, such as quantum dots and carbon dots,
exhibit intrinsic fluorescence, enabling self-illumination and
simplifying imaging workflows''>?. In certain cases, the drug
payload itself exhibits strong autofluorescence to facilitate bio-
imaging®>®'. However, in most applications where neither the
nanocarrier nor the drug possesses inherent fluorescence, exoge-
nous fluorophores must be introduced to visualize nanocarrier
biodistribution and behavior. Two primary labeling strategies are
employed: chemical conjugation and physical embedding.
Chemical conjugation, though more synthetically complex, offers
superior labeling stability by covalently anchoring fluorophores to
nanocarrier components®®. In contrast, physical embedment,
where fluorophores are loaded into nanocarriers via non-covalent
interactions, is a simpler process but may suffer from reduced
stability, especially if the affinity between the fluorophore and the
carrier matrix is insufficient®. Both strategies are vulnerable to
probe leakage during nanocarrier biodegradation, a frequent
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Figure 2

Classification of nanocarriers for fluorescent labeling in drug delivery. This diagram categorizes nanocarriers into five distinct types:

(1) Micelles (polymer structures and small-molecule surfactants) for solubilizing hydrophobic drugs; (2) Vesicles (encompassing liposomes and
extracellular vesicles (EVs)) for encapsulating therapeutic agents; (3) Inorganic nanoparticles (including silica and metal-based types) for pre-
cision targeting; (4) Matrix-based carriers (such as lipid and polymer constructs) for sustained release; and (5) Drug particles (depicted as
amorphous or crystalline) for diverse dissolution profiles. These systems represent cutting-edge nanomedicine, offering tailored solutions for

advanced therapeutic and diagnostic applications.

concern given the widespread use of biodegradable organic ma-
terials in drug delivery systems®**.

The choice between chemical and physical labeling strategies
depends on several factors, including the availability of conjuga-
tion sites, internal space within the nanocarrier, and the specific
goals of the experimental design® . For example, in the case of
liposomes, fluorophores can either be chemically attached to
phospholipids or other components®®, or physically embedded into
the lipid bilayers using lipophilic fluorescent dyes®”. Additionally,
concentration-dependent quenching/dequenching effects can be
harnessed by encapsulating water-soluble fluorophores within the
aqueous core of liposomes, allowing for real-time monitoring of
structural integrity under physiological or stress conditions®®®.

The physicochemical composition of nanocarriers strongly
influences probe loading efficiency and signal fidelity. Lipid-based
systems (e.g., liposomes, SLNs, nanoemulsions) offer high affinity
for hydrophobic probes via physical embedment in lipid bilayers

or cores. However, lipid fluidity and susceptibility to enzymatic
degradation (e.g., lipases) may cause probe leakage. For instance,
ACQ studies have shown that SLN lacking lipase inhibitor (orli-
stat) degrade rapidly, compromising fluorescence stability’°.
Polymeric nanocarriers (e.g., PLGA, PEG-PCL) offer tunable
covalent conjugation sites for probes (e.g., Cy5, FITC), enhancing
label stability. Nevertheless, their degradation via hydrolysis or
enzyme-triggered breakdown influences fluorophore retention
over time. Inorganic carriers (e.g., silica, iron oxide) possess rigid
matrices that minimize leakage, though they face limitations in
terms of biocompatibility and functional versatility. This chal-
lenge can be mitigated through the development of hybrid systems
that combine inorganic cores with organic coatings (e.g., lipid
shells), thereby enhancing biocompatibility while maintaining
structural integrity’'.

The diverse array of fluorescent probe labeling strategies out-
lined above provides researchers with diverse choices for tracking
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Figure 3  Labeling techniques for nanocarriers. This figure illus-
trates strategies used to label nanocarriers for imaging and tracking:
emissive dots denote intrinsically fluorescent nanocarriers; auto-
fluorescent drugs represent carriers incorporating naturally fluorescent
therapeutics; chemical conjugation indicates covalent tagging with
fluorescent dyes; and physical embedment shows nanocarriers with
dyes physically encapsulated within their matrix.

nanocarriers in vivo, while the practical implementation of bio-
imaging for reliably deciphering nanocarrier fate remains fraught
with substantial challenges. Merely attaching a detectable label to
nanocarriers does not guarantee the acquisition of accurate
physiologically relevant data. Crucially, the very act of labeling,
the complex biological milieu encountered in vivo, and the
intrinsic limitations of imaging technologies introduce a constel-
lation of confounding factors that can profoundly compromise
data interpretation. Therefore, the following section delves into
some critical bioimaging challenges.

2.3.  Challenges

The primary objective in FB tracking of drug nanocarriers is to
elucidate their spatiotemporal behavior within biological envi-
ronments. At its fundamental level, this involves visualizing the
in vivo journey of nanocarriers, a concept encapsulated by the
widely embraced paradigm “seeing is believing”. In this qualita-
tive phase, nanocarrier biodistribution can be “seen” through
fluorescent visualization using sophisticated equipment like fluo-
rescence microscopes and in vivo imaging systems (IVIS).

Building on this visual foundation, researchers often proceed
to quantitative analysis’>, under the assumption that fluorescence
intensity correlates proportionally with the quantity of nano-
carriers”. Accordingly, profiling fluorescence over time has
become a standard practice in FB, which is typically regarded as a
semi-quantitative or quantitative analysis®>.

Recent advancements have enabled the use of fluorescence for
PK analysis of nanocarriers. However, increasing scrutiny has
highlighted the limitations of this approach, with concerns raised
about the accuracy and interpretability of FB-derived data®'¢-3%-,
The reliability of fluorescence readouts can be undermined by

several critical factors, notably the limited tissue penetration due
to light absorption and scattering’*, and more problematically, the
leakage or release of fluorescent probes from their nanocarrier
matrices, which can significantly affect the accuracy of the
imaging””.

In the FB of nanocarriers, the observed fluorescence is typi-
cally interpreted as representing the nanocarriers themselves,
without differentiating between the carriers and other sources.
However, the accuracy of this bioimaging can be compromised if
the probes detach from the nanocarriers. In cases where nano-
carriers are nondegradable and the fluorophores are securely
attached without leaking, the fluorescence signals can accurately
represent the nanocarriers. This assumes that other biological
factors, like tissue autofluorescence, are minimized, which can be
achieved by optimizing probe structures, such as extending
emission wavelengths into the NIR regions I and II. However, this
scenario is relatively uncommon, as nondegradable nanocarriers
are typically used as tools, while degradable nanocarriers are more
favored in the development of nanocarrier drug delivery. With
degradable nanocarriers, probe leakage is almost inevitable as the
carrier degrades. The fluorescence from free or released probes
then becomes a significant source of interference in FB.

Although the aforementioned labeling strategies offer re-
searchers a wide range of tools for in vivo tracking, the practical
challenge lies in achieving accurate and physiologically mean-
ingful imaging. Simply tagging a nanocarrier with a fluorophore
does not ensure reliable interpretation. The complex in vivo
environment, inherent limitations of imaging modalities, and the
physicochemical interactions between probes and nanocarriers
collectively introduce substantial uncertainty. These confounding
variables highlight a critical need for more refined imaging ap-
proaches that can distinguish between intact nanocarriers and
dissociated probes.

To address these challenges, the development of ERFs offers a
potential solution. These probes are responsive enough to exhibit
markedly different fluorescence characteristics within the nano-
carrier body compared to the surrounding environment, enabling
differentiation between signals originating from intact nano-
carriers and those from released or free probes. The subsequent
sections will detail the operational principles of three types of
ERFs based on FRET, AIE, and ACQ.

3. FRET
3.1.  Rationale of FRET and FRET-based nanocarrier imaging

FRET is a nonradiative energy transfer process mediated by long-
range dipole-dipole interactions between specific molecules,
referred to as the donor and the acceptor, or the FRET pair’®. This
interaction occurs when the donor and acceptor, both in their ground
states, are in close spatial proximity, typically within 1 to 10 nm””.
FRET can be understood through the integration of quantum
physics with the classical understanding of Coulombic dipole-
dipole interactions. As depicted in Fig. 4A, energy transfer in-
volves the acceptor receiving energy from the donor upon excita-
tion, causing the acceptor to transition to the excited state without
photon involvement’®. If the acceptor possesses a negligible
quantum Yyield, the resulting fluorescence will either diminish or
disappear entirely. Alternatively, if the acceptor is also a fluo-
rophore, its emission spectrum typically undergoes a redshift’’, a
phenomenon widely exploited in practical applications.
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Figure 4

Fundamental principles of FRET-based bioimaging. (A) FRET mechanism illustrated via Jablonski diagram: electrons in the ground

state (Sp) absorb energy and excite to higher states (S,,). Through non-radiative transitions (internal conversion and vibrational relaxation), they
relax to the lowest singlet excited state (S;). From S, electrons return to S via either: (i) non-radiative FRET (quenching donor fluorescence), or
(ii) radiative transition (producing fluorescence). (B) FRET-pair labeling strategy for nanocarriers: intact nanocarriers maintain proximity between
FRET pairs, enabling energy transfer and acceptor fluorescence. Partial disassembly separates FRET pairs into the aqueous environment, halting

energy transfer and ceasing acceptor emission.

To extend the effective range of FRET beyond its typical
~10 nm limit, researchers have developed systems involving
triple or even multiple FRET probes®*®!. In a triple FRET system,
energy is first transferred between a donor-acceptor pair with
short-wavelength absorption, and the first acceptor then serves as
the donor for a second transfer®. However, such multi-step con-
figurations significantly increase analytical complexity. As a
result, dual FRET systems involving only two fluorophores remain
the most commonly used in FB due to their simplicity and

effectiveness®>.

FRET efficiency is influenced not only by the distance be-
tween donor and acceptor but also by their relative orientation,
particularly the alignment of their absorption and emission
dipole moments®*. To minimize orientation effects, the fluo-
rophores are often rigidly attached to target molecules®.
Furthermore, flexible linkers are frequently employed in labeling
strategies. These linkers help maintain a consistent donor-
acceptor distance within a few nanometers and reduce the
impact of unfavorable orientation, ensuring effective FRET for
bioimaging applications’”.
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FRET processes can be classified into two types: hetero-FRET,
which occurs between different chromophores, and homo-FRET,
which occurs between identical fluorophores. Although homo-
FRET can be detected via changes in fluorescence anisotropy, it is
less commonly used than hetero-FRET. Nevertheless, both types
share similar mechanisms and applications®>. This review focuses
exclusively on hetero-FRET.

FRET was initially observed by Cario and Franck in 1922
when they noted the fluorescence emission of thallium at the
excitation wavelength of mercury®®. However, the term FRET is
named after Theodor Forster, who, in 1948, derived the theoret-
ical foundation and quantitative equation describing energy
transfer efficiency as a function of distance between donor and
acceptor®’. Initially, FRET had limited impact in biology, but its
potential was gradually recognized through the work of pioneers
like Lubert Stryer®®. He proposed using FRET as a molecular
ruler and emphasized the importance of spectral overlap, which
brought new dimensions to the study of biological macromole-
cules®. Stryer also highlighted several critical considerations for
using FRET in studying biological macromolecules. These
included the pre-calibration of donor and acceptor pairs, strate-
gies for selectively attaching a single donor and a single acceptor
to a molecule, and the assessment of the relative orientation in-
formation of the donor and acceptor pair®. In nanoparticle la-
beling, however, these considerations are often neglected. For
example, the orientation information between the labeled donor
and acceptor is frequently overlooked, and the focus is primarily
on using FRET’s molecular ruler capability to determine the
integrity of nanocarriers.

FRET has been widely used to monitor biomolecular in-
teractions, including protein-protein interactions’, protein-DNA
interactions’!, and protein conformational changes’>. For
instance, when analyzing biomacromolecules with varying chain
lengths, employing amino acids as spacers can provide insights
into the flexibility of different regions within the three-
dimensional structure of a protein. This approach allows for a
detailed examination of how various segments of the protein
behave and interact, contributing to a deeper understanding of its
overall structural dynamics93. Moreover, FRET is often combined
with other optical techniques, such as fluorescence correlation
spectroscopy94, confocal fluorescence-lifetime single molecule
localization microscopy®, and two-photon microscopy”®, to
reveal the dynamics and interaction of fluorescently labeled
molecules more accurately. Furthermore, the distinct qualities of
FRET make it an appropriate technique for a range of probes
tailored to identify specific analytes. Its capability extends to the
simultaneous detection of multiple analytess7. For example, FRET
can be used to concurrently track the production of endogenous
nitric oxide and hydrogen peroxide in macrophages, employing a
sensing mechanism akin to a logic gate. This multi-analyte
detection feature significantly broadens the applicability of
FRET in various analytical contexts”. Indeed, assessing the
integrity of nanocarriers represents a relatively recent and limited
aspect of FRET’s broader applications in the field of biology.

From the above description, we can perceive that the occur-
rence of FRET phenomenon needs to meet some conditions: 1)
there should be a great overlap between the emission spectrum of
the donor and the absorption of the acceptor; 2) donor and
acceptor molecules must be arranged at a sufficiently close dis-
tance properly; and 3) an appropriate FRET pair should have
sufficient quantum yield, extinction coefficient, and capacity to
resist disturbance. Designing FRET systems that fulfill all these

criteria is challenging and underscores the precision required in
FRET-based studies.

FRET is a valuable tool in studying the integrity of nano-
carriers due to its high sensitivity to changes in the distance be-
tween donors and acceptors (Fig. 4B)’%. It has been used to study
the in vitro integrity of nanocarriers in different solutions or
in vivo integrity after different routes of administration, especially
regarding nanocarrier stability in blood circulation®®?, distribu-
tion in organs, and spatiotemporal degradation kinetics®>7!1%,

FRET efficiency is defined as the proportion of photons
absorbed by the donor fluorophore that are subsequently trans-
ferred to the acceptor. This efficiency depends on several factors,
including the spectral overlap between the donor’s emission and
the acceptor’s absorption, the distance between the donor and
acceptor, and their dipole-dipole interactions'’’. It can be calcu-
lated as shown in Eq. (1):
R6
Errer = RSTORﬁ (1)
where R stands for the distance between the two molecules and R,
known as the Forster distance or critical transfer distance.

To be specific, Ry is a characteristic separation between a
donor and acceptor fluorophores at which the efficiency of FRET
is 50%. It is defined as the donor-acceptor separation distance at
which the rate of energy transfer equals the rate of donor excited-
state decay in the absence of acceptor. Ry is an intrinsic property
of the specific FRET pair and their local environment, determined
by the spectroscopic properties of the donor-acceptor pair and
their environment, as shown in Eq. (2) 102,

2
J
RS = 8.785 x 105202 ff 2)

(K2, the orientation factor between donor emission and acceptor
absorption transition dipoles. ¢p: the quantum yield of the donor
in the absence of acceptor. J, the spectral overlap integral, quan-
tifying the degree of overlap between the donor’s normalized
fluorescence spectrum and the acceptor’s molar absorption coef-
ficient spectrum. n, the refractive index of the medium sur-
rounding the chromophores.)

Crucially, Ry serves as the fundamental reference scale for
converting measured efficiencies into absolute distance estimates,
governed by Eq. (1)'°% Consequently, the sensitivity Epgpr to
distance change is highest when R is near R,. Distances significantly
shorter or longer than R, yield Ergrgr close to 100% or 0%,
respectively, providing little precise distance information. Thus,
selecting a FRET pair with an R, matching the desired distance
range of the system under study is critical for obtaining meaningful
and sensitive distance measurements via FRET efficiency .

In practical experiments, FRET efficiency can also be deter-
mined by the fluorescence intensity or lifetime of the donor
molecule, and the equations are as shown in Egs. (3) and (4):

1
Eprer = 1 — (%) (3)
D

Errer =1 — (Tﬂ> 4)

D

(Ipa: intensity of donor in presence of acceptor; Ip: intensity of
donor only; Tpa: lifetime of donor in presence of acceptor; Tp:
lifetime of donor only)”’. Therefore, the calculation formula of
Errer can be flexibly selected according to the experimental
needs and testing instruments.
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The accuracy of FRET efficiency measurements can be influ-
enced by various factors, including the molecular brightness of the
fluorophore and the stoichiometry ratio between fluorophores'®.
Additionally, cross-talk or bleed-through, such as detecting donor
signals in the acceptor channel, can significantly affect measure-
ments. To refine FRET efficiency calculations, techniques like
alternating laser excitation (ALEX) or pulsed interleaved excita-
tion (PIE) are used to mitigate interference and enhance mea-
surement precision'®. These methods help address the challenges
posed by the inherent complexities in FRET analysis.

Accurate measurement of FRET efficiency employs several
methodologies. The most common approaches quantify changes
in donor fluorescence'® or lifetime upon the presence and
absence of acceptors'®®. Alternatively, researchers can measure
the donor fluorescence before and after acceptor photo-
bleaching®®. The three-cube method provides another route that
can be calibrated by fluorescence lifetime imaging microscopy
(FLIM)-FRET or acceptor bleaching'®”'%. More recently,
photon-effective FRET techniques enable simultaneous moni-
toring of donors and acceptors’ signals'®, facilitating concurrent
quantification of FRET efficiency and the quantities of fluo-
rophores. Integration with two-photon excitation further allows
optimization of excitation wavelengths for improved signal-to-
noise ratios (SNR)''®. Additionally, fluorescence anisotropy
measurements directly gauge energy transfer efficiency by
observing alterations in anisotropy'''.

While the methodologies described above enable precise
quantification of FRET efficiency, their application for routinely
monitoring nanocarrier integrity is often impractical due to
demanding instrumentation and sample requirements. Conse-
quently, the FRET proximity ratio (PR), a semi-quantitative
measure, as shown in Eq. (5), is often used to determine the

integrity of nanocarriers'%:

pr=_ 4 5
" (4+D) (5)

where A and D are the maximum fluorescence intensity of the
FRET acceptor and donor signals, respectively’>>*'%  This
approach accounts for the critical limitation that direct excitation
of the acceptor by the donor excitation wavelengths compromises
the reliability of using the acceptor alone to assess FRET effi-
ciency or nanocarrier integrity.

Although a stable PR is often interpreted as an indicator of
intact nanocarriers, some researchers argue that using the FRET
ratio for this purpose is overly simplistic and fails to consider
factors like fluorescence self-quenching. To address this, some
mathematical formulas were developed through simulation-
based methods to quantify the integrity of nanocarrier®. The
method involves combining empty, single-labeled, and FRET-
labeled nanocarriers at a known ratio to construct calibration
curves. These models help quantify the proportion of intact
nanocarrier”, and have been widely adopted*"'%. However,
their accuracy can be limited by differences between simulated
and actual degradation behavior of nanocarriers and the sensi-
tivity of regression models to data fluctuations. Moreover,
recalibration is often necessary for different nanocarrier types or
materials*'. Currently, FRET-based methods remain the standard
for assessing nanocarrier integrity, though a more universally
accepted strategy is needed, one that more directly correlates
FRET signals with nanocarrier stability under physiological
conditions.

3.2.  Typical FRET pairs
Table 1 (38:41:98:65.99.100.112-118y 1y o cents representative FRET pairs
commonly employed in bioimaging studies, illustrating the di-
versity of fluorophore combinations used in different contexts.
Considerable efforts have been dedicated to optimizing existing
FRET systems and developing novel FRET pairs to improve
sensitivity, specificity, and compatibility with biological environ-
ments. For example, Kilin and co-workers''® substituted the bulky
hydrophobic tetraphenylborate (TPB) for the perchlorate coun-
terion to increase the loading effectiveness of carbocyanine dyes
into the lipid core of nanodroplets and generate a noticeable FRET
signal. Such substitution improves the solubility of dyes in oil and
then increases the loading of dyes.

On the other hand, small-Stokes-shift (SSS) fluorophores, due
to the considerable overlap between their absorption and emission
spectra, can undergo reabsorption of emitted energy by nearby
fluorophores, leading to self-quenching, redshifted emission
spectra, and increased background interference during imaging.
Therefore, to prevent self-quenching and light scattering during
the process of biological imaging'* fluorophores with a large
Stokes shift (LSS, typically larger than 80 nm, while 55 to 80 nm
is acceptable) are preferred'?""'?%, In response, several FRET pairs
with LSS have been developed to improve imaging fidelity®”.

Another consideration is concentration quenching, a common
property of many fluorophores, which leads to nonlinear re-
lationships between fluorophore concentration and fluorescence
intensity. This phenomenon necessitates careful optimization of
the probe loading ratio within nanocarriers to ensure accurate
signal interpretation'?®. To increase the measurement range, new
FRET pairs have been designed using fluorophores with AIE
properties'?*. These fluorophores exhibit enhanced fluorescence
upon aggregation, making them especially advantageous for ap-
plications where conventional dyes suffer from quenching at high
local concentrations.

3.3.  Application of FRET in nanocarrier bioimaging

FRET significantly advances our comprehension of nanocarrier
dynamics in bioimaging. A deep exploration into FRET’s role
reveals its effectiveness in a spectrum of nanocarrier types,
including lipid nanocapsules (LNCs), micelles, and others. The
focus here is on how FRET contributes to a deeper understanding
of the molecular interactions and complexities in varied biological
settings, showcasing its pivotal role in nanocarrier bioimaging.

3.3.1. LNCs
This section presents a comprehensive analysis of the pivotal role
that FRET technology plays in deepening our understanding of
LNCs, with a particular focus on their PK, stability, and
biodistribution.

In a landmark study, FRET probes 1,l’-dioctadecyl-
3,3,3',3’-tetramethylindocarbocyanine perchlorate (Dil)-TPB and
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine perchlo-
rate (DiD)-TPB were utilized to investigate the PK of intact LNCs
differing in size (50 vs. 85 nm) and surface coatings (uncoated,
DSPE-mPEG 2000, and stearylamine) following intravenous
administration in rats’®. By defining intact LNCs through a PR
ratio ranging from 0.86 to 0.93, as established in previous work>®,
the researchers developed a robust method for tracking LNCs
using FRET combined with nanoparticle tracking analysis (NTA)
to measure intact LNC concentration. They also developed a new
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Table 1  Typical FRET pairs utilized in bioimaging investigations.

Donor (Aex/Aem) Acceptor (Aex/Aem) Ref.
(nm/nm) (nm/nm)

38
Dil-TPB (548/569) DiD-TPB (644/675)

41
Cy 5.5 (640/710) Cy7.5 (788/815)

58
Cy 5.5 (640/660) Cy7 (660/750)

65
Cy5 (640/680) Cy5.5 (680/720)

99
NBD-X (475/535) MS735 (545/735)

100
Cy5.5LP (670/700) Cy7.5Lp (760/840)

112
Dil (550/570) DiD (650/670)

113
FITC (488/520) Rhod B (555/585)

114
DiO (484/501) Dil (549/565)

115
DiD (644/665) DiR (748/780)

116
Cy3 (550/568) Cy5 (646/667)

117
C6 (452/566) MeTTMN (520/664)

118

C6, coumarin 6; Cy 3, cyanine dye 3; Cy 5, cyanine dye 5; Cy 5.5, cyanine dye 5.5; Cy5.5 LP, lipophilic Cy5.5; Cy7, cyanine dye 7; Cy7.5, cyanine dye 7.5;
Cy7.5 LP, lipophilic Cy7.5; DiD, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate; Dil, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindo-
carbocyanine perchlorate; DiO, 3,3'-dioctadecyloxacarbocyanine perchlorate; DiR, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyaine iodide; FITC,
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method using sucrose density gradient centrifugation for extract-
ing LNCs from blood, avoiding biological matrix interference™®.
PK data underwent noncompartmental analysis, followed by cre-
ation of a population PK model. Importantly, the study revealed
that LNC elimination is nonlinear and influenced by both size and
surface chemistry, with particle size primarily governing bio-
distribution®®. These findings underscore the critical influence of
physicochemical parameters on nanocarrier fate, reinforcing the
need for tailored designs to optimize therapeutic delivery.
Another key investigation applied a FRET pair (Dil and DiD)
to examine LNC stability within the gastrointestinal tract (GIT)
mucus layer, a known barrier to oral drug delivery''>. The
experimental FRET efficiency is calculated as shown in Eq. (6):

E(%) = (1 f)y%) x 100% (6)

where yp and xp are the fitting terms associated with donor
emission spectra and absorbance spectra, and a major loss of
FRET efficiency suggests the destruction of nanocarriers
(E < 25%). The study demonstrated that Taxol®-loaded intact
LNCs stability and diffusion in mucus are not size-dependent’ ',
This challenges conventional assumptions about size-governed
transport and highlights the unique interplay between mucus and
nanocarrier surface characteristics. The results provide essential
guidance for designing LNCs intended for oral administration by
prioritizing mucus-interaction over mere size reduction.

Expanding on FRET’s quantitative potential, subsequent
research refined methods for estimating the proportion of intact
FRET nanocarriers by generating calibration curves from mixtures
of FRET-, Dil-, and DiD-loaded LNCs'**. This approach enabled
accurate in vitro and in vivo analysis of FRET nanocarriers’
behavior as well as their encapsulation stability'*. The data
revealed that serum exerts a particularly disruptive effect on LNC
stability, whereas LNCs can maintain integrity for a longer time
after being internalized in cells or injected intravenously than lipid
nanoemulsions'?>. These insights provide a nuanced understand-
ing of nanocarrier-environment interactions and support the design
of delivery systems that can withstand systemic and intracellular
conditions.

In conclusion, this section presents the role of FRET in un-
derstanding the dynamics of LNCs, emphasizing their PK prop-
erties and interaction with various environments. This analysis
illustrates the importance of advanced research in nanocarrier
design for improved medical applications.

3.3.2.  Micelles

The stability of micelles in the bloodstream is critical for effective
drug delivery, as premature disintegration results in uncontrolled
release of therapeutics, undermining the precision and efficacy of
micelles'?*'?’. To address such challenges, researchers have
employed FRET as a powerful tool to probe micellar integrity
across various biological contexts.

One significant advancement involves the use of LSS fluo-
rophores such as succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl) amino)hexanoate (NBD-X) and 1-(3-azidopropyl)-4-
{2-[6-(diethylamino)-2-benzofuranyl]ethenyl } -3-sulfopyridinium
inner salt (MS735), conjugated to polyethylene glycol-block-poly
(e-caprolactone) (PEG-PCL), serving as donor and acceptor,

respectively, to more effectively assess the integrity of PEG-PCL
micelles®. By optimizing donor-to-acceptor ratios to avoid self-
quenching, researchers achieved more reliable measurements of
micellar integrity, as shown in Eq. (7):

F475/735

Integrity (%) = {150 X ( ) —81} x 100% (7)

545/735

It was developed through a process that involved mixing
Micellep  a (8% donor and 5% acceptor), micellep, and micelle
in various ratios. The in vivo data showed that about 60% of the
micelles administered intravenously remained intact during blood
circulation®®. These findings not only validate the probe design but
also reinforce the importance of minimizing self-quenching for
accurate tracking of nanocarriers.

In another study, FRET molecules, 3,3'-dioctadecylox-
acarbocyanine perchlorate (DiO) and Dil, were encapsulated to
investigate the stability of self-assembled polymeric micelles
(PMs) made from poly(p,L-lactide-co-2-methyl-2-carboxytrimet
hylenecarbonate)-g-poly(ethylene  glycol) (P(LA-co-TMCC)-g-
PEG)''*. Stability was analyzed in fetal bovine serum, globulins,
and albumin using the FRET ratio /Is¢s/(Is65+1501), Which correlates
to the extent of PM decomposition''*. The results demonstrated that
FRET is a convenient tool for assessing the stability of micelles in
biologically relevant environments when coupled with chromatog-
raphy and light scattering technology''*.

Further, FRET dyes cyanine dye 5 (CyS5) and cyanine dye 5.5
(Cy5.5) were covalently linked to a limited number of PEG-PCL
and PEG-block-poly(p,L-lactide) (PEG-PDLLA) polymer chains,
forming FRET micelles, thereby enabling the assessment of
micellar structural stability®®. The study proposed a direct pro-
portionality between the micelle content in the solution (micelle
%) and the FRET efficiency, allowing for the deduction of micelle
integrity from FRET efficiency®. These FRET micelles were
instrumental in showing that micelle integrity is influenced not
only by serum proteins and mechanical forces like shear stress, but
also by polymer composition and fluorophore distribution®’.

Studies comparing self-assembled mPEG-PDLLA with disul-
fide (DS) bonded methoxypoly(ethylene glycol)-(cysteine)4-poly
(p,L-lactic acid) (mPEG-(Cys)4-PDLLA) micelles by FRET
probes (DiO and Dil) revealed that DS micelles exhibit enhanced
stability in reductive intracellular environments, highlighting how
responsive crosslinking strategies can improve intracellular de-
livery precision'?®.

Similarly, the use of DS-crosslinked Pluronic polymeric mi-
celles using the zebrafish larval model underscored the role of
crosslinking in maintaining micellar integrity during systemic
circulation, as indicated by FRET'?. The FRET ratio was
calculated to report the integrity of PMs in vitro and in vivo. These
PMs exhibited higher FRET ratios compared to their non-
crosslinked counterparts, demonstrating that covalent stabiliza-
tion strategies can meaningfully enhance structural robustness
and, consequently, delivery performance'?’. Moreover, their re-
sults showed that intact micelles were mainly excreted through
bile after breaking down into polymers in zebrafish'*°.

The integration of a newly synthesized triblock amphiphilic
copolymer was used to create micelles, which were then modified
with piperazine''®. The micelles were labeled with IR-780 and

fluorescein isothiocyanate; MeTTMN, 2-((5-(4-(dip-tolylamino)phenyl)thiophen-2-yl)methylene)malononitrile; MS735, 1-(3-azidopropyl)-4-{2-[6-(dieth-
ylamino)-2-benzofuranyl]ethenyl}-3-sulfopyridinium inner salt; NBD-X, succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)hexanoate; PDMS,

poly-dimethylsiloxane; Rhod B, rhodamine B; TPB, tetraphenylborate.
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newly synthesized IR-780-poly-dimethylsiloxane (PDMS) as a
FRET pair. The intracellular fate of micelles in HeLa cells was
analyzed using fluorescence imaging combined with FLIM. Such
methodologies offer high-resolution insights into the intracellular
processing of nanocarriers, informing the design of materials with
optimal biocompatibility and degradation profiles.

In the work by Guo et al.'*°, the use of FRET pairs (Cy5/
Cy35.5) further revealed that polymer composition, particularly the
length of hydrophobic blocks, and the method of micelle prepa-
ration significantly influence micelles’ stability during circulation
and tumor accumulation. These observations suggest that micelle
design parameters can be fine-tuned for enhanced therapeutic
targeting and retention in disease sites.

The diverse array of studies reviewed here underscores the
versatility and significance of FRET in assessing the stability and
intracellular destiny of micelles. This comprehensive analysis
highlights the pivotal role of FRET in advancing our under-
standing of micelle behavior in varied biological environments
and therapeutic contexts.

3.3.3. NCs

NCs represent a transformative advancement in drug delivery,
particularly for oral administration, where stability through the GIT
tract and efficient absorption remain key challenges. FRET tech-
nology has emerged as a crucial tool for probing the stability and
distribution of NCs in biological systems. The following studies
collectively deepen our understanding of how NC morphology,
integrity, and cellular interactions impact therapeutic outcomes.

In one study investigating the oral delivery potential of puer-
arin (PU) NCs for Parkinson’s disease, FRET-loaded DiO/Dil/PU-
NCs were utilized to track NC integrity post-gavage in zebrafish.
The effectiveness of this FRET system was then quantified by
calculating the FRET ratio. The marked difference in FRET ratios,
0.85 for intact vs. 0.25 for disintegrated NCs, enabled real-time
visualization of NC transit and accumulation in both the intes-
tine and brain of the fish'*'. This study demonstrates the feasi-
bility of using FRET to evaluate oral NC stability and CNS
targeting, a significant step forward for treating neurodegenerative
diseases via non-invasive routes.

Another study focused on paclitaxel (PTX) hybrid NCs, which
used FRET (DiO and Dil) efficiency changes before and after
acceptor photobleaching to confirm intact NC transport through
Madin-Darby canine kidney cells monolayer'*>. FRET efficiency
was calculated as shown in Eq. (8):

(Dpost - Dpre)

FRETefficiency = D
post

(8)
where Do is the fluorescence intensity of the donor after the
acceptor was bleached, and Dy, is the fluorescence intensity of the
donor before bleaching. The change in FRET efficiency is indic-
ative of the distance between two fluorophores. The stable FRET
signal post-internalization indicated that NCs were absorbed in an
intact state'*?. This supports the notion that well-designed NCs
can maintain structural integrity during transcellular transport,
enhancing their bioavailability and therapeutic precision.

The influence of NC morphology on oral delivery efficiency
was investigated using FRET (DiO and Dil)-labeled lovastatin
NCs of varying shapes: spherical (SNC), rod-shaped (RNC), and
flaky (FNC)'**. RNCs exhibited superior mucus permeability
and transepithelial transport, correlating with enhanced cellular

uptake'*®. These findings highlight the significance of particle
geometry in optimizing NC interaction with biological barriers.
Extending this work, biodistribution studies demonstrated that
RNCs exhibited prolonged GIT retention and preferential
accumulation in the liver''>. This morphology-driven bio-
distribution not only improved antihyperlipidemic efficacy but
also emphasized how tailored NC shapes can modulate organ-
specific delivery, offering a promising strategy for site-targeted
therapeutics.

In a complementary approach, researchers combined coumarin
6 (C6) with 2-((5-(4-(dip-tolylamino)phenyl)thiophen-2-yl)meth-
ylene)malononitrile (MeTTMN) to form a FRET pair capable of
simultaneously tracking drug dissolution and NC integrity'"’.
Their optimized FRET system allowed distinction between intact
NCs and released drug, revealing that oral absorption of C6 NCs
predominantly occurs via the dissolved form of the drug. And the
method for calculating FRET efficiency was detailed in a previous
publication'**. This underscores the importance of distinguishing
between particle-mediated and solution-mediated absorption,
which is critical when designing NCs for controlled release or
targeting specific absorption sites.

Thus, FRET emerges as a vital tool in elucidating the mech-
anisms of NC drug delivery, shedding light on the interactions of
NCs within biological systems. The research underscores the
importance of particle design and morphology in drug efficacy,
emphasizing the need for continued advancement in NC research
to enhance drug delivery systems.

3.3.4.  Nanoparticles

To deepen our understanding of nanoparticle behavior in
biomedical applications, this section reviews a series of studies
using FRET technology. These investigations reveal critical in-
sights into the dynamics, stability, and functional efficacy of
different nanoparticle formulations.

One study employed FRET to evaluate the real-time dissoci-
ation and biodistribution of self-assembled lipidic nanoparticles
(SALNPs) composed of CdTe/CdSe/CdS/ZnS quantum dot cores
and Cy7’'. The observed FRET signal changes revealed rapid
detachment of Cy7-lipid from the nanoparticles upon tumor
accumulation, while NIR fluorescence imaging demonstrated
distinct spatial distribution patterns between the quantum dot
core and Cy7-lipid component in organs such as the liver and
spleen’!. This study highlighted the in vivo instability of SALNPs
and emphasized the importance of designing nanocarriers that
preserve structural integrity at the target site to improve thera-
peutic delivery.

Another study used FRET to investigate the intracellular hy-
drolysis process of ketal-crosslinked nanoparticles under varying
pH environments''®. By separately labeling batches of block co-
polymers with cyanine dye 3 (Cy3) and Cy5, researchers moni-
tored the degradation of nanoparticles in acidic environments''®.
The FRET ratio was calculated by dividing the fluorescence in-
tensity of the acceptor Cy5 at 667 nm by the emission intensity of
the donor Cy3 at 568 nm and plotted with time to visualize the
gradual decrease in ketal-crosslinked particles in different pH
environments. The pH-responsive degradation, confirmed through
both FRET and dynamic light scattering (DLS) measurements,
provided evidence for selective disassembly under pathological
conditions''. These results reinforce the value of pH-sensitive
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Figure 5 FRET nanocarriers for emission color-based integrity reporting. (A) Design concept: schematic of FRET-based nanocarriers that
signal structural integrity via emission color change. Key components: medium-chain triglyceride oil Labrafac WL (core), PEGylated surfactant
Cremophor ELP (interface), and lipophilic cyanine dyes Cy5.5LP and Cy7.5LP (including bulky hydrophobic counterions). These dyes enable
FRET for real-time monitoring of nanocarrier integrity in biological environments. (B) In vivo disintegration tracking: NIR fluorescence imaging
of healthy nude mice after injection of NIR-FRET lipid NCs (1% Cy5.5LP + 1% Cy7.5LP) versus control NCs (1% Cy5.5LP only). Panels show
(top) Cy5.5LP channel (700 nm), (middle) Cy7.5LP channel (820 nm), and (bottom) ratiometric (acceptor/donor) images (4.x = 630 nm). Time-
lapse imaging reveals: 1) increasing Cy5.5LP intensity (peaking at 24 h) and declining FRET signals in FRET NCs, indicating disintegration; 2)
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crosslinkers in developing smart delivery vehicles that disas-
semble at disease sites for controlled drug release.

In the context of prodrug-based systems, FRET was instru-
mental in monitoring the stability of squalene-linked gemcitabine
(SQGem) nanoparticles after systemic administration*!. Using
Cy5.5 and cyanine dye 7.5 (Cy7.5) attached to squalene, re-
searchers quantified nanoparticle integrity via a calibration curve
derived from the FRET PR. The rapid decline in FRET signal
within 2 h post-injection revealed the transient nature of SQGem
stability in circulation®'. This underscores the challenge of
ensuring nanoparticle stability while achieving timely prodrug
activation, which is crucial for effective therapeutic outcomes.

Expanding the scope to drug release kinetics, a novel
J-aggregate-based FRET'*® approach was used to compare poly-
meric nanoparticles with high (50%, w/w; Waye/ Waye + polymer) and
low (0.5%, wiw; Waye/ Waye + polymer) drug-loading capacities. The
appearance of a distinct red-shifted FRET peak in high-loading
formulations, coupled with DMSO dissolution studies, uncovered
a two-step release process in both cellular and serum environments,
involving dye aggregates dissolved within the polymer shell, fol-
lowed by the breakdown of the shell, releasing dye molecules'.
This dual-phase release mechanism explains the slower drug release
observed in high-loaded nanoparticles and provides insight into
how drug loading modulates release profiles, an important consid-
eration for dose optimization and sustained delivery'*>.

In another key advancement, FRET analysis was applied to
pH-responsive nanoparticles designed for protein delivery across
cellular barriers''®. Using fluorescein isothiocyanate (FITC) and
rhodamine B (Rhod B) as the FRET pair, researchers tracked the
conformational shifts and dissociation of pH-responsive CS-N-
Arg/y-PGA-Tau nanoparticles in response to pH changes,
revealing efficient protein transport under intestinal conditions'">.
This study demonstrates the utility of FRET in visualizing
macromolecule transport mechanisms and supports the develop-
ment of pH-sensitive carriers tailored for oral protein delivery.

Collectively, these studies enhance our understanding of
nanoparticles, from their structural integrity in biological systems
to their potential in targeted drug delivery. The diverse applica-
tions of FRET technology in these investigations offer invaluable
insights, paving the way for future advancements in nanoparticle-
based therapies and diagnostics.

3.3.5.  Nanoemulsions

The field of nanoemulsions is increasingly recognized for its po-
tential in drug delivery and cancer targeting. Their biocompati-
bility, biodegradability, and ability to encapsulate various
therapeutic agents make them a key area of study. However, un-
derstanding their in vivo integrity remains a major challenge for
their biomedical application.

One of the significant contributions to this field was conducted
by Bouchaala and co—workersloo, who conducted and published
the first report on the direct quantitative analysis of intact nano-
carriers in living mice by FRET. They have explored the use of
fluorescent nanoemulsion droplets, around 100 nm in size, which
encapsulate lipophilic Cy5.5 (Cy5.5LP) and Cy7.5 (Cy7.5LP).
These probes are stabilized with a bulky hydrophobic counterion,
TPB, to enhance brightness and enable efficient FRET within the

lipid nanocarriers (Fig. 5A). This approach has allowed for
quantitative fluorescence ratiometric imaging to monitor nano-
carrier integrity directly in the blood circulation, liver, and tumor
xenografts of living mice. Remarkably, these studies revealed that
the integrity of FRET-enabled nanocarriers in the bloodstream of
healthy mice remained at 93% up to 6 h post-administration
(Fig. 5B), decreasing to 66% in the liver with a half-life of
8.2 h. Furthermore, these nanocarriers showed efficient tumor
accumulation, maintaining 77% integrity at 2 h before reducing to
40% at 6 h. This methodology offers a robust way to evaluate
nanocarrier integrity in vivo, demonstrating that nanoemulsion
droplets are stable nano-objects, mainly releasing their contents
after entering tumor sites. In summary, this research underscores
the importance of understanding nanocarrier integrity for effective
drug delivery. The use of FRET in nanoemulsions offers a
powerful tool for assessing their stability and functional efficacy
in real biological systems, thereby contributing significantly to the
advancement of nanomedicine.

3.3.6.  Others

This section expands the exploration of FRET applications by
focusing on a diverse array of other nanocarrier systems, each
revealing specific aspects of carrier behavior in biological
environments.

The first study on C6-loaded nanostructured lipid carriers
(NLCs) of varying sizes (100, 200, 300 nm) utilized the FRET pair
DiO/Dil to evaluate how particle size affects nanocarrier integrity
across different biological media'*®. The change in the FRET ratio
represents the change in NLC integrity, which is calculated as in
equation (9):

F.
FR (%) = ——— x 100% (9)

(Fo+Fi)

where F; and F, are the fluorescence intensities at 564 and
504 nm, respectively. While all formulations remained stable in
simulated buffer solutions, only the 100 nm NLCs displayed the
most stable FRET signal in blood, suggesting that smaller parti-
cles may better resist physiological shear stress and protein in-
teractions'*®. These findings support prioritizing size-optimized
NLCs for oral drug delivery, where systemic stability is essential.

Moving into stimulus-responsive systems, the development of
self-sensing porphysomes provided a powerful example of using
FRET signal shifts to monitor nanocarrier structural changes for
photothermal therapy (PTT). This system used
bacteriopheophorbide a-lipid and pyropheophorbide-lipid as a
FRET pair to enable real-time structural assessment. When intact,
the nanocarrier exhibits a specific fluorescence ratio (F799 nm/F720
am = 4), which shifts towards 0.25 upon destruction'”. In the
experimental part involving KB tumor xenograft model mice, the
dynamic FRET ratio changes were tracked for 48 h post-intravenous
injection, revealing the accumulation of intact nanocarriers in the
tumor'®’. This illustrates the potential of embedding diagnostic
functionality within therapeutic carriers, which is a strategy central
to the development of theranostic nanomedicines.

In ocular drug delivery, dual-carrier systems, such as the
dexamethasone-loaded ~ hydroxypropyl-G-cyclodextrin ~ com-
plex@liposome nanocomposites, demonstrated how FRET (Cy5.5
and Cy7) can simulate different states of carrier integrity through

approximately 30-fold decrease in acceptor/donor ratio, visualized as a ratiometric color shift (red — blue); 3) control NCs showed no FRET
activity, enabling vascular imaging shortly post-injection (though with reduced detail versus FRET NCs). Results from three independent mice
confirm diagnostic potential for real-time in vivo tracking. Reprinted with the permission from Ref. 100. Copyright © 2016 Elsevier.
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ratiometric analysis>®. By mixing different proportions of FRET
carriers, the study simulates various levels of carrier integrity,
creating a calibration curve for FRET efficiency’®. The results
indicated that the intact cyclodextrin complexes can pass through
the human conjunctival epithelial cell well, and the dual-carrier
system showed enhanced effectiveness in delivering drugs to the
eye’s posterior segment in rabbit models®®. This paves the way for
more effective treatments of posterior eye diseases that currently
lack efficient drug delivery systems.

Further reinforcing this concept, Zhu et al.”® developed a novel
FRET quantification method linking FRET fluorescence signal
intensity to Cy7 content to overcome the limitations of static ratio-
based analyses, enabling dynamic assessment of liposomes and
cyclodextrin@liposome nanocomposites integrity in ocular drug
delivery. Their findings revealed that PEGylation and glycine
sarcosine modification enhanced conjunctival-scleral penetration
while preserving liposome integrity. FRET further demonstrated
dual-carrier nanocomposites’ unique advantages: outer liposomes
shielded inner cyclodextrin complexes, enabling sustained
choroid-retina drug delivery. By bridging real-time structural
monitoring with therapeutic outcomes, FRET emerged as an
indispensable tool for rational ocular drug nanocarrier design.

Su and colleagues’® employed FRET (C6 and Rhodamine 123)
to distinguish between the transcytosis and degradation phases of
a hypoxia-inducible factor-1 inhibitor (BAY 87-2243)-loaded
liposomal system with hyaluronic acid (HA) crosslinking and low
molecular weight protamine modification. FRET analysis revealed
sustained energy transfer signals during endothelial transcytosis,
confirming structural integrity preservation. Conversely, HAase-
triggered degradation in tumor cells disrupted the energy trans-
fer process, correlating with the cargo release. This dual-phase
monitoring approach enables a precise evaluation of tumor-
specific degradation mechanisms, informing the rational design
of environment-responsive carriers.

In an intracellular context, FRET imaging (Dil and DiD) was
leveraged to investigate the intracellular fate of calcium alginate-
based nanocarriers in keratinocytes'*®. A marked change in fluo-
rescence ratios indicated whether the carriers remained intact or
had disintegrated. The results demonstrated that while only a
minor portion of the intact nanocarriers could penetrate the cell,
they rapidly disassembled upon internalization to release their
contents'*®. This illustrates FRET’s utility at the cellular level and
informs future efforts to engineer nanocarriers for efficient intra-
cellular drug release.

Lastly, studies evaluating the brain targeting capability of li-
posomes and lipid disks modified with ligands employed multi-
dye FRET labeling (DiO, Dil, and DiD) to track the interaction
with the blood-brain barrier (BBB) and blood—brain tumor barrier
(BBTB)'*°. The characteristic emission of DiD after DiO excita-
tion serves as an indicator of the integrity of nanocarriers. Fluo-
rescence detection in in vitro models of BBB and BBTB, as well
as in mouse brains, demonstrated the ability of these nanocarriers
to penetrate these barriers while maintaining their integrity'*.
These results guide the engineering of lipid-based platforms for
effective CNS drug delivery.

Each of these studies presents a unique application of FRET in
nanocarrier research. From assessing the stability of nanoemulsions
in living mice to exploring the integrity of lipid disks across the
BBB, the range of applications illustrates the breadth of possibilities
in nanocarrier research. An ideal nanocarrier should possess high
structural integrity after crossing the existing tissue barriers so as to

improve the efficiency of the drug delivery system. Conclusively,
this section underscores the adaptability and effectiveness of FRET
in advancing our understanding of nanocarriers.

4. AIE
4.1.  Rationale of AIE and AIE-based nanocarrier imaging

Conventional NIR fluorophores often suffer from ACQ, exhibiting
weak or no emission at high concentrations or in aggregated
states'*’. This quenching arises primarily from - stacking and
other nonradiative pathways. As these molecules have highly
hydrophobic emitting centers, they are prone to aggregation in
biological media, compromising imaging clarity and efficacy'*'.
In 2001, Tang and colleagues introduced the concept of AIE'*,
which fundamentally contrasts with ACQ. Unlike ACQ fluo-
rophores, AlEgens exhibit minimal to no emission in their dis-
solved state; however, in their aggregated state, AIEgens emit
strong fluorescence. This abnormal fluorescence emission of
AlEgens in their solid state is due to the nonplanar structure of
AlEgens, which helps prevent m—7 stacking interactions between
molecules, thereby enhancing the fluorescence performance of
these molecules'**. To be specific, bulky and twisted structures are
a common feature of dyes that display AIE'*,

Beyond fluorescence imaging, many AlEgens also function as
photosensitizers (PSs) with photodynamic or photothermal prop-
erties. A crucial feature contributing to these properties is their
low energy gap between the lowest singlet state (S;) and the
lowest triplet state (T;), known as AEst. This feature promotes the
intersystem crossing (ISC) process, which, especially in their
aggregated state, is likely to efficiently generate singlet oxygen
('0,) upon exposure to light (Fig. 6A) and can be used for image-
guided photodynamic therapy (PDT). Additionally, because pho-
tothermal materials often possess the ability of photoacoustic
imaging (PAD)'**, AlEgens with twisted intramolecular charge
transfer (TICT) phenomena can be used in PAI-guided PTT'#¢'47,
While AIE molecules have also been designed to effectively
combine NIR-II FLIM, PAI, and photothermal imaging (PTI) for
trimodal imaging, alongside synergistic PDT and PTT'*¥, the
primary focus of this review is on the precise tracing of nano-
carriers, acknowledging these broader diagnostic and therapeutic
applications.

Understanding the AIE mechanism is critical for the rational
design of next-generation AlEgens (Fig. 6B). The prevailing
explanation, restriction of intramolecular motion (RIM), encom-
passing both rotation and vibration, has been recognized as the
general working mechanism of AIE (Fig. 6B). For example, Tet-
raphenylethene (TPE), a classic AlEgen, dissipates excited-state
energy nonradiatively through phenyl ring rotations in solution.
Upon aggregation, these motions are restricted, resulting in fluo-
rescence via radiative decay, a process known as restricted intra-
molecular rotation (RIR) (Fig. 6B). For AlEgens lacking freely
rotatable rotors, such as 10,10',11,11’-tetrahydro-5,5'-bidibenzo[a,
d] annulenylidene and 5,5'-bidibenzo[a,d] annulenylidene, re-
striction of intramolecular vibration (RIV) accounts for the fluo-
rescence enhancement with the help of quantum mechanics and
molecular mechanics calculations (Fig. 6B)'*°. According to the
RIM mechanism, it can be inferred that not only aggregation but
also structural rigidification in high-viscosity media, low-
temperature environments, and embedding of chromophores in
rigid matrices can lead to significant emission'>°. Hence, the term
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Figure 6  AlEgens for photodynamic therapy and nanocarrier labeling. (A) Photophysics of AlEgens for PDT: Jablonski diagram illustrating
the photophysical behavior of AIEgens. Aggregation reduces the S;—T; energy gap (AEst), enhancing intersystem crossing (ISC) and enabling
efficient 'O, generation upon light irradiation. This facilitates their use as precise, image-guided PDT agents. (B) AIE mechanism: schematic
contrasting molecular motion in solution (causing non-radiative decay and emission quenching) with restricted intramolecular motion (RIM) in
the aggregated state (resulting in strong fluorescence). (C) AIEgen-labeled nanocarrier integrity sensing: partial degradation releases AlEgens into
the aqueous environment, where dissolution quenches their fluorescence. Intact nanocarriers retain aggregated AIEgens, maintaining strong
emission.

“AIE” does not imply that aggregation is the only pathway to These studies show that the nonradiative decay rate (k) of an
emission. AlEgen drastically decreases, by up to four orders of magnitude,

Both experimental data and theoretical simulations, including in an aggregated state. Meanwhile, the radiative decay rate (k)
quantum chemical calculations, support the RIM mechanism. remains relatively unchanged, regardless of whether the AIEgen is
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in a molecular or aggregated state'>"'>%. While RIM is the pre-
dominant mechanism, several other explanations have been pro-
posed for the notable k, of the AlEgens in solution, including E/Z
isomerization, photocyclization, rotation of phenyl rings, rotation
of double bonds, easy access of conical intersection, and so on'>*"
156 Additionally, phenomena such as the formation of
J-aggregates, conformational planarization, and excited-state
intramolecular proton transfer can also partially explain the AIE
phenomenon'>"-1%8,

While many AIE mechanisms are well established, emerging
systems still require further investigation. For example, some
electron-rich nonconjugated polymers with AIE properties exhibit
clustering-triggered emission or intramolecular through-space
conjugation, offering new mechanistic insights'>*'%°. Certain
AlEgens also display crystallization-induced emission'®!'62,
where strong emission only occurs in crystalline states due to
tighter intermolecular interactions'®*!%*, Furthermore, some novel
AIE systems demonstrate exceptionally high excited-state emis-
sion levels'ﬁs, the origins of which still await further theoretical
and experimental elucidation.

Building on the understanding of AIE mechanisms, particu-
larly RIM, these principles have been exploited to design
advanced nanocarrier imaging systems. In the context of nano-
carrier imaging, AlEgens are valuable due to their environment-
responsive fluorescence. When encapsulated within nanoparticles,
they emit fluorescence upon aggregation (Fig. 6C), and this
emission is closely linked to nanocarrier integrity'**. AIEgens can
be incorporated into various nanocarriers either through covalent
or noncovalent bonds'®'®’. Key design considerations for
AlEgen-based nanocarriers include ensuring a uniform distribu-
tion of AlEgens within the nanocarriers and maintaining a low
background signal. In this context, a polymer matrix is often
employed as a protective layer, minimizing the exposure of the
AlEgen core to aqueous media and encapsulating the molecule to
form nanoparticles.

Water-soluble AlEgens are particularly advantageous for bio-
logical research, as they emit within lipophilic nanocarrier in-
teriors and are quenched upon release into aqueous
environments'®®. This reaction leverages the environment-
responsive nature of AlEgens, providing a method to monitor
the fate of intact nanocarriers*®. In contrast, hydrophobic AIEgens
may retain some fluorescence post-release by forming aggre-
gates'®. Nevertheless, several studies have utilized hydrophobic
AlEgens to track nanocarriers' 7!, The rationale is that AlEgens
released into the ambient environment may be diluted, and the
probe concentration is too low to cause aggregation-induced
fluorescence, so the leaked probes may not cause much substan-
tial interference.

Beyond acting as external labels, some AlEgens can be
directly integrated into nanocarrier backbones, eliminating the
need for additional encapsulation or conjugation steps'’>. These
self-indicating nanocarriers emit fluorescence only when intra-
molecular motion is restricted by the nanostructure'”?.

Furthermore, FRET interactions between AIEgens and thera-
peutic agents, such as doxorubicin (DOX) and TPE'"*!73 enable
simultaneous monitoring of drug release and nanocarrier
behavior. However, the complexity of such systems demands
careful analysis to accurately interpret fluorescence origins and
dynamics. Altogether, these diverse strategies demonstrate the
versatility of AlEgens in designing multifunctional, responsive
nanocarrier systems that combine imaging precision with thera-
peutic functionality.

4.2.  Structural engineering of AIEgens for NIR imaging

Optimizing the photophysical properties of AIEgens is essential to
expanding their utility in biomedical imaging. One major limita-
tion of commonly used AlEgens is that their excitation and
emission wavelengths mostly fall within the visible spectrum. This
restricts tissue penetration and results in interference from tissue
autofluorescence, thereby confining most applications to intra-
cellular observations. Since cells are the ultimate destinations for
nanocarriers, understanding intracellular behaviors such as drug
release dynamics, cellular uptake, intracellular distribution,
metabolism, and efflux is critical'’®. Nevertheless, in vivo imaging
is ultimately more desirable for elucidating the complete biolog-
ical fate of nanocarriers.

To overcome this limited optical window, extensive efforts
have focused on engineering AIEgens that absorb and emit in the
NIR region. A widely adopted strategy involves tuning the mo-
lecular structure based on the intramolecular charge transfer (ICT)
principle. This typically includes reshaping the molecular struc-
ture to make it more planar, enhancing the level of conjugation, or
doping the compound with other atoms. Collectively, these
changes aim to endow the compound with a structure that facili-
tates electron push-pull dynamics, effectively red-shifting the
emission wavelength'”’.

For instance, Wang and co-workers'’® combined a strong
electron donor—acceptor interaction with extended m -7 conju-
gation to facilitate the ICT of AlEgen TTVP; additionally, the
twisted conformation of its triphenylamine fragment further in-
creases the intermolecular distance, suppressing 7 — interactions-
induced quenching between molecules, which results in longer
absorption and emission wavelengths.

Similarly, incorporating certain molecular structures can aid in
developing AlEgens that emit at longer wavelengths. TPE, known
for its propensity to form helical structures and strong electron-
donating capabilities, can serve as such a functional fragment. The
fluorescence properties of these molecules can be modulated by
attaching them to electron-withdrawing groups and controlling the
intramolecular push-pull electron interactions'’*'®!. TCAQ is
famous for its special aromatic structure and strong electron-
withdrawing effect'®>. In the AIE photosensitizer TPETCAQ,
TCAQ modification leads to a pronounced ICT from the two
methoxy groups to TCAQ. This strong electron-withdrawing
capability of TCAQ imparts TPETCAQ with the ability to emit in
the NIR spectrum]83.

Moreover, structure-activity relationships reveal that site-
specific modifications can exert differential effects on the pho-
tophysical properties of AlEgens. Importantly, many AIEgens
summarized in Table 2*46-73173178183-190 a6 derivatives of
archetypal fluorophores like TPE'”"°2, underscoring the
importance of rational molecular design in tailoring functional
imaging agents.

In terms of wavelength-dependent trade-offs, visible-range
probes exhibit high quantum yields (QYs, >20%) and biocom-
patibility, yet are restricted to superficial imaging due to strong
scattering and autofluorescence (<1 nm depth)'®*. NIR-I probes
extend imaging depth to moderate penetration (5—10 mm) with
reduced scattering and acceptable QYs (4%-8%), but often
suffer from lower signal-to-background ratios (SBR~3-5) and
limited resolution in dense tissues'**. Tn contrast, NIR-II AIE-
gens offer deep tissue (e.g., cerebral vasculature, tumors)
penetration (>3 cm, up to 11 cm for NIR-IIb) and exceptional
spatial resolution due to minimal autofluorescence and photon

8
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Table 2  Typical AIE probes utilized in bioimaging investigations.
Name Chemical structure Aex/Aem (NM/NM) Ref.
TPE 350/450 44
THPE 350/450 46
DPA-SCP 460/620 73
TPECM 410/615 173
TTVP 480/708 178
TPETCAQ Broad absorption from 300 to 700, 183
with two peaks centered at
360 and 520/820
QM-2 488/657 184
TPS-NCS 405/505—525 185
JIEEIE 440/650 186
TPE-TPA-DCM 502/660 187
NPAPF 500/640 188
Compound 4 460/645 189
PBPTV 700/960 190

DPA-SCP, diphenylamino-salt a-cyanostilbene pyridinium; PBPTYV, pyridal[2,1,3]thiadiazole-based semiconducting polymer; QM-2, quinoline-
malononitrile-2; THPE, tetrakis(4-hydroxyphenyl) ethylene; TPE, tetraphenylethene; TPE-TPA-DCM, 2-(2,6-bis((E )-4-(phenyl(4'-(1,2,2-
triphenylvinyl)-[1,1-biphenyl]-4-yl)amino)styryl)-4H-pyran-4-ylidene)malononitrile; TPS-NCS, isothiocyanate-functionalized tetraphenylsilole.

scattering'®®. Although they exhibit lower QYs (0.1%-11.5%)
due to non-radiative decay dominance, their high SBR (>30)
and depth performance justify this trade-off. Notably, NIR-II
AlEgen like BPBBT@human serum albumin combine high
brightness and photothermal efficiency for image-guided ther-
apy in deep tissues'®®. Thus, visible/NIR-I probes excel in high-
sensitivity superficial diagnostics, while NIR-II AIEgens are
indispensable for precision theranostics and deep-tissue nano-

carrier tracking'®?.

4.3.  Al-driven design of AIEgens

Beyond empirically optimizing traditional AIE molecules, artificial
intelligence (Al), including machine learning (ML), computational
modeling, etc., accelerates the discovery and optimization of new
AlEgens with tailored functionalities'®’. For instance, ML models
trained on molecular descriptors from 1245 reported AIEgens
successfully predicted three new structures AIEgens with custom-
ized spectral properties; these were synthesized and validated for
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cellular and biomedical deep fluorescence imaging'*®. Similarly,
automated combinatorial workflows driven by Al predictions have
streamlined the synthesis of AIEgens for stabilizing hydrophobic
nanoparticles'®’. Crucially, Al synergizes with AIEgens to enable
advanced applications. Hua et al.>°® developed AIEgen-Deep, an
integrated platform combining AlEgens, deep learning, and the
Segment Anything Model, achieving high-accuracy discrimination
between healthy and malignant cells for early cancer detection.

Returning to Al-driven design of AlEgens, Al has shown
promise in predicting the interaction between molecules and
biological targets such as proteins®' and cells**?, potentially
guiding the design of receptor-specific AIEgens for targeted de-
livery. Concurrently, Al's capacity to decode complex datasets
could possibly facilitate multiplexed sensing by engineering
AlEgens that simultaneously detect multiple analytes (e.g., ions,
disease biomarkers), enhancing diagnostic efficiency®”.

Despite these advances, significant challenges persist: (1) data
scarcity-limited experimental data on AIE-biological interaction
constrains prediction accuracy’™; (2) translational gaps-Al-
designed molecules may exhibit unforeseen in vivo toxicity or
instability, requiring extensive validation®®>; (3) interdisciplinary
barriers-effective implementation requires close collaboration
among computational scientists, chemists, and biologists.
Addressing these limitations is essential to fully harness Al-
AlEgen synergy for precision biomedicine, while there is no
doubt that the future of Al-driven AIEgen design is bright.

4.4.  Challenges in AIEgen-based nanocarrier imaging

Despite the structural and spectral advances discussed, several
challenges persist in the application of AIEgens for precise nano-
carrier tracking. A fundamental limitation is the absence of internal
calibration standards for absolute nanocarrier concentration quan-
tification in vivo, compounded by poorly defined correlations be-
tween AlEgen fluorescence intensity and intact nanocarrier
concentration. This quantification uncertainty is exacerbated by
unpredictable biological interference, particularly protein
adsorption-induced fluorescence enhancement that generates false-
positive signals. To overcome these barriers, experimental ap-
proaches that simulate the physiological degradation of nano-
carriers and systematically correlate fluorescence changes with
particle integrity should be prioritized. Furthermore, computational
methods, particularly Al-assisted molecular design, offer promising
avenues for developing next-generation AIEgens with minimized
nonspecific interactions and improved signal fidelity. These opti-
mized probes would allow for more accurate interpretation of
fluorescence signals about nanocarrier degradation, ultimately
advancing the precision of in vivo tracking applications.

False positives also arise from AlEgens’ intrinsic hydropho-
bicity, which may lead to reaggregation and fluorescence emission
after release from nanocarriers. One solution involves the devel-
opment of water-soluble NIR AlEgens through integrating high
donor-acceptor strength with hydrophilic units into a propeller-
shaped molecular structure'’®. However, even with improved
solubility, AlEgens might still non-covalently bind to bio-
macromolecules, which can restrict intramolecular motion, reac-
tivating fluorescence even in the absence of intact carriers.
Consequently, additional strategies are required to eliminate such
false-positive signals from released AIE agents.

Moreover, preventing off-target aggregation or fluorophore
leaching to ensure in vivo stability and accuracy of AlEgen-
labeled nanocarriers requires deliberate engineering. Key

strategies include: firstly, covalently conjugating AIE probes to
nanocarriers>®® or using tight encapsulation®”’ to prevent leaching
and enable quantifiable, high-fidelity tracking of nanocarrier bio-
distribution. Secondly, surface engineering with targeting ligands
minimizes off-target effects®®. Incorporating stimuli-responsive
linkers in the AIE nanocarrier’s design is also beneficial
for controlled release®®. Thirdly, enhancing structural rigidity
via crosslinking AIE nanoparticles or optimizing particle size
can effectively help particles resist dissociation in biological
fluids™*°.

Feasibility verification methods include calculation of SNR,
tumor-to-background ratio (TBR), fluorescence retention, and co-
localization coefficients. Additionally, in vivo and ex vivo (organs)
biodistribution studies provided direct evidence of minimized off-
target aggregation and probe leaching. These quantitative pa-
rameters are discussed further in the application section.

Another underexplored but critical issue is the biocompatibility,
clearance, and immunogenicity of AIEgens'**. This is particularly
important for AIE molecules capable of generating reactive oxygen
species (ROS), which may interfere with biological processes or
compromise nanocarrier functionality. Table 2 serves as a
comprehensive summary of AlEgens as referenced in various
literature sources, aiming to offer a useful reference for researchers
selecting probes suited to their specific research objectives.

Like any other probe-labeled nanocarriers, the in vivo stability
and biodegradation of AIE-labeled nanocarriers are critical factors
affecting imaging performance. The physicochemical properties
of the carrier materials, such as polymer composition, surface
chemistry, and degradation rate, govern the nanocarrier’s struc-
tural integrity and its ability to retain the AIEgens over time.
Similarly, the encapsulation strategy (e.g., physical encapsulation
vs. covalent conjugation) plays a pivotal role in preventing pre-
mature leakage or degradation of the AlEgen. Furthermore, bio-
logical factors such as pH variations, enzymatic activity, and the
formation of protein corona can alter the carrier’s behavior,
potentially leading to signal loss or misinterpretation in imaging.
Critically, gradual degradation might cause a mismatch between
the fluorescence signal and actual nanocarrier presence, compli-
cating biodistribution analysis. To address these issues, recent
studies have focused on engineering AlEgens with enhanced
photostability and designing stimuli-responsive carriers that syn-
chronize degradation with signal deactivation; specific examples
are described in the application part.

Collectively, resolving quantification challenges while strate-
gically leveraging wavelength-dependent advantages will accel-
erate the translational impact of AIE technology in nanomedicine.
All these studies underscore the broad applicability and trans-
formative potential of AIE technology in nanomedicine. By
addressing distinct biomedical challenges, from gene therapy to
stem cell tracking and drug delivery, AIEgens demonstrate their
crucial role in advancing medical research and therapy, offering
innovative solutions that could redefine future approaches in
healthcare.

4.5.  Application of AIE in nanocarrier bioimaging

4.5.1. EVs

For the effective application of EVs as diagnostic or therapeutic
tools, it is essential to have noninvasive, continuous, and precise
methods for tracking their fate within the body. This level of
monitoring is crucial to understand and optimize their perfor-
mance and safety in vivo. In a study, Cao and co-workers®!!
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Figure 7  Comparative biodistribution analysis of AIE-EVs in healthy and ALI mice models. (A) In vivo and ex vivo tracking of AIE-EVs in
healthy mice (i) shows predominant liver accumulation with peak fluorescence at 1-day post-injection, persisting up to 6 days, and decreasing by
Day 12, indicating organ-specific clearance patterns (ii). The highest uptake is confirmed in the liver, followed by spleen, lungs, kidneys, and heart
(iii). (B) In ALI mice, AIE-EVs demonstrate enhanced liver affinity with more intense fluorescence signals compared to AlEgens (i), with
quantitative analysis revealing a 2.5-fold increase in liver fluorescence for AIE-EVs on Day 1, and a 1.5-fold increase on Day 7 (ii, iv). Ex vivo
imaging aligns with in vivo results, confirming the highest signals in the AIE-EV group (iii). These data underscore AIE-EVs’ potential for
targeted liver therapeutics. Reprinted with the permission from Ref. 211. Copyright © 2020 ACS.
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achieved reliable EV labeling by attaching the positively charged
diphenylamino-salt a-cyanostilbene pyridinium (DPA-SCP) to the
negatively charged EV membrane. The results show that DPA-
SCP has better photostability and higher labeling efficiency than
the commercial EV tracker PKH26 and Dil. At the in vitro level,
AlEgens could track EVs, and the intensity of the fluorescence
signals was dependent on the concentration of the AIEgens>''.
Moreover, the team used DPA-SCP to track EVs in healthy mice
and acute liver injury (ALI) models (Fig. 7)*!!, revealing AIE-EV
accumulation predominantly in the liver (peaking on Day 1, per-
sisting 6 days) with significantly decreased levels by Day 12,
while the kidneys maintained these signals, indicating renal
clearance (Fig. 7A (i, ii)). Ex vivo analysis, as illustrated in
Fig. 7A (iii), is consistent with in vivo imaging results. In ALI
mice, AIE-EVs also showed a pronounced affinity for the liver
(Fig. 7B (i))*'!, since AIE-EVs exhibited 2.5-fold stronger liver
fluorescence than free AlEgens, confirming targeted hepatic af-
finity (Fig. 7B (ii)), and ex vivo imaging corroborated these results
(Fig. 7B (iii—-iv)). This work demonstrates EVs’ (derived from
mesenchymal stem cells) intrinsic liver-targeting capability, sug-
gesting utility for hepatoprotective therapies with minimized off-
target effects. The clearance kinetics further informed dosing
schedules for chronic liver therapies®''. Similarly, in ischemia-
reperfusion acute kidney injury mice, DPA-SCP-tracked MSC-
EVs accumulated specifically in damaged kidneys over 72 h”°,
revealing innate tropism for injured tissues. Collectively, these
studies highlight AIE technology’s role in decoding organ-specific
EV biodistribution, enabling high-sensitivity tracking to advance
next-generation EV-based delivery systems.

4.5.2. NCs

The propeller-shaped TPE is a prototypical AIE molecule valued
for its photostability and high photoluminescent efficiency. Gao
et al.”'? formulated hybrid PTX NCs integrated with TPE,
monitoring fluorescence changes to track intracellular NC disso-
lution dynamics and cellular uptake kinetics.

While TPE enabled real-time dissolution monitoring to visu-
alize nanocarrier disintegration in live cells, its low solubility and
recrystallization limit practical utility, which underscores the need
for molecular engineering to improve tracking capability. The
derivative, tetrakis(4-hydroxyphenyl) ethylene (THPE), with 80
times greater water solubility, overcame these limitations*C.
Confocal microscopy and flow cytometry of THPE NCs in KB
cells exploited THPE’s AIE property for tracking, while integra-
tion with high-performance liquid chromatography (HPLC)
enabled PK modeling of cellular uptake®®. Overall, THPE’s
enhanced solubility permits reliable quantification of NC behavior
in biological environments*®. These studies demonstrate how
AlEgen evolution (TPE— THPE) resolves solubility constraints
while enabling unprecedented correlation between fluorescence
tracking and pharmacological modeling. This synergy provides a
template for rationally engineering nanocarriers with optimized
dissolution-uptake properties for precision drug delivery.

4.5.3.  Micelles

Micelles combined with AIE technology represent a frontier in
nanocarriers, enabling advanced tumor targeting, drug release
control, and real-time fate tracking. In a research study, Li and
colleagues'®* encapsulated micro-sized AlEgen,
quinolinemalononitrile-2 (QM-2) molecules through adjusting the
shape and size, within spherical nano-sized micelles made from
the amphiphilic block copolymer polystyrene-b-poly(acrylic

acid), which enhanced tumor-targeted imaging capabilities. This
demonstrates that the optimization of the AlEgen structure can
directly enhance its usability. Such insights could guide the design
of morphology-optimized AlEgens for hard-to-reach tumors.

On the other hand, most AlEgens are typically utilized as the
hydrophobic component in the formation of amphiphilic PMs,
rather than just being encapsulated within micelles for labeling
purposes. In the process of micelle formation by amphiphilic
polymers, AlEgens are usually located at the core of the micelles,
where they aggregate and emit fluorescence. When the micelle
structure disintegrates, the fluorescence energy is transformed into
non-radiative energy and dissipated. Yuan et al.'®® designed a
novel formulation by conjugating PEG with the AlEgen PS
TPETP via a ROS-cleavable thioketal (TK) linker, resulting in
TPETP-TK-PEG. This compound was used to form PMs encap-
sulating the drug DOX, referred to as AIE-NPs/DOX. Fluores-
cence confirmed micelle accumulation and retention in drug-
resistant cells, while these micelles could control the intracel-
lular release of DOX in a photo-responsive manner. The ROS-
triggered fluorescence-drug decoupling provides a real-time
“map” of carrier vs. drug location. This strategy could overcome
cancer resistance by ensuring precise intracellular drug activation
while minimizing off-target toxicity.

Further exploration of micelles leads us to amphiphilic co-
polymers like TPE-conjugated poly(aspartic acid)-block-poly(2-
methacryloyloxyethylphosphorylcholine). These micelles,
designed with DS bonds for redox responsiveness, efficiently
encapsulate drugs such as DOX and provide insights into their
release dynamics' . These micelles disintegrate in glutathione-rich
environments, with fading fluorescence signaling micelle break-
down and drug release. This fluorescence decay and drug release
correlation offers a noninvasive tool to monitor carrier stability.
Such systems could be adapted to target tumor microenvironments
or inflammatory sites with inherent redox imbalances. TPE can also
be grafted to hydrophilic dextran through acid-labile hydrazone
bond to obtain materials that can self-assemble to form drug-loaded
micelles, which play a similar role®'*.

The narrative continues with micelles composed of materials
boasting AIE characteristics. Zhuang et al.>'* developed micelles
using mPEG-P (TPE-co-AEMA) copolymer. Similarly, a study'”*
used a mPEG-NH,-grafted TPE—COOH conjugate to create AIE
micelles loaded with DOX for tracing anticancer drug delivery. The
release of DOX from these micelles into cell nuclei was tracked,
while TPE-mPEG remained in the cytoplasm, observable through
fluorescence intensity changes. Another research'’”> involved
conjugating polyethyleneimine (PEI) with TPE—COOH and pal-
mitic acid to form TPEI micelle-like nanoparticles, enhancing gene
delivery performance and tracking capability. Additionally, Zhang
et al.”!> fabricated a unique nanoprobe (M-Bis(4-(N-(2-naphthyl)
phenylamino) phenyl)-fumaronitrile combining AIE dye NPAPF
and gold nanoparticles in micelles for fluorescence/CT dual imag-
ing. Semi-quantitative biodistribution (fluorescence + Inductively
Coupled Plasma Mass Spectrometry, ICP-MS) confirmed
enhanced tumor accumulation in mice via EPR effect’".
Combining AIE with metallic probes enables multimodal validation
of targeting efficiency. This approach bridges imaging and therapy,
accelerating clinical translation of nanocarriers.

To investigate micelle stability, a self-indicating micelle loaded
with DOX was developed using AIE-functionalized polymers (p-
a-tocopheryl PEG 1000 succinate (TPGS)-TPE)*'. TPGS-TPE
micelles exhibited “seesaw-like” fluorescence: intact micelles
(blue TPE emission) vs. disintegrated micelles (recovered red
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DOX emission). Ratios of DOX/TPE (590 nm/460 nm), <4, 4-40,
or >40, were used to quantitatively indicate micelle stability. This
self-reporting metric allows dynamic assessment of carrier integ-
rity in complex biological media. Future formulations could use
such feedback loops to auto-monitor drug release rates based on
microenvironmental conditions.

In the realm of micelles and AIE technology, innovation knows
no bounds. From targeted imaging to controlled drug release and
micelle stability, these studies pave the way for novel approaches
in nanocarrier research.

4.5.4.  Nanoparticles

Innovations in AIE-based nanoparticles emphasize real-time
tracking and stimuli-responsive functionality for cancer thera-
nostics. The research by Wang et al.>'® presented pH-responsive,
AlE-active nanoparticles fabricated by incorporating rigid, cage-
shaped polyhedral oligomeric silsesquioxane with TPE, demon-
strating enhanced photostability for prolonged live cell imaging.
Similarly, THyD nanoparticles'’> combined TPE and DOX via a
pH-responsive hydrazone bond, where initial FRET/ACQ quench-
ing is reversed in lysosomes to indicate prodrug activation.
Expanding on AlEgen integration, another pH-responsive poly-
meric nanoparticle was developed'®, combining an AlEgen,
Isothiocyanate-functionalized tetraphenylsilole (TPS-NCS), and an
ACQ PS, pheophorbide A, to trace the entire cancer therapy process.
At physiological pH, green AIE fluorescence enables nanoparticle
self-tracking; in acidic lysosomal environment of cancer cells,
nanoparticles disassemble and restore pheophorbide A’s red fluo-
rescence and phototoxicity. Light exposure then triggers ROS
generation and lysosomal membrane damage, causing nano-
particles reassembly, indicated by the resurgence of aggregated
AlEgens’ fluorescence'®. These studies establish pH as a switch-
able reporter for nanocarrier disassembly and drug activation. The
real-time spatial resolution of fluorescence changing provides a
blueprint for designing tumor-acidity-targeted systems that mini-
mize off-target toxicity.

For gene delivery, Yuan and co-workers'”? developed a ROS-
responsive polymer by conjugating an AIE PS with oligoethyle-
nimine, an effective DNA-binding fragment, using an amino-
acrylate linker. This polymer can self-assemble to form
nanoparticles in aqueous media, exhibiting bright red fluorescence
due to the presence of the AIEgen TPECM. Their findings indi-
cated that in the absence of light exposure, the intracellular
nanoparticles colocalize with DNA within lysosomes. However,
upon light irradiation, the fluorescence colocalization ratios
decreased, signifying light-induced DNA release'”>. Additionally,
an AIE dye (2-(2,6-bis((E )-4-(phenyl(4'-(1,2,2-triphenylvinyl)-
[1,1-biphenyl]-4-yl)amino)styryl)-4 H-pyran-4-ylidene)malononi-
trile, TPE-TPA-DCM) was encapsulated in surfactant polymers to
form polymeric nanoparticles for siRNA delivery?'’. The co-
localization of TPE and FAM signals near the cell nucleus indi-
cated successful siRNA delivery to cancer cells. This real-time
visualization of gene vector trafficking addresses a critical
bottleneck in nucleic acid delivery, potentially enabling rational
design of non-viral carriers with enhanced nuclear translocation
efficiency.

Morphological control was achieved in NCssG nano-
particles'®®, formed by co-assembling AlEgens (NPAPF) with a
redox-responsive camptothecin-gemcitabine amphiphilic prodrug
(CPT-ss-GEM), where the AIEgen transformed the morphology of
CPT-ss-GEM from nanowires to spherical nanoparticles. The
study showed that spherical NCssG nanoparticles have stronger

penetration ability than fibrous nanoparticles, and after adminis-
tration in tumor-bearing mice, the liver and tumor were the pri-
mary targets'*®. This demonstrates how AIE-guided nanocarrier
geometry optimization can overcome biological barriers in tu-
mors, informing future material design principles.

Prodrug activation monitoring was realized with TPE-Pt(IV)
(linker)-DOX conjugates®'®. TPE fluorescence was initially
quenched by FRET, allowing only DOX fluorescence to be
detected. While the initial quenching was reversed upon intra-
cellular Pt(IV) reduction to Pt(Il), the signaling drug activation
process was affected. Such “fluorescence-on” activation reporting
provides direct validation of prodrug conversion.

Biomimetic strategies yielded breakthroughs like natural killer
(NK) cell-mimicking nanoparticles encapsulating an NK cell
membrane around a highly bright NIR-II AIE-active conjugated
polymer, pyridal[2,1,3]thiadiazole-based semiconducting polymer
(PBPTV)'®°. These nanoparticles not only serve as photothermal
agents for brain tumor therapy but also enable enhanced imaging
and targeted delivery. These nanoparticles achieved longer circu-
lation and brain-tumor-specific accumulation, enabling through-
skull-scalp fluorescence imaging and PTT'®. Another bio-
mimetic nanoparticle, red blood cell (RBC)-O,/(TQ)@ PB, com-
bines an NIR-II AIE PS (PEG;s50-TQ), a Prussian blue (PB)
photothermal agent, and self-oxygenation perfluorocarbon within
an erythrocyte membrane for PTT and PDT combined granuloma-
targeted tuberculosis therapy?'®. The AIEgen enables real-time
fluorescence tracking of nanoparticles to monitor their granuloma
accumulation. Coated with an erythrocyte membrane, the nano-
particles exhibit prolonged circulation and selective retention in TB
granulomas, as demonstrated in a tail granuloma model: AIE-
guided imaging revealed peak accumulation at 24 h and sustained
retention for 48 h. The study establishes a quantitative bio-
distribution model for chronic infectious disease targeting, proving
that erythrocyte membranes reprogram nanoparticle PK to enhance
lesion-specific accumulation. Overall, the fusion of cellular homing
mechanisms with AIE tracking exemplifies a paradigm shift toward
immune-evasive, tumor-homing “stealth™ carriers.

Lipoprotein-mimicking nanoparticles also belong to a common
biomimetic nanoplatform. By covalently decorating cyanine dyes
with bulky AIE motifs, the authors suppressed 7w —m stacking-
induced fluorescence quenching, presenting a series of novel
NIR-II emissive AIE cyanine dyes®*°. These probes have been
encapsulated for fluorescence imaging-guided PTT therapy of
glioblastoma.

For targeting delivery and multi-scale imaging, Li and col-
leagues®' developed a targeted AIE dot (T-TTD dot) for image-
guided PDT to treat cholangiocarcinoma (CC). These nano-
particles exhibited more intense red fluorescence in the human CC
cell line compared to other cell lines, and noninvasive fluores-
cence imaging post-tail vein injection in tumor-bearing mice
showed time-dependent biodistribution and tumor-preferential
aggregation of T-TTD dots®*'. Another study introduced BETT-
2, which, when formulated into nanoparticles, serves as a multi-
functional theranostic platform for NIR-II fluorescence-photo-
acoustic-photothermal  trimodal  imaging-guided PDT-PTT
synergistic therapy in orthotopic breast cancers®*?. Under
1064 nm excitation with a 1250 nm long pass (LP) filter, negli-
gible background interference was observed in untreated mice.
Notably, within 3 h post-injection, BETT-2 nanoparticles exhibi-
ted pronounced tumor accumulation via the EPR effect, as evi-
denced by spatially resolved NIR-II fluorescence signal.
Maximum intratumoral enrichment occurred at 12 h, correlating
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with peak fluorescence intensity, which underscores the AIE
probe’s capacity to dynamically track nanocarrier localization and
retention. Remarkably, all tumors were completely eradicated by
Day 3 in the BETT-2 nanoparticles with NIR-II laser irradiation
group, demonstrating the synergistic efficiency of AIE-guided
PDT-PTT. These platforms validate AIE’s capacity to unify pre-
cision targeting, multi-scale imaging, and combination therapies,
which can accelerate clinical translation of nanotheranostics.

4.5.5. Others

This section focuses on the application of AlEgen in other
nanocarriers, in addition to the above-mentioned kinds. To track
the gene transfer process, Zhang et al.*** developed a TPE-derived
small-molecule gene vector, which can form brightly fluorescent
nanofiber complexes (pDNA@TR4) with plasmid DNA (pDNA).
After labeling pDNA with Cy5, distinct colors were observed
under CLSM for pDNA, TR4, and pDNA@TR4. The study
revealed sequential cellular interactions: membrane attachment,
internalization, and lysosome-escaping. Building upon this,
transferrin (Tf) coated TR4 mimicked viral envelopes for targeted
siRNA delivery (TR4@siRNA@Tf)***, where AIE fluorescence
enabled real-time transfection monitoring while Tf coating
enhanced gene silencing efficiency. These works elucidate AIE-
enabled non-lysosomal gene delivery mechanisms, providing
paradigms for designing nucleic acid carriers that bypass enzy-
matic degradation.

Liow and team'”" prepared a thermogelling copolymer, poly
(PEG/poly(propylene glycol)/TPE urethane), capable of self-
assembling into micelles or hydrogels in aqueous solution,
depending on its concentration, which shows strong emission due
to TPE aggregation. Hence, the AIE thermogel can be traced
within human epithelial cells and found to be taken up via energy-
dependent endocytosis. In vivo, after injection of DOX-containing
AIE thermogelling solutions into tumor-bearing mice, the formed
gel depot was also traceable via fluorescence changes, allowing
drug release monitoring. This pioneering system visualizes
nanocarrier phase-transition dynamics, revealing correlations be-
tween supramolecular organization and drug release profiles.

Wang and coworkers?*> formulated tumor-mitochondria-dual-
targeted nanocage by genetically fusing the tumor-penetrating
peptide (linear TT1 peptide) with human H-chain ferritin,
confining AlEgens (e.g., MeTTMN) to enhance fluorescence in-
tensity and ROS generation. Leveraging the inherent NIR emis-
sion of AlEgens, the AIEgen-protein nanoparticles enabled real-
time tracking of tumor accumulation in vivo, validating their
dual targeting capability toward liver cancer cells and mitochon-
dria. This strategy successfully achieved imaging-guided photo-
dynamic cancer therapy, demonstrating synergistic integration of
diagnosis and treatment through AlEgen-mediated fluorescence
visualization and ROS-triggered tumor ablation.

Zhang et al.**® engineered a biomimetic nanoplatform by
encapsulating an AIE photothermic agent and Dox into thermo-/
pH-responsive nanogels (poly(N-isopropylacrylamide-co-acrylic
acid, PNA), cloaked with 4T1 mammary tumor cell membranes
for active targeting. Using a full-spectrum fluorescence imaging
system, TN revealed the dynamic biodistribution of the nano-
carrier in 4T1 tumor-bearing mice, showing progressive tumor
accumulation peaking at 24 h post-injection—a critical window
for initiating PTT. This AIE-guided spatiotemporal precision
confirmed that tumor membrane camouflage enhanced intertu-
moral retention by 3.27-fold compared to non-targeted counter-
parts, directly correlating with therapeutic outcomes. Subsequent

in vivo antitumor studies demonstrated superior tumor suppression
(Tumor Growth Inhibition = 92.9%) in the nanoplatform plus
laser irradiation group, highlighting AIE’s dual role in optimizing
treatment timing and realizing synergistic efficacy.

In regenerative medicine, AIE dots enabled longitudinal
tracking of adipose-derived stem cells over 18 days post-
transplantation in a skin injury model, revealing cell migration
dynamics'®. This breakthrough overcomes limitations of con-
ventional cell trackers, providing unprecedented insights into stem
cell engraftment kinetics to accelerate translational applications.

Lastly, Wang et al** formulated AIE nanoliposomes
TR4@Lipo to decode protein corona effects on liposome trans-
portation in cells, enabling the visualization of liposomes through
TPE fluorescence. Findings indicated that corona formation alters
TR4@Lipo’s cellular delivery mechanism, shifting from energy-
independent membrane fusion to energy-dependent caveola-
mediated endocytosis. Additionally, using DOX as a model drug
revealed that protein corona formation did influence the intracel-
lular distribution of the cargo. The direct visualization of corona-
induced delivery pathway switching reveals a dynamic bio-nano
interface, informing future designs of “stealth” carriers through
intentional corona engineering.

5. ACQ
5.1.  Rationale of ACQ and ACQ-based nanocarrier imaging

ACQ refers to a unique phenomenon of self-aggregation of lipo-
philic fluorophore molecules through intermolecular = - stacking
in an aqueous solution, leading to energy dissipation from the
excited state via non-photon emitting pathways>>’. This quenching
effect significantly diminishes fluorescence output and is generally
regarded as unfavorable in the context of bioimaging applica-
tions>*®. To overcome the limitations imposed by ACQ, several
strategies have been developed. Among these, the most prominent
are the engineering of AlEgens®?, and the integration of small-
molecule ionic isolation lattices into traditional probes. The incor-
poration of this serves to spatially and electronically separate dyes,
thereby mitigating the effects of concentration quenching®*°.

The mechanisms of ACQ (Fig. 8A) could be understood by
analyzing the energy transfer process of aggregation and disag-
gregation of fluorophores®*"#*2, Once an electron is excited, there
are many ways to dissipate energy, namely, radiation and non-
radiation. The ACQ phenomenon mainly involves non-radiative
pathways. Numerous processes contribute to the reduction of
energy in molecules, with vibrational relaxation and internal
conversion being commonly observed due to their quick occur-
rence (Fig. 8A). However, these processes typically do not play a
major role in the specific quenching observed in ACQ, which is
often dominated by intermolecular interactions that lead to rapid
non-radiative deactivation of the excited state. Beyond these
mechanisms, the ACQ phenomenon might also involve the for-
mation of H-aggregates (Fig. 8A)>*2*. Additionally, excimer
theory, which includes the creation of non-fluorescent dimers and
the transfer of energy to these dimers®*'**?, and the collisions
between excited fluorophores, is also relevant (Fig. 8A).

A variety of analytical tools are available to study the aggre-
gates. Techniques such as atomic force microscopy, field emission
scanning electron microscopy, and DLS allow for the direct
visualization of aggregate morphology and size. Spectroscopic
analysis of absorption and emission spectra provides insight into
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Figure 8 (A). The possible mechanism of ACQ probes. In this diagram, we see how fluorescent molecules behave differently based on their
aggregation state. In isolation, monomers absorb light and re-emit it efficiently, showing strong fluorescence. When they pair up to form dimers or
organize into head-to-tail J-aggregates through m—r stacking, the absorbed light shifts to a longer wavelength, a process known as red shift, which
typically results in enhanced fluorescence due to the aligned energy states. In stark contrast, molecules that aggregate side-by-side form
H-aggregates, leading to a blue shift in absorption and significant fluorescence quenching. Here, the energy absorbed from light is not re-emitted
but instead released as heat through non-radiative decay pathways, a hallmark of the ACQ phenomenon. (B) ACQ probe dynamics in nanocarrier
systems: This illustration captures the fundamental principle of ACQ probe behavior in nanocarrier applications. Initially, ACQ probes are
encapsulated within nanocarriers, where they remain isolated and fluorescent upon excitation. As the nanocarriers partially degrade, some ACQ
probes are released into the aqueous environment, leading to their aggregation. This aggregation results in the quenching of fluorescence, a
distinct shift from the bright emission seen when encapsulated. The contrast between the bright fluorescence of probes within intact nanocarriers
and the quenched fluorescence of the released, aggregated probes, serves as a critical indicator of nanocarrier disintegration and release dynamics
in biological environments.

how the aggregation state correlates with spectral shifts. For
predicting the formation and dissociation mechanisms of aggre-
gates, approaches like density functional theory, computational
chemistry, and molecular dynamics (MD) simulations offer pre-
dictive insight. For instance, MD simulations have been employed
to probe the underlying mechanisms of ACQ probes™.

In one such study, the addition of 30% acetonitrile was used to
simulate  hydrophobic  microenvironments, revealing that

aggregation behavior varied markedly across different probe de-
signs. Researchers found that the positioning of functional groups
and intrinsic binding poses were key factors influencing the reil-
lumination of ACQ probes43. These mechanism-oriented in-
vestigations are critical for guiding the rational design and high-
throughput screening of next-generation ACQ probes, thereby
enhancing the reliability of nanocarrier-tracking data derived from
such systems.
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When applying ACQ probes to monitor the in vivo fate of
nanocarriers>*, it is important to acknowledge that not all nano-
carriers are suitable for such use. The ACQ probe is best suited to
trace nanocarriers that meet specific requirements, such as uni-
form distribution of probes within carrier materials, proportional
release of probes upon degradation, and a slower water diffusion
rate into the carrier than carrier degradation’. By fulfilling these
prerequisites, premature quenching of the ACQ probe before
carrier destruction due to water soaking can be avoided, enabling
the establishment of a reliable relationship between fluorescence
intensity and carrier quality to facilitate quantitative analysis of
the intact nanocarrier (Fig. 8B).

For example, solid lipid nanoparticles (SLNs) are an ideal
model due to their ability to gradually release the drug in a
degradation-triggered manner and the strong encapsulation com-
petency of their hydrophobic lipid core toward ACQ probes’***,
Additionally, for lipid nanocarriers, conducting in vitro lipolysis
experiments is essential®*’. These experiments verify if the
nanocarriers follow the expected degradation-triggered release
pattern and ensure that the ACQ probes do not leak prematurely,
maintaining the integrity of the fluorescence signal until nano-
carrier degradation®*>. NCs, though not lipid carriers, also fulfill
these criteria®*®. Moreover, the simultaneous measurement of both
released drugs and NCs is possible when integrating free drug
analysis methods like HPLC, providing a deeper understanding of
the drug release mechanism from nanocarriers.

In summary, understanding the molecular basis of ACQ and
implementing strategic probe-carrier pairings are essential for
leveraging ACQ-based imaging as a reliable tool in nanomedicine.
Rational probe design, supported by mechanistic studies and
advanced imaging validation, can unlock the full potential of ACQ
fluorophores in tracking nanocarrier behavior with both spatial
and quantitative precision.

5.2.  Structural insights into ACQ probes and their optimization
for bioimaging applications

ACQ is prominently observed in planar, hydrophobic fluorophores
such as coumarins, cyanine dyes, rhodamines, and related de-
rivatives®*’. These molecules tend to aggregate in aqueous envi-
ronments due to strong 7 —7 interactions, leading to fluorescence
loss via non-radiative decay pathways. However, the extent of
fluorescence quenching varies across different molecular struc-
tures; in many cases, residual fluorescence persists, and complete
quenching is not achieved. However, fluorophores with a core
structure of boron-dipyrromethene (BODIPY) or aza-BODIPY
exhibit a more pronounced sensitivity to water**’. The most
distinct feature of this type of fluorophore is the instantaneous and
absolute fluorescence quenching upon contact with water.
Table 3328249 Jists typical ACQ probes utilized in bioimaging
investigations.

Despite their potential, ACQ probes present inherent limita-
tions. A critical concern is fluorescence reillumination, where
quenched dyes regain fluorescence upon redistribution into
endogenous hydrophobic compartments, such as micelles formed
during lipid digestion, or within hydrophobic domains of proteins
and biomembranes. This phenomenon can confound the inter-
pretation of nanocarrier fate by introducing false-positive signals.
Therefore, it becomes necessary to distinguish intact nanocarrier-
derived signals from those associated with metabolic byproducts
or physiological environments. Additionally, enhancing the

cohesion of probe aggregates through structural modification is
required to address this reillumination challenge.

A notable study analyzed the phenomenon of fluorescence
reillumination in various organic solvents and aqueous environ-
ments>*. The findings of the study indicate that P4 exhibits a
greater degree of rekindling in all systems compared to P2. This
can be attributed to the weaker hydrophobic forces of P4, which
allow for easier redissolving or solubilization®*.

While most previous findings suggest a mild degree of reillu-
mination, often managed by using prequenched dyes as controls or
by increasing the fluorescence detection limit to reduce auto-
fluorescence and reillumination interference, the possible influ-
ence of reillumination and autofluorescence should not be
neglected in the elucidation of in vivo results****’. Therefore, Cai
and colleagues®® implemented strategic modifications to improve
the physicochemical robustness of ACQ probes. The methods
utilized for modification were based on previous findings that
enhancing the hydrophobic and planar characteristics of fluo-
rophore molecules can promote 7—m stacking. These modifica-
tions aimed to heighten the probe’s water sensitivity and the
stability of the quenched aggregates. They rigidified and/or
augmented the aza-BODIPY parent structure with methoxy or
acetoxy groups. The optimized structures displayed improved
quantum yields, heightened photostability, rapid quenching ki-
netics, and minimal reillumination in complex biological media
(e.g., blood, plasma, and surfactant solutions like 1% Tween-
80)**. These results reinforce the importance of planarity and
hydrophobicity in designing high-performance ACQ fluorophores.

While imaging in the NIR II range (700-1100 nm) offers
numerous advantages, including significantly reduced background
absorption, light scattering, and autofluorescence, as well as
improved tissue penetration®>, the emission wavelength of cur-
rent ACQ probes is not sufficiently long to eliminate auto-
fluorescence interference. In vivo imaging, despite being a
relatively straightforward method, is limited by the challenge of

Table 3 Typical ACQ probes utilized in bioimaging
investigations.
Name Chemical structure Ao /Aem (nm)  Ref.
Aza-BODIPYs 731/752 43
FD-C7

705/737 43
FD-B21

708/732 248
P2

651/662 249
P4

BODIPY, boron-dipyrromethene.
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light penetration through biological tissues. Consequently, re-
searchers often must rely on directly observing dissected internal
organs and tissues to study nanocarrier distribution, and the pre-
cision of these observations can be affected by the methodologies
used in the treatment process. Newer ACQ probes are being
developed with a more redshifted emission wavelength
(>1000 nm), which will further minimize interference from tissue
autofluorescence®', and these are expected to exhibit even lower
fluorescence reillumination®>>%3,

Encouragingly, traditional fluorophores such as 1,1’-dio-
ctadecyl-3,3,3',3'-tetramethylindotricarbocyaine  iodide  (DiR)
have shown potential in transforming into ACQ probes, particu-
larly in water sensitivity screening tests****’. FITC, Rhod B, and
cyanine dyes have also been reported to have the ACQ ef-
fect®>*23>. However, it is critical to distinguish genuine ACQ
probes from general water-sensitive fluorophores. True ACQ
systems should meet four key criteria: (1) excellent water sensi-
tivity; (2) complete fluorescence quenching; (3) absence or
negligible reillumination; and (4) fast quenching™>.

Interestingly, these features are often co-dependent, emerging
synergistically from optimized molecular architecture. Structural
optimization reveals that enhanced hydrophobicity and planarity
of the fluorophore molecules strengthen the cohesion of the ag-
gregates formed, thus resulting in enhanced water sensitivity,
complete quenching, and minimized reillumination. Although not
all water-responsive dyes qualify as ACQ probes, the rediscovery
and structural refinement of classical fluorophores offer a prom-
ising path for the development of novel, high-performance ACQ
systems.

5.3.  Application of ACQ in nanocarrier bioimaging

The ACQ probe currently serves as a valuable tool in conducting
semiquantitative assessments of nanoparticle behavior in vivo and
at the cellular level. However, it is anticipated that the probe will
ultimately shift toward a more quantitative approach soon. Our
group has utilized the environment-responsive ACQ to investigate
the fate of different kinds of nanocarriers in vivo after being
administered via various routes’>>*2°. This review paper
showcases a selection of recent and significant advancements in
the field, including research findings from other groups that have
utilized ACQ probes in their studies.

However, the PK analysis methods of nanocarriers presented in
the literature primarily adhere to traditional PK theories and
models. Given the relatively large size of nanocarriers, their
in vivo disposal mechanisms differ significantly from those of
molecular drugs. Therefore, analyses based on conventional PK
models may not accurately reflect the true behavior of these
nanocarriers. This discrepancy emphasizes the necessity of
developing a kinetic theory specifically tailored to particulate
systems.

5.3.1.  Nanoparticles

This section explores key applications of ACQ probes in nano-
particle (PCL nanoparticles and SLN) research, advancing our
understanding of nanocarrier biodistribution and kinetics*®°.

As amphiphilic block copolymer-based carriers, mPEG-PCL
nanoparticles featuring a hydrophobic PCL core for drug encap-
sulation and hydrophilic PEG corona for stealth properties enable
prolonged circulation and reduced opsonization. When combined
with ACQ probes, they can serve as indispensable platforms for
decoding nanocarrier PK and biodistribution dynamics.

The fate and trans-epithelial transport of orally administered
PCL nanoparticles of various sizes (50, 200, 600, and 2000 nm)
were studied using P2 or P4 probes®®'. The stability assessment
showed that the hydrophobic nature of both PCL and the probes
effectively hindered probe leakage and water infiltration. Live
imaging in rats that received P2 quenched solution showed limited
fluorescence, addressing reillumination interference concerns. The
qualitative analysis indicated that larger particles had shorter
gastrointestinal retention time, while smaller ones were more
likely to be absorbed and reach mesenteric capillaries or
lymphatic vessels®®'. Cellular uptake and frans-monolayer trans-
port studies using P4-labeled nanoparticles revealed that only
50 nm-sized nanoparticles could undergo both enterocyte and M
cell-mediated transcytosis®®!. These findings establish particle
size as a master regulator of oral absorption pathways, guiding
rational design of gut-targeted carriers.

Li and co-workers’®> developed a physiologically based
pharmacokinetic (PBPK) model using P2-tracked mPEG-PCL
nanoparticles, by fitting organ-level concentration data in mice.
This model provides a computational blueprint for predicting
nanocarrier biodistribution, enabling in silico screening of
formulation variables before costly in vivo trials®.

Research on drug-loaded nanoparticles is often more compli-
cated. Fan and coworkers*® used the P2 probe to label mPEG-PCL
nanoparticles loaded with DOX, aiming to revalidate their pro-
longed circulation effects. They established a linear relationship
between fluorescence intensity and nanocarrier concentration,
revealing nanoparticle rapid elimination and L-type biphasic ki-
netics. On the other hand, the study also noted a faster clearance
rate of DOX compared to the nanocarriers, indicating potential
DOX leakage post-administration®®. This quantification frame-
work provides a standardized method for tracking intact nano-
particle PK, highlighting drug leakage as a critical unsolved flaw.
Future nanocarriers could incorporate leakage-monitoring mech-
anisms to optimize drug retention. Another study on curcumin-
loaded PCL nanoparticles®*’, researchers investigated their intra-
nasal fate using P2 and P4 probes. It was found that these nano-
particles, whether PEGylated or not, permeated into the mucosa
and trigeminal nerves but did not reach the olfactory bulb.
Notably, the absence of fluorescence in major organs suggested
minimal absorption through the nasal vascular pathway. Curcumin
and P4 signals detected in the brainstem and midbrain 2 h post-
administration indicated the trigeminal nerve’s importance in
nose-to-brain delivery of intact nanoparticleSZ49. This clarifies
neural pathways for intranasal delivery, directing future neuro-
logical nanotherapeutics toward trigeminal-optimized formula-
tions rather than olfactory targeting.

Due to its inherent imaging advantages, NIR-II probes have
always been a hot spot for researchers to synthesize. ACQ984 was
introduced to address the imaging advantages of the NIR-II ACQ
probe in tracking nanocarriers in vivo>>>. Compared to conven-
tional probes (e.g., ICG, IR-1061), ACQ984 exhibits minimal
fluorescence reillumination (<1%) in complex biological media,
ensuring reliable correlation between fluorescence signals and
intact nanocarriers. The probe’s label stability across diverse
nanocarriers (PM, PCL nanoparticles) and its ability to establish
strong in vivo—ex vivo correlations for PK analysis highlight its
utility in real-time, non-invasive monitoring of nanocarrier bio-
distribution and clearance. Its minimal signal reillumination sets a
new standard for quantification fidelity, making it indispensable
for clinical translation studies that require absolute nanocarrier
tracking accuracy.
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The work of Liu et al.>>® shows the synthesis and screening

process of the NIR-II ACQ probe. By rotation restriction of aryl
substituents and introduction of electron-donating moieties,
ACQ1-ACQI14 were synthesized. Theoretical calculations and
experiments verified that molecular planarity is more important
than hydrophobicity for ACQ properties. Based on water sensi-
tivity and quenching stability, ACQ1 was selected as the best NIR-
IT ACQ probe with fluorescence reillumination in vivo of less than
2.5%, which was far less than that of the commonly used NIR-I
ACQ probe P2 (15%). Therefore, NIR-II ACQ probes, with
their superior tissue penetration and reduced autofluorescence,
enable non-invasive, high-resolution tracking of intact nano-
particles’ biodistribution. This molecular design principle revo-
lutionizes ACQ probe development, prioritizing rigid planar
structures over traditional lipophilic motifs.

Building on these findings, intraperitoneal PCL nanoparticle
tracking using ACQI revealed size-dependent fates®®’. Key find-
ings reveal that smaller particles (<30 nm) rapidly enter systemic
circulation, achieving the highest blood concentrations, while
larger particles (>1000 nm) exhibit prolonged peritoneal reten-
tion, making them ideal for intraperitoneal disease treatment.
Notably, 200 nm particles demonstrate significant lymph node
accumulation, highlighting their potential for lymphatic disease
targeting. These discrete size thresholds provide a roadmap for
precision intraperitoneal therapy: sub-30 nm for systemic expo-
sure, 200 nm for lymphatic diseases, and micron-scale for local-
ized peritoneal treatment.

SLNs, composed of biocompatible lipid matrices, excel in
overcoming biological barriers to targeted therapeutic delivery by
oral or pulmonary administration. Their high lipid content enables
efficient ACQ probe encapsulation, minimizing leakage and
ensuring reliable tracking of intact particle fate. Thus, the fate of
SLN can be well studied with ACQ probes.

A study investigated the influence of surface charge on the
in vivo transport of orally delivered intact SLNs***. Three types of
SLNs were assessed: anionic (with sodium dodecyl sulfate),
cationic, and neutral (a mix of unmodified and anionic SLNs with
bile salt). The fluorescence intensity of these SLNs was quantified
using total radiant efficiency (TRE) through the Region of Interest
(ROI) method. The study results redefine oral nanocarrier opti-
mization priorities, suggesting that hydrophilicity may outperform
surface charge modification strategies for enhancing intact SLNs’
oral absorption®**,

Another study focused on improving the oral absorption of lipid-
based carriers, often hindered by lipolysis in the GIT’". The study
compared the effects of incorporating the lipase inhibitor orlistat
and PEG modification on particle absorption. SLNs were labeled
with P2 or P4 probes to track their in vivo behavior. The study
concluded that inhibiting lipolysis, particularly with orlistat, is more
effective than PEG modification in enhancing particle absorption. It
also revealed a “high absorption and low penetration” transport
mode for nanoparticles in cells, based on the disparity between cell
uptake and particle transport through the cell monolayer’. The
results advocate for enzymatic barrier disruption over steric stabi-
lization in oral delivery. Further research®® employed P4 to
investigate how particle size affects the cellular uptake, accumu-
lation, and distribution of SLNs. This study found that larger SLNs
were more likely to be taken up by A549 cells and less likely to be
cleared by macrophages, providing valuable insights for designing
macrophage-escape systems based on particle size.

Furthermore, the application of ACQ probes extends beyond
solely  nanoparticle  analysis to  evaluating  medical

instruments***?%°. SLN suspensions encapsulating ACQ probes or
conventional probes and varying in size were used to assess the
performance of the endotracheal aerosolizer device HRH MAG-
4?5 A positive correlation was found between particle size and
lung retention time for P2-SLNs and DiR-SLNs in the 120-
480 nm range, indicating that SLNs primarily remain intact in the
lungs with little degradation within 12 h of administration®**,
Comparing the fluorescence intensity of P2-SLLNs and DiR-SLNs
in primary organs, P2-labeled groups showed considerably lower
intensity, attributed to significant SLN degradation during trans-
portation, leading to P2 quenching®. These findings establish
particle size as a key determinant of pulmonary residence time,
informing inhalable nanocarrier design for controlled drug release
in respiratory diseases. For pressurized metered-dose inhalers
(pMDIs)*®®, P4-labeled SLN-based pMDI (P4-SLN-pMDI) was
optimized for studying their in vivo fate under adult breathing
simulation conditions. The amount of P4 on the filter membrane
was measured by its fluorescence intensity, and then further
converted into the amount of nanoparticles. The study revealed
that about 6.87 £+ 2.66% of the total particles per bottle were
inhaled into the simulated larynx*®>. The calculation of particle
exhalation efficiency can reflect the advantages and limitations of
key equipment and can promote the redesign of nanoparticle en-
gineering inhalers to improve lung deposition.

In conclusion, the studies discussed in this section collectively
underscore the critical role of ACQ probes in nanoparticle
research. From analyzing blood kinetics to investigating nano-
particle distribution and absorption in various biological systems,
these probes offer essential insights, significantly contributing to
the advancement of nanomedicine.

5.3.2. NCs

This section explores pivotal advancements in understanding the
in vivo fate of NCs, historically hindered by measurement limi-
tations. The incorporation of ERFs into NC lattices enables pre-
cise tracking without altering intrinsic properties*°.

Xie and colleagues248 utilized P2-embedded cyclosporin A
(CsA) ultrafine amorphous particles for IVIS observation and P4-
embedded particles for CLSM measurements. This approach
traced the NCs via fluorescence imaging, establishing the feasibility
of incorporating ACQ dyes into NCs to monitor their fate.
Furthering this approach, self-discriminating hybrid NCs of cur-
cumin®?*¢, CsA?’, and quercetin268 were also developed by
embedding traces of P2 or P4 dyes into the crystalline lattices of
NCs. These studies investigated the NCs’ in vivo fate after various
administration methods, including intravenous injection, trans-
dermal, ocular, and oral, without interference from free probes. A
2021 study validated the use of an ACQ probe in quantifying and
tracing fenofibrate hybrid NCs, establishing a strong in vitro/in vivo
correlation and marking a significant advancement in the field®®.

Shen and colleagues®”® investigated the biological fate of
quercetin hybrid NCs (QT-HNCs) of approximately 280 and
550 nm diameters following oral and intravenous administration.
They estimated the contribution of integral NCs to QT’s oral
bioavailability, finding significant absorption of intact QT-HNCs,
thus enhancing QT’s absorption. Another study®’! focused on the
fate of herpetrione amorphous nanoparticles (HPE-ANPs) post-
oral administration, adding either P2 or P4 during the solvent-
antisolvent precipitation process. Live imaging indicated signif-
icant fluorescence in the rat abdomen for 8 h, with ex vivo im-
aging of the GIT corroborating these findings?’'. The TRE
measurements suggested that ANPs primarily either degrade or
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are absorbed in the small intestine. Assessments of particle size
impact on distribution in key organs indicated that integral HPE-
ANPs played a minor role in overall bioavailability. The in situ
perfusion model results showed HPE-ANP absorption mainly in
the ileum, and subsequent cellular uptake studies using Caco-
2 cell models revealed that enterocytes could internalize intact
ANP, but only a few ANP could penetrate the monolayer cells®’'.
The same methodologies were applied to explore the in vivo fate
of these preparations following intravenous administration®’>.
Following intravenous administration, blood fluorescence rapidly
decreased, indicating the swift clearance of intact particles from
circulation. In vivo imaging revealed that larger particles are
more readily captured by the reticuloendothelial system (RES)
organs. For a comprehensive understanding of the biological and
intracellular fates of drug NCs via various delivery routes,
readers are encouraged to refer to the 2022 review on this
topic?°,

In summary, the studies in this section collectively illustrate
the significant progress in the field of NC research. Through the
innovative use of ACQ probes, researchers have gained unprece-
dented insights into the in vivo behavior, distribution, and fate of
NCs, enhancing our understanding of drug delivery mechanisms
and nanomedicine.

5.3.3. Micelles

In the exploration of PMs as drug delivery systems, ACQ probes
have emerged as a powerful tool for elucidating the in vivo
behavior and functionality of these nanocarriers. A growing body
of research has utilized ACQ probes to uncover the distribution
patterns and cellular uptake mechanisms of PMs, offering trans-
formative insights that are reshaping drug delivery strategies.

One pivotal study employed carboxymethyl chitosan-rhein
(CR) PMs labeled with P4 to investigate their absorption by
MCEF-7 cells, revealing that the intact CR PM could effectively
penetrate MCF-7 tumor cells rather than relying solely on diffu-
sion of free drugs®”>. This demonstrated the importance of micelle
integrity in enhancing cellular uptake efficiency. Further, in an in
situ intestinal absorption model, ACQ probes confirmed that CR
PMs could be internalized by Caco-2 cells and bypass
P-glycoprotein (P-gp) mediated efflux, suggesting a dual role for
the CR conjugates as both a carrier and a potential P-gp inhibitor,
which is critical for improving oral drug bioavailability*’*.
Building on this, researchers developed P2-labeled TPGS-
modified CR PMs for oral PTX delivery®”>. Fluorescence
tracking indicated that intact PMs could cross the gastrointestinal
barrier and distribute systemically. Interestingly, discrepancies
between fluorescence intensity and drug concentration in tumors
revealed premature drug release in circulation, underscoring the
need to optimize micelle stability for targeted delivery.

To enhance tumor specificity, glycyrrhetinic acid-modified
carboxymethyl chitosan-TK-rhein (GCTR) was designed to form
hepatoma-targeting and ROS-responsive celastrol/GCTR PMs>’®.
The fluorescence intensity indicated by P2 shows strong liver-
targeting capacity due to glycyrrhetinic acid receptor-mediated
uptake. Cellular imaging employing P4 revealed significantly
higher uptake of (P4 + celastrol))GCTR PMs by HepG2 hepatic
tumor cells compared to normal hepatocytes, highlighting the
potential of receptor-targeted micelle design®’®.

Additional investigations into jejunum absorption demon-
strated that (PTX + P4) PMs formulated with TPGS exhibited
superior transport efficiency, with M cells playing a more prom-
inent role in the frans-monolayer transport of intact micelles

compared to enterocytes*”. These findings emphasize the impor-
tance of material composition and cellular pathways in designing
effective oral nanocarriers.

In studies of polymeric mixed micelles (PMMs), combining
Pluronic F127 and Solutol HS15 in different ratios, ACQ-labeled
PMMs revealed that polymer composition profoundly influences
uptake behavior and internalization pathways®’’. System I (1:4
ratio) exhibited greater uptake via energy-dependent mechanisms,
pointing to the significance of micelle surface properties and
polymer interactions in fine-tuning delivery efficiency®’’.

Nasal-brain delivery research employing HIV-1 trans-activator
of transcription (TAT)-modified mPEG-PDLLA PMs showed that
ACQ probes like P2 enabled real-time tracking of intact micelle
migration along the trigeminal nerve?’®. The enhanced uptake
with higher TAT densities demonstrated how surface functionali-
zation can dramatically improve trans-epithelial transport, offer-
ing new strategies for central nervous system (CNS) drug delivery.
However, the encapsulated C6 signal was more dominant than the
probe signal, suggesting that most of the drug diffused into the
brain after release from the PMs®’8.

In biodistribution studies, newly developed absolute ACQ
(aACQ) probes such as FD-B21 and FD-C7 offered improved
imaging fidelity compared to traditional probes, with reduced
background fluorescence and minimal signal reillumination in
organs (Fig. 9A)*.

Fig. 9B demonstrates the in vivo imaging of PEG-PDLLA PMs
labeled with aACQ probes compared against classical ACQ probe
P2 and conventional probe DiR. The biodistribution patterns sug-
gest that FD-B21 and FD-C7 have similar biodistribution to P2 but
with reduced re-illumination in the liver and spleen*’. In Fig. 9C—F,
the normalized ARE is calculated to account for the varying fluo-
rescence intensities of the administered PMs and quenched dyes.
Fig. 9E underscores that, in contrast to the biodegradable nature
of PEG-PDLLA PMs, DiR showed continuous fluorescence in-
crease over 24 h within these organs. This counterintuitive result is
attributed to DiR’s pronounced re-illumination in the hydrophobic
biological components, as further elaborated in (Fig. 9F)**. The
findings suggest that aACQ fluorophores exhibit remarkable
sensitivity to aqueous environments and minimal re-illumination of
fluorescence, establishing their utility as precise bioimaging agents
for nanocarriers.

Moreover, comparative analyses between the ACQ probe (FD-
B21) and the FRET system (DiD/DiR) revealed that ACQ
probes provide a more stable and accurate representation
of micelle integrity, with lower rates of dye leakage and
nonspecific  accumulation, which benefits reliable PK
evaluation®”’.

Lastly, studies examining P2 or P4-labeled PM behavior in
simulated gastrointestinal environment fluids revealed that bile
salt-rich conditions can destabilize ACQ-labeled PMs, suggesting
the need for testing PM stability under physiologically relevant
fasted-state conditions®®. This process partially elucidated the
biological fate of PMs made from mPEG-PDLLA copolymers or
DSPE-PEG. Results from the cell model indicated that the mucus
layer impedes the absorption of larger PMs, particularly those with
longer PEG chain lengths, highlighting the vital role of M cells in
transporting intact PMs>2.

_underlCollectively, these studies illustrate how ACQ probes
have revolutionized our ability to probe the fate of PM in bio-
logical environments. By revealing mechanisms of uptake, trans-
port, distribution, and drug release of PM, ACQ-based tracking
has laid a robust foundation for the rational design of next-
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Figure 9  The in vivo tracking of biodegradable PEG-PDLLA PMs using novel aACQ probes. (A) Depicts the biodistribution of fluorescently
labeled PMs post intravenous injection, monitored through an IVIS, alongside prequenched fluorophores to evaluate fluorescence re-illumination
(B). FD-B21-labeled PMs peaked in fluorescence in peripheral organs at about 1 h, with liver fluorescence peaking at 4 h post intravenous
administration (C). Intravenous administration of quenched FD-B21 fluorophore dispersions resulted in minimal fluorescent re-illumination
within 48 h, indicating minimal pseudo-positive effects from aACQ probe labeling in vivo (D). The DiR-labeled group differed, showing
maximum peripheral tissue signals at 5 min and a peak in hepatic fluorescence at 8 h post-administration (E). Moreover, DiR dispersions showed
noticeable fluorescence re-illumination, suggesting a more pronounced effect from released dye aggregates (F). To summarize, normalized ARE
reveals significant PM accumulation in the liver due to uptake by the MPS. Peripheral regions exhibited 3.6—5.8 times higher fluorescence
intensity compared to trunk regions, with the highest intensity observed in the order of genital > snout > hindlegs > trunk, as shown by
normalized ARE. It’s important to note that while normalization of in vivo fluorescence allows for comparison between probes, these normalized
percentages are not a quantitative measure of in vivo re-illumination due to the dynamic nature of in vivo processes and fluorescence attenuation
by tissues. Reprinted with the permission from Ref. 43. Copyright © 2022 John Wiley and Sons.

generation PM systems with improved targeting, stability, and biological environments, with critical implications for the design
therapeutic efficacy. of more effective drug delivery platforms.

A noteworthy example is the work by Jiang and colleagueszgo,
5.3.4.  Nanoemulsions who developed a lactoferrin (Lf)-modified Huperzine A (HupA)
Recent research employing ACQ probes has significantly deep- nanoemulsion for intranasal administration aimed at treating

ened our understanding of how nanoemulsions behave in Alzheimer’s disease. By incorporating the ACQ probe P2, they
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traced the “nose-to-brain” pathway and PK of these formula-
tions*®!. Remarkably, even after olfactory bulb ablation in rats, the
fluorescence signal was detectable in brain areas after intranasal
administration, suggesting that Lf-HupA-nanoemulsions could
enter systemic circulation and reach the brain via the indirect
nose-to-brain pathway. The stronger fluorescence signals in the
Lf-modified group highlighted the contribution of ligand-mediated
targeting in enhancing brain delivery®®'. This study underscores
how targeted surface modifications can significantly impact ther-
apeutic distribution, guiding future developments in non-invasive
neurotherapeutic strategies.

Another critical study employed P2-labeled nanoemulsions of
varying particle sizes (70, 200, 500, and 900 nm) to assess how
size affects systemic behavior®*. The findings demonstrated clear
size-dependent biodistribution: smaller particles exhibited pro-
longed blood retention and gradual hepatic uptake, while larger
particles were more rapidly sequestered by the spleen and
lungs>®>. This size-dependent uptake pattern reveals how nano-
emulsion design can be optimized to modulate organ-specific
delivery or avoid MPS clearance, which is an essential consider-
ation in tailoring drug carriers for specific therapeutic targets.

Furthermore, the application of ACQ probes to differentiate
nutritional fat emulsions from various manufacturers provided key
insights into how formulation variables influence biodistribution
and PK?*. Despite similar circulation profiles, organ-level dif-
ferences were observed, reinforcing the importance of
manufacturing consistency>*". The ability of ACQ probes to detect
subtle variations in organ accumulation emphasizes their value in
quality control and comparative analysis of clinically used
nanoemulsions.

Together, these studies demonstrate how ACQ probes enable
real-time, non-invasive tracking of nanoemulsion behavior in vivo,
offering critical insights into factors such as targeting efficacy,
size-dependent distribution, and manufacturing impact. These
findings not only refine our understanding of nanoemulsion
pharmacology but also guide the rational design of next-
generation nanoemulsions with improved utility.

5.3.5.  Others

This section highlights the significant role ACQ probes play in
uncovering the dynamic behavior of a wide variety of nanocarrier
systems beyond the types mentioned above.

In the study of self-microemulsifying drug delivery systems
(SMEDDSs), ACQ probes P2 and P4 were employed to investi-
gate gastrointestinal lipolysis and transepithelial transport™**. By
evaluating fluorescence stability in various pH buffers and
tracking relative fluorescence changes using semiquantitative
ROI-based analysis, researchers were able to map in vivo lipolysis
profiles, which followed first-order kinetics after oral adminis-
tration. These findings revealed how SMEDDSs maintain their
structural integrity during early digestion, while simultaneously
enabling tracking of their in vivo distribution, PK, lymphatic
transport, and cellular uptake®*. This deepened our understanding
of how SMEDDSs behave under physiological stress and
demonstrated the potential of ACQ probes for monitoring the fate
of intact formulations within complex biological environments.

Further extending this line of inquiry, studies on ionic coag-
gregates (ICA), formed by choline cations and fatty acids, shed
light on novel nanocarriers designed for poorly soluble drugs’.
P2 and P4 were used to track the in vivo transport of intact PTX-
loaded ICAs and choline oleate in comparison to conventional
cremophor EL-based micelles®™’. Interestingly, the early release
of PTX was attributed not to structural dissociation of ICAs but to
plasma protein extraction, highlighting a non-disruptive release
mechanism. P2 fluorescence revealed that ICAs had longer in-
testinal residence times than micelles, correlating with their
enhanced solubility and stability in vivo. Additionally, the
increased cellular uptake of intact (PTX 4+ ACQ) ICAs indicated
that ICAs significantly increased PTX uptake in comparison to
micelles, which could be attributed to their structure’s similarity to
the intermediate of lipid metabolism?®®. This work successfully
presents structural biomimicry as a strategic direction for
improving drug solubilization and uptake.

In the field of transdermal delivery, the integration of dissolving
microneedles (DMNs) with nanocarriers like SLNs was explored

Table 4 The advantages and disadvantages of FRET, AIE, and ACQ techniques in the application of tracing nanocarriers’ in vivo fate.
Technology Advantage Disadvantage
FRET (1) High sensitivity to distance changes for monitoring (1) Complex calibration required (prone to errors from
nanocarrier integrity. spectral crosstalk, orientation effects, etc.).
(2) Quantitative capability via ratiometric measurements.  (2) Probe leakage risk (physical encapsulation) or false
(3) Widely applicable to diverse nanocarriers. signals (covalent conjugation).
(4) Enables real-time tracking of disintegration kinetics of (3) Reduced accuracy in indicating intact nanocarriers due
nanocarriers. to probe detachment.
AIE (1) “Turn-on” fluorescence in aggregated state (intact (1) False positives: hydrophobic AIEgens may re-aggregate
nanocarriers); quenched upon release. or bind biomolecules after release.
(2) Self-indicating nanocarriers possible (AlEgens as (2) Quantification challenges: semi-quantitative correlation
structural components). between fluorescence and carrier concentration.
(3) Multifunctionality: can integrate therapy (PDT/PTT) (3) Biocompatibility concerns: the universal pharmaco-
with imaging. logical activity of AIEgens may alter nanocarrier
function and fate.
ACQ (1) “Turn-off” signal upon nanocarrier disintegration (1) Incomplete quenching: reillumination in hydrophobic

(quenching in aqueous milieu).

(2) Simplified quantification: fluorescence
directly correlates with the intact nanocarrier
concentration.

(3) Minimal reillumination with optimized probes.

intensity

biological environments (e.g., lipid membranes).

(2) Restricted applicability: mostly used in nanocarriers
composed of materials with slow water diffusion rate
and degradation-triggered release.
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using the P4-labeled strategy®®®. Fluorescence imaging across
different skin sites (ear, back, abdomen) revealed that site-specific
factors influence the diffusion rate of SLNs, following the order:
ear > abdomen > back. This suggests transdermal delivery effi-
ciency can be optimized based on the site of application and specific
disease requirements**®. Furthermore, varying the length of DMNs
(DMN-1200, DMN-800, DMN-400) demonstrated that while
longer DMNs were observed to reach deeper skin layers and
facilitated more rapid microneedle dissolution, they did not
significantly affect the diffusion rate of SLNs**’. These results
suggest that optimizing nanocarrier delivery through the skin will
require balancing microneedle design with site-specific physio-
logical factors.

In conclusion, these studies collectively underscore the
powerful role of ACQ probes in elucidating the complex behaviors
of various nanocarrier systems. From self-microemulsifying sys-
tems to ICA and DMNs, ACQ probes provide invaluable insights
into the behavior, distribution, and effectiveness of these novel
drug delivery platforms, paving the way for more targeted and
efficient therapeutic interventions.

6. Conclusions and future perspectives

The integration of FB in nanomedicine, particularly with the
advent of ERFs based on FRET, AIE, and ACQ mechanisms, has
significantly advanced our ability to monitor and understand
drug nanocarrier systems in vivo. Their application has unrav-
eled the complexities of drug release mechanisms and the
intricate interactions of nanocarriers within biological environ-
ments, offering a clearer understanding of their behaviors and
potential.

This review has outlined the distinct advantages and limitations
of each ERF modality, which are summarized in Table 4. In sum-
mary, FRET systems offer high sensitivity and the ability to monitor
dynamic molecular interactions in real time, but they suffer from
spectral overlap, limited distance range, and potential donor-
acceptor detachment. AIE-based probes overcome traditional
ACQ limitations by exhibiting enhanced fluorescence upon aggre-
gation, allowing high SNR in intact nanocarriers. However, their
fluorescence correlation with nanocarrier concentration can be
unpredictable, and post-release reaggregation may cause false-
positive signals. ACQ fluorophores, in contrast, enable simple
"turn-off" signal tracking upon nanocarrier degradation, offering
intuitive readouts. Yet their susceptibility to reillumination and
signal persistence in biological environments limits quantification
accuracy.

Looking forward, significant progress is anticipated through
the development of novel ERFs featuring enhanced chemical and
photochemical stability, higher quantum yields, larger Stokes
shift, and superior responsiveness to environmental changes.
These improvements, combined with computational modeling
and Al, will enable more precise prediction and monitoring of
nanocarrier behaviors. Such advancements are not just incre-
mental improvements; rather, they represent a paradigm shift
towards the realization of personalized medicine. Enhanced
bioimaging techniques are poised to enable the creation of highly
targeted drug delivery systems, meticulously tailored to individ-
ual patient profiles, and optimized for maximum therapeutic
efficacy.

Quantification of nanocarriers using fluorescence-based
methods represents the forefront of current techniques, and

strategies to reduce false-positive signals are critical. To overcome
limitations in false-positive signals during nanocarrier tracking,
technology-specific mitigation strategies are paramount. For
FRET systems, covalent conjugation of donor-acceptor pairs to
nanocarriers’ material or utilizing improved techniques (e.g.,
ALEX/PIE) minimizes spectral crosstalk and probe detachment
artifacts. AIE systems require engineered water-soluble fluo-
rophores to prevent post-release reaggregation and to validate the
correlation between fluorescence and nanocarrier integrity. ACQ-
based quantification demands the development of probes with a
stronger fluorescence correlation with nanocarriers, supported by
rigorous pre-quenching validation to suppress reillumination in
physiological conditions.

In parallel, advances in nanocarrier material design, such as
enzyme-resistant lipids and crosslinker-tuned polymers, can sta-
bilize probe label stability, ensuring fluorescence signal transitions
accurately reflect biological degradation. Computational models,
including MD simulations, can guide the rational pairing of probes
and nanocarriers. Hybrid systems like lipid-polymer capsules may
offer an optimal balance of drug loading efficiency and environ-
mental resilience.

In conclusion, the continued evolution of FB technologies,
particularly through the sophisticated application of ERFs, will be
instrumental in advancing drug delivery and diagnostics. As these
imaging tools converge with nanotechnology and computational
sciences, they are expected to drive the development of highly
targeted, efficient, and personalized therapeutic strategies. This
integration heralds a new era in precision medicine, where
nanocarrier systems can be finely tuned to individual patient
needs, improving both therapeutic outcomes and clinical care.
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