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a b s t r a c t

Significant investment in nanocarrier drug delivery systems (Nano-DDSs) has yielded only a limited
number of successfully marketed nanomedicines, highlighting a low rate of clinical translation. A pri-
mary contributing factor is the lack of foundational understanding of in vivo processes. Comprehensive
knowledge of the pharmacokinetics of Nano-DDSs is essential for developing more efficacious nano-
medicines and accurately evaluating their safety and associated risks. However, the complexity of Nano-
DDSs has impeded thorough and systematic pharmacokinetic studies. Key components of pharmacoki-
netic investigations on Nano-DDSs include the analysis of the released drug, the encapsulated drug, and
the nanomaterial, which present a higher level of complexity compared to traditional small-molecule
drugs. Establishing an appropriate approach for monitoring the pharmacokinetics of Nano-DDSs is
crucial for facilitating the clinical translation of nanomedicines. This review provides an overview of
advanced bioanalytical methodologies employed in studying the pharmacokinetics of anticancer organic
Nano-DDSs over the past five years. We hope that this review will enhance the understanding of the
pharmacokinetics of Nano-DDSs and support the advancement of nanomedicines.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The application of nanocarrier drug delivery systems (Nano-
DDSs) in cancer diagnosis and treatment has been extensively
explored. Despite continuous research efforts aimed at developing
novel, enhanced, and sophisticated nanomedicines, their thera-
peutic potential remains largely unexploited. Clinically, only a
limited number of nanoformulations have been successfully
translated into new therapeutic agents. These include liposomal
doxorubicin (Doxil/Caelyx [1,2] and Myocet [3]), liposomal
daunorubicin (DaunoXome) [4], liposomal paclitaxel (Lipusu) [5],
liposomal cytarabine (DepoCyt) [6], liposomal mifamurtide
(Mepact) [7], liposomal vincristine (Marqibo) [8], liposomal irino-
tecan (Onivyde) [9], liposomal daunorubicin and cytarabine (Vyx-
eos) [10], albumin-bound paclitaxel (Abraxane) [11], paclitaxel
micelle (Genexol-PM [12] and Apealea [10]), paclitaxel
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nanosuspension (PICN) [13], paclitaxel lipid nanoparticle (DHP107)
[14], and Apealea (paclitaxel micellar) [14]. Despite these successes,
the majority of nanomedicines failed during clinical trials. This
challenge can be partly attributed to a limited understanding of the
in vivo fate of Nano-DDSs. To improve the clinical translation suc-
cess rate of nanomedicines, it is crucial to thoroughly understand
their physicochemical properties, biocompatibility, pharmacoki-
netic, and pharmacodynamic behaviors. Such comprehensive un-
derstanding will enable researchers and clinicians to optimize the
design and administration of nanomedicines, thereby improving
their efficacy and safety in clinical applications.

In recent years, the majority of anti-cancer nanomedicine
research has reported suboptimal tumor delivery efficiencies [15].
Furthermore, several nanomedicines that underwent clinical
testing have been terminated due to safety concerns. For instance,
in 2022, a single-arm phase II study combining NLG207, a nano-
particle camptothecin, with enzalutamide in advanced metastatic
castration-resistant prostate cancer post-enzalutamide was termi-
nated due to dose limiting toxicities [16]. The adverse effects may
be attributed to the nanocarrier. In 2019, Merrimack ceased the
development of MM-310, due to cumulative peripheral neuropathy
detected in phase 1 trials [17].
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Nanomedicines are designed to accumulate in tumors through
enhanced permeability and retention (EPR) effect. Unlike healthy
vessels, tumor vasculature is characterized by increased perme-
ability and structural disorganization, featuring larger inter-
endothelial gaps that facilitate the transendothelial migration of
nanoparticles. This, coupledwith the inefficient lymphatic drainage
in tumors, impedes the clearance of extravasated nanoparticles,
resulting in their accumulation within the tumor microenviron-
ment. Upon entering the bloodstream, nanoparticles interact with
plasma proteins, forming a protein corona that initiates opsoniza-
tion [18,19]. This process marks the nanoparticles for rapid clear-
ance by the mononuclear phagocyte system (MPS), particularly by
macrophages [20]. Studies on the biodistribution of nanomaterials
have demonstrated that a significant proportion of intravenously
administered nanoparticles are sequestered in MPS organs such as
the liver and spleen [19,20]. This nonspecific distribution can un-
dermine pharmacological efficacy and raise potential safety con-
cerns [21]. To mitigate these issues, surface modifications of
nanoparticles, including the application of poly(ethylene glycol)
(PEG), have been investigated to reduce opsonization [22]. How-
ever, repeated administration of PEGylated nanoparticles may
induce the formation of PEG-specific antibodies, leading to accel-
erated blood clearance [23]. Therefore, to enhance the targeting
capabilities of Nano-DDSs, a systematic evaluation and analysis of
their in vivo fate is essential. Pharmacokinetic analysis plays a
pivotal role in this process [24,25]. A comprehensive understanding
of the pharmacokinetics of Nano-DDSs is imperative for the
development of more efficacious nanomedicines and for the ac-
curate assessment of their safety and risk [25e27].

Nano-DDSs can be broadly classified into two categories:
organic and inorganic. Organic Nano-DDSs are further divided into
polymer-based and lipid-based nanoparticles. Polymer-based
nanoparticles include dendrimers, polymeric micelles, nanogels,
nanospheres, polymeric nanoparticles, and polymer-drug conju-
gates, whereas lipid-based nanoparticles comprise liposomes,
nanoemulsions, and solid lipid nanoparticles (SLNs) (Fig. 1). At
present, the majority of nanomedicines approved for clinical use
are organic Nano-DDSs formulated with either polymers or lipids
[28e30]. These organic nanoparticles present significant challenges
Fig. 1. Summary of the various categories of organic
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for in vivo analysis [31]. This review focuses on analytical methods
specifically for organic Nano-DDSs. It provides a detailed overview
of the latest advancements in bioanalytical techniques applied to
pharmacokinetic studies of anticancer organic Nano-DDSs over the
past five years. The aim of this review is to enhance the under-
standing of the pharmacokinetics associated with Nano-DDSs and
to promote further development in the field of nanomedicine.

2. The research objectives of pharmacokinetic studies for
organic Nano-DDSs

Nano-DDSs undergo a dynamic in vivo process, encompassing
various forms such as drug-loaded nanoparticles, released drug,
and dissociated nanocarrier materials. This process is intrinsically
linked to their pharmacokinetic behavior, pharmacological effects,
and toxicity profiles in vivo. Encapsulated drugs act as reservoirs,
while the drug released at the target site, such as tumor tissue,
forms the basis for therapeutic efficacy. To achieve the desired
biological effect, it is crucial for the encapsulated drug to reach its
designated target sites effectively and be released from the Nano-
DDSs. Therefore, unlike conventional pharmacokinetic evalua-
tions, measuring the total drug concentration alone in nano-
medicine is insufficient to ascertain whether an efficacious
concentration has been truly achieved within the tumor.

The interactions between the body and nanomaterials can
potentially influence the pharmacokinetics, therapeutic efficacy,
and safety of the encapsulated drug [32,33]. For example, PEG 2000
has been shown to inhibit the multidrug resistance related protein-
2 (MRP2) [34]. Additionally, PEGs and their derivatives can inhibit
the P-glycoprotein (P-gp)-mediated efflux system, thereby
reducing P-gp activity and subsequently enhancing the absorption
of its substrates [35,36]. Therefore, a comprehensive investigation
of the pharmacokinetics of nanomaterials is crucial.

2.1. Released drug

The utilization of nanocarriers complicates the biodistribution
and delivery of therapeutic drugs, presenting challenges in evalu-
ating the efficacy of drug delivery [37]. Traditionally, the
nanocarrier drug delivery systems (Nano-DDSs).
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assessment of delivery efficacy has relied on proxies such as the
accumulation of nanocarriers or the total drug within the tumor.
However, these measurements do not fully capture the delivery of
the active drug released at the target site. The effectiveness and
safety of nanomedicine are contingent upon the concentration of
the drug released in tumors and tissues, as only the released drug is
available for therapeutic use. For example, in the case of doxoru-
bicin liposomes, the therapeutic effect in tumor tissues is exerted
by the released doxorubicin, while its presence in normal tissues
and organs can lead to toxic side effects, such as cardiotoxicity [38].

2.2. Encapsulated drug

Encapsulated drugs act as inactive “prodrugs” until their release
from nanocarriers [29,39]. Given that Nano-DDSs are designed to
modify the pharmacokinetic profiles of encapsulated drugs for
targeted therapy and enhanced therapeutic outcomes, a compre-
hensive evaluation and understanding of the absorption, distribu-
tion, metabolism, and excretion (ADME) processes of the drug in its
encapsulated form are essential. This understanding is crucial for
the design and customization of an optimal nanocarrier system
[19,29], which is vital for clinical translation [31e33,40,41]. Failure
to distinguish between encapsulated and released drugs will
hinder the direct evaluation of the primary objective of drug
encapsulation in nanoparticles, which is to facilitate drug delivery
and release at the targeted site [37,42].

2.3. Nanomaterial

The preparation of Nano-DDSs necessitates the use of biocom-
patible nanomaterials that can be readily excreted from the body.
The systematic preclinical development of these innovative nano-
materials requires tools to assess their pharmacokinetics, bio-
distribution, and elimination [43]. Unfortunately, the
pharmacokinetics of nanomaterials is complex and challenging to
predict [18,37,44e46]. For instance, commonly used polymeric
nanomaterials exhibit a polydisperse nature in terms of molecular
weight, with varying compositions and ratios of homologs, making
their in vivo quantification extremely challenging [47,48]. To date,
there remains a scarcity of advanced pharmacokinetic analysis on
nanomaterials, particularly in the realm of organic nanomedicine
[49,50], despite their prevalence in clinical trials and the market
[31,51].

3. Analytical methods for pharmacokinetic studies of Nano-
DDSs

Investigating the pharmacokinetics of Nano-DDSs requires a
comprehensive understanding of the spatial and temporal trajec-
tories of both the released and encapsulated drugs, as well as the
nanomaterials involved (e.g., polymers, surfactants, and other
auxiliary chemicals). A significant challenge in this field arises from
the dynamic nature of drug release and carrier disintegration
within biological environments [52]. Recent technological ad-
vancements have facilitated the development of novel methods for
studying the pharmacokinetics of Nano-DDSs [53].

3.1. Radioisotope labeling

Radioisotope labeling is widely utilized to label drug molecules
and polymer materials, facilitating the quantification of these
substances based on the radioactive intensity detected in biological
samples [54]. Various polymer-based nanomaterials, such as
poly(lactic-co-glycolic) acid (PLGA) nanoparticles [55,56], poly
lactic acid (PLA)-based nanoparticles [57], and others [58,59], have
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been radiolabeled with technetium-99m (99mTc). Reis et al. [60]
investigated the tissue distribution of 99mTc-labeled PLA nano-
particles in mice, revealing that the majority of the nanoparticle
formulations were taken up by the MPS. In a separate study, Rather
et al. [61] investigated the pharmacokinetics and biodistribution of
PLGA-based nanoparticles containing radiolabeled rifampicin in
healthy human volunteers. Rifampicinwas labeledwith 99mTc using
an indirect method. Single-photon emission computed tomogra-
phy/computed tomography (SPECT/CT) imaging revealed the
accumulation of nanoparticles in the distal regions of the intestine
following the administration of the rifampicin nanoformulation. In
a study conducted by Miedema et al. [62], a polyethylene glycol-b-
pHPMAm-lactate block copolymer nanoparticle (CPC634) encap-
sulating docetaxel was labeled with zirconium-89 (89Zr) for visu-
alization and quantification via positron emission tomography/
computed tomography (PET/CT) in seven patients with solid tu-
mors. The application of a diagnostic dose of 89Zr-CPC634 in PET/CT
imaging facilitates the evaluation of tumor accumulation during
treatment, offering potential for patient stratification in cancer
nanomedicine that utilizes polymeric nanoparticles. Wang et al.
[63] introduced a non-invasive method for in vivo tracking of the
biodegradable polymer ε-poly-lysine (PLL) using radiolabeled
fluorine-18 (18F). Micro-PET imaging of radiolabeled F-PLLs
demonstrated rapid clearance of these nanoparticles in the livers of
rats. Given the significant potential of fluorinated polymers in gene
and protein delivery, this straightforward 18F radiolabeling
approach for PET imaging is likely to be broadly applicable to a
diverse range of fluorinated materials for monitoring their in vivo
distribution. Nagachinta et al. [64] demonstrated a rapid and effi-
cient radiolabeling technique utilizing facile-conjugated chemistry
with 18F for lipid-based nanocarriers. They conducted PET imaging
and biodistribution studies in BALB/c mice to assess the pharma-
cokinetics of the radiolabeled nanometric emulsions and to deter-
mine their clearance pathways. In the study conducted by Wang
et al. [65], tritium (3H) was employed for quantitative pharmaco-
kinetic analysis to elucidate the favorable pharmacokinetic profile
of RNA nanoparticles. The radiolabeling of oligonucleotides was
achieved through hydrogen-tritium exchange. This investigation
involved collecting major organs from mice, including the brain,
heart, lungs, liver, spleen, and kidneys, as well as tumors, to assess
radiation biodistribution profiles via scintillation counting. The
results indicated that approximately 5% of the 3H-labeled RNA
nanoparticles accumulated in tumors, with higher accumulation
observed in tumors compared to the liver, heart, lungs, spleen, and
brain following intravenous injection. Furthermore, the 3H-labeled
RNA nanoparticles exhibited rapid uptake in tumor vasculature
within 30 min and sustained presence in tumors for over two days.
Non-targeting 3H-labeled RNA nanoparticles were detected in
urine 30 min post-intravenous injection without undergoing
degradation or processing. Over 55% of the intravenously admin-
istered radiolabeled RNA nanoparticles were eliminated from the
body within 12 h, with the remaining 45% comprising radioactive
counts that were unrecoverable due to whole-body distribution
and blood dilution following intravenous administration. Dikpati
et al. [43] employed a combination of radiolabeling and size
exclusion chromatography, referred to as size exclusion of radio-
active polymers (SERP), to investigate the distribution of 3H radi-
olabeled trimethyl chitosan (TMC) in rats. Their study revealed the
excretion of radiolabeled TMC nanoparticles in urine and feces over
a 14-day period following administration to healthy rats, indicating
efficient elimination of the polymer from the body. Pellico et al. [66]
conducted a systematic review of current radiolabeling strategies
for nanomaterials, providing a critical evaluation of their respective
advantages and disadvantages. For further details, interested
readers are encouraged to consult this review.
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Radioisotope labeling is a well-established method renowned
for its high sensitivity in tracking the distribution and clearance of
nanocarriers. However, notable limitations are associated with
radioisotope labeling, particularly the potential for detachment or
leakage of radiolabels from nanocarriers. To address this challenge,
methods such as radiochemical doping, physisorption, and cation
exchange are under investigation. Despite these efforts, the meta-
bolism of nanocarriers within the body can still lead to the
detachment or leakage of labels. This issue is further complicated
by the difficulty in distinguishing between signals from carrier-
bound radiolabels and those from free or released radiolabels, as
radiolabels from different sources can produce identical signals.
Even if the radiolabels remain attached within the body, their
impact on the in vivo behavior of nanocarriers must still be
considered.
3.2. Stable isotope tracer ultrafiltration assay

In ultrafiltration, a significant concern is the impact of protein-
bound drug components on the accurate quantification of both
encapsulated and released drugs [67]. The Stern group has
improved traditional ultrafiltration methodologies by incorpo-
rating a stable isotope tracer into plasma samples containing
nanomedicine, thus enabling amore accurate assessment of plasma
protein binding [68]. This innovative approach effectively addresses
the key obstacle of differentiating the pharmacokinetic behaviors of
different drug fractions in plasma. The stable isotope tracer ultra-
filtration assay (SITUA) technique employs a trace amount of
isotopically labeled drug (Fig. 2), under the assumption that the
isotopically labeled drug will exhibit identical plasma protein
binding behavior to that of the drug released from the nano-
medicine. Specially, the isotopically labeled drug (D*) is added into
the nanomedicine-containing plasma and rapidly reaches binding
equilibrium with plasma proteins. The plasma sample is subse-
quently transferred to an ultrafiltration device and separated by
centrifugation. The total concentration of D* in the plasma sample
[Total D*], the concentration of D* in the ultrafiltrate [Ultrafiltrate
D*], the total concentration of the non-isotopically labeled drug (D)
in the plasma sample [Total D], and the concentration of D in the
Fig. 2. Schematic illustration of the stable isotope tracer ultrafiltration assay (SITUA)
technique.
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ultrafiltrate [Ultrafiltrate D] are measured, respectively. The protein
binding percentage of D* (%Bound) is calculated by using Eq. (1) in
Fig. 2. Since D* exhibits identical protein binding characteristics to
D, the protein binding percentage of D equals to that of D*. Eq. (2) in
Fig. 2 is used to determine the concentration of the unencapsulated
drug [Unencapsulated D]. With %Bound and [Unencapsulated D]
determined, the concentration of protein-bound D [Protein-bound
D] can be determined using Eq. (3) in Fig. 2, and concentration of
the concentration of the encapsulated drug [Encapsulated D] can be
determined using Eq. (4) in Fig. 2.

The SITUA technique was employed to assess the pharmacoki-
netic profiles of Abraxane®, an FDA-approved nanomedicine con-
taining paclitaxel, and its polymeric micelle formulation,
Genexol®PM, for bioequivalence evaluation in the Sprague-Dawley
rat model [69]. The findings revealed that, although Abraxane® and
Genexol®PM exhibited nearly identical concentration-time profiles
for total, released, and unbound drug fractions, statistically signif-
icant differences were observed in the pharmacokinetic parameters
of the unencapsulated and unbound drugs between the two for-
mulations. This discrepancy was not apparent in the total drug
pharmacokinetic profile [69]. These results underscore the
enhanced sensitivity of the SITUA approach in detecting subtle
deviations from bioequivalence that may not be discernible using
traditional methods focused solely on total drug pharmacokinetics
[70].

The SITUA technique can provide concentration information for
the encapsulated drug, unencapsulated protein-bound drug, and
unencapsulated free drug in plasma samples. However, it is based
on the assumption that the protein-binding behavior of the isoto-
pically labeled drug in plasma will be identical to that of the
released drug from nanomedicine. In reality, the concentration
range of the released drug in plasma is wide, and the protein-
binding percentage may vary at different concentrations, leading
to potential inaccuracies. Therefore, it is necessary to verify that the
plasma protein-binding percentages of the drug at different con-
centrations are consistent before using this method. Additionally,
non-specific adsorption by the ultrafiltration device is also a
concern.

3.3. Fluorescence imaging

Fluorescence imaging has been extensively employed to
monitor the in vivo behavior of Nano-DDSs. Nanoparticles can be
either internally loaded with fluorescent dyes or externally labeled
on their surfaces with these dyes [71,72]. The quantification of
nanoparticle uptake or biodistribution can be achieved by moni-
toring the fluorescence signal both in vitro and in vivo. It is generally
assumed that the fluorescence signal emitted by nanoparticles is
directly proportional to their accumulation within cells, tissues, or
organs [73]. However, most traditional fluorophores do not exhibit
environmental responsiveness, emitting consistent signals
regardless of their attachment to a nanocarrier. Consequently, the
observed signals represent a mixture of those from both
nanocarrier-loaded and free probes, potentially compromising the
precision of fluorescence imaging [74,75]. Recently, there has been
significant focus on environment-responsive fluorescent probes
that utilize the principles of F€orster resonance energy transfer
(FRET) [76e78], aggregation-caused quenching (ACQ) [79,80], and
aggregation-induced emission (AIE) [81e83] (Fig. 3). These probes
demonstrate simultaneous changes in fluorescence spectra in
response to the dynamic alterations of nanocarriers [54].

3.3.1. FRET
FRET is a phenomenon wherein energy is transferred between

two fluorophores, termed the donor and the acceptor, when they



Fig. 3. Schematic representations of (A) F€orster resonance energy transfer (FRET), (B) aggregation-caused quenching (ACQ), and (C) aggregation-induced emission (AIE).
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are in an excited state. The efficiency of this energy transfer is
inversely related to the distance between the two fluorophores,
limiting the range of energy transfer to 1e10 nm (Fig. 3A) [84].
Donor and acceptor dyes can be loaded into nanocarriers to facili-
tate FRET, provided that the nanocarrier remains intact [73,85].
FREToffers the advantage of utilizing commonly used carbocyanine
dyes, thereby facilitating the upgrade of existing fluorescence im-
aging techniques to incorporate FRET [31,86]. Consequently, FRET
serves as a valuable tool for monitoring Nano-DDSs, including the
assessment of nanoparticle integrity, drug release, and nanoparticle
degradation. These parameters are crucial for gaining a funda-
mental understanding of the in vitro and in vivo behavior of
nanoparticles, thereby providing essential information for opti-
mizing their drug delivery applications [73,87].

Lebreton et al. [85] conducted a study on the pharmacokinetics
of intact lipid nanocapsules (LNCs) following their intravenous
administration in rats, with a subsequent reinjection after a 7-day
interval, using FRET method for quantification. They developed a
method to extract intact LNCs from blood via ultracentrifugation,
which enhanced the efficiency of FRET signal. Quantification of
intact LNCs was achieved through a combination of the FRET signal
and nano tracker analysis. Pharmacokinetic data were analyzed
using non-compartmental analysis and were utilized to construct a
population pharmacokinetic model. Zhu et al. [88] employed FRET
to investigate the in vivo distribution of a docetaxel-loaded, vitamin
E-based, strongly reductive nanosystem (DTX-VNS) in BALB/c mice
post-administration. The results indicated that the DTX-VNS
nanosystem preferentially and rapidly releases the drug at tumor
sites, as opposed to normal organs, due to the elevated levels of
reactive oxygen species (ROS) present within the tumors. Sun et al.
[89] conducted a study using the FRET principle, wherein a Cy5-
modified survivin siRNA conjugated to nanogolds (Au-DR-siRNA)
was encapsulated within lipid nanoparticles (LNPs) to observe
in vivo siRNA release behavior. The findings indicated that upon the
release of Au-DR-siRNA from the LNPs and its subsequent cleavage
by the Dicer enzyme, free siRNA was generated within cells. This
5

process caused the fluorescence of Cy5 to transition from a
quenched state to an activated state, thereby indicating the location
and timing of the siRNA release. Utilizing FRET to examine the ki-
netic stability of self-assembled poly(2-oxazoline) (POx) nano-
particles incorporating curcumin, Datta et al. [90] demonstrated a
correlation between nanoparticle integrity and cellular uptake in
human glioblastoma cells.

Based on FRET, Wang's group has developed a series of inno-
vative designs to distinguish the localization of nanoparticles
within and outside of cells [91,92]. Yin et al. [91] introduced a bi-
nary ratiometric nanoreporter (BiRN) that effectively differentiates
intracellular from extracellular nanoparticle locations, thereby
enabling quantitative imaging of nanoparticle internalization
in vivo (Fig. 4). An acidic early endosomal pH (pHee ~6.0) was
selected to monitor nanoparticle internalization events, as early
endosome formation occurs rapidly following endocytosis. The
‘OFFeON’ module remains ‘OFF’ in the tumor bloodstream and
extracellular space (pHe ~ 6.6e6.9), but switches ‘ON’ upon a rapid
decrease in pH within the early endosome post-endocytosis. The
‘always-ON’ module serves as an internal standard for ratiometric
quantitation of nanoparticle internalization. Following binary
ratiometric processing, nanoparticles in the tumor microvascula-
ture and extracellular space were excluded, facilitating real-time
assessment of cellular internalization in live mice. Utilizing BiRN
technology, the researchers effectively quantified the internaliza-
tion of nanoparticles that accumulated in solid tumors across
various levels of analysis, including whole-animal, intravital,
excised tissue, and tissue section assessments.

Yan et al. [92] developed a pH/light dual-responsive mono-
chromatic ratiometric imaging nanoparticle (MRIN) capable of
selectively activating intracellular and extracellular fluorescence
signals in response to acidic endocytic pH and near-infrared light
(Fig. 5). This nanoparticle is labeled with a near-infrared fluo-
rophore (Cy5) and a fluorescence quencher (Cy7.5), utilizing FRET
to suppress fluorescence signals in the bloodstream and extracel-
lular tumor space (pHe ~ 6.7e7.1). Upon cellular internalization in



Fig. 4. The schematic representation of the internalization and activation processes of binary ratiometric nanoreporter (BiRN) nanoprobes in living mice. ER: endoplasmic retic-
ulum. Reprinted from Ref. [91] with permission.
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tumor tissues, the Cy5 signal of MRIN promptly turns ‘ON’ due to
nanoparticle dissociation within the acidic endo-lysosomal envi-
ronment (pHee ~ 6.0). In contrast, extracellularly distributed
nanoparticles remain ‘OFF’, facilitating the measurement of inter-
nalized nanoparticles within tumor tissues. Subsequently, external
808 nm laser irradiation degrades the fluorescence quencher,
effectively illuminating the Cy5 signals of extracellularly distrib-
uted nanoparticles in tumor tissues for precise quantification.
Consequently, nanoparticles situated both intracellularly and
extracellularly within tumor regions are selectively activated by
non-crosstalk stimuli, allowing for monochromatic ratiometric
imaging of nanoparticle microdistribution in vivo. Utilizing MRIN
nanotechnology, this approach enables precise quantification of
nanoparticle distributionwithin both extracellular and intracellular
compartments across various tumor models.

The generation of FRET signals depends on the overlap between
the donor emission spectrum and the acceptor absorption spec-
trum, as well as their appropriate spatial configuration, which en-
sures detection specificity. Despite significant advancements in
FRET methodologies, challenges persist. FRET provides powerful
qualitative analysis capabilities, but its quantitative analysis
6

remains complex. Calculating FRET efficiency necessitates consid-
eration of various factors, including spectral overlap between the
donor and acceptor, fluorescence lifetime, and fluorescence quan-
tum yield, all of which require intricate mathematical models and
correction methods. Consequently, comprehensive pharmacoki-
netic analysis remains difficult to achieve. Furthermore, the
bioactivity of fluorescent dyes can potentially influence the phar-
macokinetic characteristics of Nano-DDSs. However, there is
limited understanding of how the incorporation of fluorescent dye
molecules into Nano-DDSs affects the pharmaceutical attributes of
the cargo, such as chemical structure conformation, peptide
folding, and nucleotide stability.

3.3.2. ACQ
ACQ is a phenomenon where highly emissive fluorophores,

which are brightly fluorescent in dilute solutions, become weakly
emissive or non-emissive upon aggregation [93,94]. In the context
of nanocarrier imaging, ACQ probes emit fluorescence when they
are molecularly dispersed within the nanocarrier matrix. However,
this fluorescence is quenched upon their release into the sur-
rounding aqueous environment. Consequently, the observed



Fig. 5. Schematic representation of monochromatic ratiometric imaging for the quantification of extracellular and intracellular nanoparticle distribution in living mice. MRIN:
monochromatic ratiometric imaging nanoparticle. Reprinted from Ref. [92] with permission.
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fluorescence indicates the presence of intact nanocarriers (Fig. 3B).
Utilizing ACQ, researchers have investigated the in vivo fates of
various nanocarriers through live imaging techniques, yielding
intriguing results that elucidate the significance of these nano-
carriers [74].

In the study by He et al. [79], the biological fate of polymeric
micelles following oral administrationwas investigated using near-
infrared fluorophores with ACQ properties for labeling and
tracking. The results provided valuable insights into the role of
polymeric micelles in oral absorption. Similarly, Fan et al. [95]
labeled monomethoxy poly(ethylene glycol)-poly(ε-caprolactone)
(mPEG-PCL)-based nanocarriers with a near-infrared fluorophore
exhibiting absolute ACQ properties, enabling precise bioimaging of
nanoparticles. The study confirmed the relationship between
fluorescence intensity and nanoparticle weight, facilitating the
quantification of nanoparticles in blood, organs, and tissues.
Despite the high density of PEG decoration, the nanocarriers
demonstrated rapid clearance from the blood. Furthermore, phar-
macokinetic profiles indicated faster clearance of the encapsulated
drug compared to the nanocarriers. Fan et al. [96] employed an
ACQ-based bioimaging strategy to study the pharmacokinetics and
biodistribution of blank nanoemulsions, which mimic the formu-
lation of Intralipid®. The information obtained is helpful for un-
derstanding the pharmacological and toxicological effects of
nanoemulsions. Fu et al. [97] incorporated the ACQ probe P4 into
SLNs and subsequently encapsulated them within integrating dis-
solving microneedles to investigate the transdermal diffusion of
SLNs administered at various skin sites. The findings demonstrated
that the stability of SLNs remained unaffected upon incorporation
7

into integrating dissolving microneedles, as evidenced by the lack
of significant alterations in fluorescence properties. Additionally,
the study confirmed the site-specific nature of transdermal diffu-
sion in nanocarrier-loaded SLNs.

ACQ is an important technique for monitoring the in vivo
behavior of nanocarriers. In many biological assays, the ACQ effect
can reduce background signals and enhance the signal-to-noise
ratio of detection. However, ACQ-based biological imaging is not
well-suited for hydrophilic nanocarriers. This limitation arises from
the difficulty in encapsulating dyeswithin hydrophilic matrices and
the rapid absorption of water molecules into these matrices, which
leads to aggregation and premature fluorescence quenching. Since
the ACQ effect depends on the degree of aggregation of fluorescent
molecules, precise quantitative analysis becomes more complex.
Furthermore, the in vivo release behavior of loaded ACQ probesmay
not fully align with that of the active pharmaceutical ingredient.
The re-illumination caused by the disaggregation and redistribu-
tion of ACQ probe molecules into physiological hydrophobic re-
gions may introduce potential interference, resulting in inaccurate
analysis of the loaded drugs.

3.3.3. AIE
AIE-based fluorophores exhibit minimal fluorescence when

existing as isolated molecules in a diluted state. However, upon
aggregation or dispersionwithin nanoparticles, emission is induced
due to the restriction of the free rotation of individual molecules
[98]. Consequently, the encapsulated AIE probes illuminate the
nanoparticles, while leaked probes produce minimal fluorescence
[54,99] (Fig. 3C).
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Chenet al. [100] utilized a combinationofAIE and label-freemass
spectrometry imaging to visualize and quantify AIE nanoparticles
within tissue, while concurrently analyzing spatial metabolic
changes. The findings suggested that the presence of nanoparticles
in healthy tissues led to specific alterations in endogenous meta-
bolism, including oxidative stress characterized by a reduction in
glutathione levels. Furthermore, the limited efficacy of passive
nanoparticle delivery to tumors suggested that the enhanced
accumulation of nanoparticles in tumor tissues was not facilitated
by the abundant presence of tumor vessels. In a study conducted by
Wu et al. [101], a Pt(IV) prodrug activated by visible light and an AIE
luminogen (AIEgen) were copolymerized and incorporated into the
main chain of PtAIECP. Subsequently, doxorubicin (DOX) was
encapsulated within nanoparticles formed by PtAIECP (PtAIECP@-
DOX NP). The PtAIECP@DOX NP enabled the monitoring of both the
activation of the Pt(IV) prodrug to Pt(II) and the release of DOX
intracellularly through a fluorescence "turn-on”mechanism during
visible-light-induced cleavage of the polymer main chain and
dissociation of the self-assembled structure in vitro and ex vivo. This
polyprodrug and AIE combination approach facilitated the simul-
taneous release and monitoring of two drugs. Zhang et al. [102]
employed tetrakis (4-hydroxyphenyl) ethylene (THPE), an AIE flu-
orophore, as a representative compound to investigate the cellular
uptake mechanisms and dissolution kinetics of nanocrystals within
cells. Their findings, as revealed through confocal imaging and flow
cytometry, indicate that nanocrystals can be internalized by cells
either as intact nanoparticles or in their dissolved molecular form.

Since AIE probes produce almost no signal in solution, they can
effectively reduce background noise and enhance the signal-to-
noise ratio. However, while AIE probes emit strong fluorescence
upon aggregation, this can also limit spatial resolution. In highly
aggregated regions, excessively strong fluorescence signals may
obscure subtle structural details, particularly in the study of sub-
cellular structures. Additionally, in certain biological environments,
non-specific adsorption can cause AIE probes to reaggregate,
resulting in false fluorescent signals and compromising the accu-
racy of experimental results.

3.4. Mass spectrometry

Liquid chromatography/mass spectrometry (LC-MS) is a widely
used technique for quantifying small molecular drugs and is
increasingly employed for the quantification of constituent poly-
mers in nanoparticles [35,47,53,103,104]. Polymers are character-
ized by their polydisperse molecular weights and their propensity
to form multicharged ions in electrospray ionization mass spec-
trometry, resulting in a wide array of precursor ions. Conventional
analytical techniques, such as the commonly usedmultiple reaction
monitoring (MRM) scan mode, fail to provide a comprehensive
profile necessary for the sensitive and accurate quantification of
polymers in vivo. Zhou et al. [47] have developed a reliable method
for the quantification of the most widely used polymeric nano-
material, PEG, using liquid chromatography-quadrupole/time-of-
flight mass spectrometry (LC-Q-TOF/MS), based on a full profile
acquisition technique named MSALL. This technique employs
information-independent acquisition, allowing all PEG precursor
ions to pass through the first quadrupole into the collision cell,
where collision-induced dissociation with appropriate collision
energy effectively generates several common PEG-specific frag-
ments, each consisting of a few ethylene oxide subunits, from all
PEGs. Among these, a characteristic product ion is used to achieve
highly sensitive, specific, and accurate absolute quantitation of
PEGs with polydisperse molecular weights and numerous precur-
sor ions. Themajor advantages of this technique include its capacity
for comprehensive analysis of PEGs with excellent specificity, high
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sensitivity, and reproducibility. Compared to labeling methods, LC-
Q-TOF/MS assays help to avoid artifacts from labels and reduce
interference from degraded materials. Many researchers have
developed LC-MS-based methods for the quantitative analysis and
pharmacokinetic profiling of polymers in biological specimens
[35,47,103e108].

Meng et al. [107] conducted an in vivo study on the amphiphilic
diblock copolymer monomethoxy poly(ethylene glycol)-block-
poly(d,L-lactic acid) (PEG-PLA) in rats, employing an LC-MSmethod
for quantitative analysis based on the MSALL technique. This study
investigated the pharmacokinetics, biodistribution, metabolism,
and excretion of PEG-PLA following its intravenous administration
in rats. The results indicated that unchanged PEG-PLA was pri-
marily distributed to the spleen, liver, and kidneys, with subse-
quent elimination in urine over a 48-h period, predominantly
(>80%) in the form of its PEG metabolite. Using a similar technique,
Ren et al. [104] examined the pharmacokinetics, tissue distribution,
and excretion of D-a-tocopheryl polyethylene glycol 1000 succinate
(TPGS) and its metabolite, PEG1000, in rats following both oral and
intravenous administration. Additionally, they investigated the
interaction of TPGS with cytochromes P450 in human liver micro-
somes. Song et al. [109] studied the release kinetics of a novel
trivalent PEGylated irinotecan (PEG-[Irinotecan]3). The results
demonstrated that PEG[Irinotecan]3 underwent a gradual reduc-
tion in irinotecan content, resulting in the formation of PEG
[Irinotecan]3�x (x ¼ 2,1) and PEG-[linker], which led to the release
of irinotecan and subsequent formation of the active compound
SN-38. �Simek et al. [110] introduced a novel LC-MS methodology to
evaluate the pharmacokinetic characteristics of free and encapsu-
lated DOX within oleyl hyaluronan (HA-C18:1) polymeric micelles.
Their findings revealed rapid dissociation of the nanocarriers
following administration. Nevertheless, the encapsulated DOX
demonstrated prolonged circulation time and improved tumor
targeting.

3.5. Anti-PEG single-chain variable fragment antibody

Zhan's group [111] developed a facile method for separating
PEGylated liposomal drugs using an anti-PEG single chain variable
fragment antibody (PEG-scFv) in combination with high perfor-
mance liquid chromatography to quantify released DOX and lipo-
somal DOX in plasma. In this method, the PEG-scFv triggers the
precipitation of PEGylated liposomes following incubation at a
specific ratio. Validation has confirmed that the adsorption of PEG-
scFv on these liposomes neither compromises their structural
integrity nor leads to drug leakage. The precipitate can be easily
separated from the released DOX in the supernatant through low-
speed centrifugation (under 2,000 g). As a result, it becomes
feasible to distinguish andmeasure both the liposomal DOX and the
released DOX. This technique exhibited sufficient accuracy and
sensitivity for assessing both released and encapsulated DOX. The
same technique was employed for the separation of PEGylated
polymeric micelles, resulting in successful separation under gentle
centrifugation conditions unaffected by serum or plasma. This
method was used to investigate the stability and in vivo perfor-
mance of paclitaxel-loaded micelles, focusing on micelle-related
complement activation and the pharmacokinetic profile [112]. In
conclusion, the PEG-scFv method is deemed appropriate for the
thorough separation of PEGylated liposomes and polymeric mi-
celles, as well as potentially other PEGylated nanocarriers.

3.6. Other techniques

Wang et al. [38] developed a method combining solid-phase
extraction with LC-MS to detect both encapsulated and released
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DOX in PEGylated DOX liposomes. The poor retention of PEGylated
DOX liposomes and the strong retention of released DOX on
reversed-phase solid-phase extraction columns enabled the sepa-
ration of encapsulated DOX from tissue samples. Subsequently, the
concentrations of encapsulated DOX and total DOX are measured
separately by LC-MS, with the concentration of released DOX
determined by the difference between these two values. The study
compared the release and uptake profiles of DOX in PEGylated li-
posomes between normal tissues and tumor tissues in tumor-
bearing mice. The results demonstrated that liposomes effectively
released DOX into tumors, enhancing tumor uptake of DOX by 1.8-
fold compared to direct administration of a DOX solution. Addi-
tionally, liposomes reduced DOX distribution to the heart, thereby
decreasing its cardiac toxicity.

Dialysis is frequently employed to investigate the in vitro drug
release behavior of nanomedicines, serving as a surrogate for in vivo
drug release studies. Sethi et al. [113] investigated the release
profile of 5-fluorouracil encapsulated within cross-linked chitosan
nanoparticles in phosphate-buffered saline (PBS) at pH 7.4. Ma et al.
[114] evaluated the drug release kinetics of cyclodextrin-modified
PLGA nanoparticles using a reverse dialysis method in PBS at pH
values of 7.4, 6.8, and 5.0. However, it is important to note that
in vitro buffer systems cannot fully replicate the physiological
conditions of blood flow, plasma proteins, and cellular components
present in vivo. Consequently, in vitro drug release assays may not
accurately represent the actual release behavior of nanoparticles
within the bloodstream. Furthermore, drug adsorption by the
dialysis membrane can also introduce significant inaccuracies in
the results.

4. Conclusion and perspectives

The precise timing, location, and mechanism of drug release
from nanocarriers, as well as the interactions between nano-
carriers, nanomaterials, and body, remain largely unknown.
Without a comprehensive understanding of in vivo processes,
accurately predicting the efficacy and potential toxicity of Nano-
DDSs is challenging. Relying solely on feedback from terminal
biological effects to inform the optimization of Nano-DDSs renders
their development speculative and inefficient in terms of research
and development resources. Given the dynamic processes
involving released drugs, encapsulated drugs, and nanomaterials in
Nano-DDSs, identifying suitable monitoring techniques to track
in vivo changes is paramount for advancing the clinical translation
of nanomedicines. This review provides an overview of current
bioanalytical techniques used to assess the pharmacokinetics of
Nano-DDSs. However, there remains a pressing need to develop
more effective bioanalytical methods that enable precise analysis of
the multiple components of Nano-DDSs in vivo.

As research on the in vivo fate of nanomedicines advances, it
becomes crucial to study the interactions between nanomedicines
and various cell types, including tumor cells, immune cells, and
endothelial cells. Analyzing the distribution and trajectories of
nanomedicines within cells, and exploring the interactions be-
tween nanomedicines and biomacromolecules, will enhance our
understanding of how nanomedicines interact with the biological
systems. To achieve these objectives, it is necessary to overcome
technical challenges and develop more efficient, sensitive, and
precise analytical techniques. This will enable a more comprehen-
sive and in-depth elucidation of the in vivo fate of Nano-DDSs,
facilitating the effective design and optimization of nano-
medicines. Furthermore, traditional pharmacokinetic modeling is
inadequate for characterizing the pharmacokinetic behavior of
nanomedicines. There is a need to establish novel pharmacokinetic
models that consider the dynamic equilibrium between the
9

released and encapsulated forms of the drug, the nanocarrier's
stability within the body, its interactions with plasma proteins and
particular organs, and any metabolic processes the nanocarrier
undergoes in vivo.
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