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Abstract: Nanodrug delivery systems (NDDSs) are a hot-
spot of new drug delivery systems with great develop-
ment potential. They provide new approaches to fighting
against diseases. NDDSs are specially designed to serve
as carriers for the delivery of active pharmaceutical ingre-
dients to their target sites, and their unique physico-
chemical characteristics allow for prolonged circulation
time, improved targeting, and avoidance of drug resis-
tance. Despite remarkable progress achieved in the
preparation and efficacy evaluation of NDDSs, the under-
standing of the in vivo pharmacokinetics of NDDSs is still
insufficient. Analysis of NDDSs is far more complicated
than that for small molecular drugs; thus, almost all con-
ventional techniques are inadequate for accurate profiling
of their pharmacokinetic behaviour in vivo. In this article,
we systematically reviewed the absorption, distribution,
metabolism, and excretion of NDDSs and summarized
the advanced bioanalytic techniques for tracing the in
vivo fate of NDDSs. We also reviewed the physiologically
based pharmacokinetic model of NDDS, which has been a
useful tool in characterizing and predicting the systemic
disposition, target exposure, and efficacy/toxicity of var-
ious types of drugs when coupled with pharmacodynamic
modelling. We hope that this review will be helpful in
improving the understanding of NDDS pharmacokinetics
and facilitating the development of NDDSs.
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1 Introduction

Nanodrug delivery systems (NDDSs) integrate small mole-
cules into nanometres by encapsulating or adsorbing drugs
to form drug nanoparticles (NPs) and achieve effective drug
delivery [1,2]. The development of NDDSs includes polymer
NPs, micelles, liposomes, dendrimers, metal NPs, and solid
lipid NPs. NDDSs have the features of small particle size,
large specific surface area, high surface reactivity, and
strong adsorption. Using nanomaterials as delivery systems
can improve the absorption and utilization rate of drugs,
achieve efficient targeted delivery, extend drug half-life,
and reduce toxicity and side effects in normal tissues [3].
In the past 30years, there have been many noteworthy
discoveries in disease diagnosis and treatment, drug dis-
covery, and tissue engineering of nanotechnology [4,5];
however, the biological fate of NDDSs remains elusive,
and many problems have still not been solved. The phar-
macokinetic study of NDDSs is still scattered and superficial
due to the complexity of the nanodrug structure.
Pharmacokinetics is a quantitative study modality of
the dynamic changes in ADME of drugs and elucidates
the relationship between drug concentration and time.
Compared with free drugs, NDDSs have special size, struc-
ture, and surface properties, which may lead to changes in
the physical and chemical properties and biological beha-
viour of drugs, such as promoting drug transmembrane
transport and changing the pharmacokinetic characteristics,
in vivo distribution, and tissue selectivity for different organs
or cells [6,7]. Pharmacokinetic research on NDDSs is in early
stages, and the design and preparation of nanodrugs still
lack systematic and comprehensive pharmacokinetic sup-
port and guidance. Therefore, concerning the dynamic pro-
cess from total drugs to free drugs and nanocarriers, finding
an appropriate method to monitor the changes to NDDSs
that occur in vivo has important guiding significance for
promoting the clinical application of nanodrugs.

2 ADME of NDDSs

Pharmacokinetics is the movement of drugs into, through
and out of the body - the time course of drug absorption,
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distribution, metabolism, and excretion. In simple terms,
it is what the body does to a drug [8].

2.1 Absorption

Drug absorption is an active or passive process. The drug
moves from the application site to the measurement site,
which is reflected by measuring the active drug concen-
tration in the systemic circulation [9]. NDDSs are drug-
loaded particles, and for such systems, it is necessary to
measure the concentrations of free drugs and loaded
drugs, as well as the concentrations of carrier materials
and drug-loaded particles in blood to further obtain
information on drug release kinetics and carrier depoly-
merization/degradation kinetics in vivo.

NDDSs enter cells mainly through endocytosis, which
is affected by the surface charge, particle size, and carrier
properties of the NPs. The charge can affect the amount
and pathway of NDDS into cells. Drugs with a positive
charge have a stronger interaction with cells, more easily
enter cells, and are more likely to be endocytosed through
the clathrin-mediated pathway [10]. In addition, the par-
ticle size has a great influence on the process of NDDSs
entering cells. Gratton et al. found that the particle size
is inversely proportional to the internalization rate [11].
The larger the particle size, the slower the internalization
rate. In addition, carriers can affect the endocytosis and
pathway of NDDSs. Previous studies have shown that
the hydrophobic segment of polymer micelles plays an
important role in the transport amount and speed, and
the hydrophilic segment plays an important role in the
localization of intracellular organelles [12]. Modification
of hydrophobic groups also affects the uptake of nanocar-
riers. The higher the modification of the palm group, the
greater the uptake of chitosan NPs, and caveolin-mediated
endocytosis increases significantly with increasing hydro-
phobicity [13].

2.2 Distribution

Distribution is the reversible transfer of a drug between
the blood and the extravascular fluids and tissues of
the body. Drug distribution governs the amount of drug
reaching target sites compared to the rest of the body and
thus plays an important role in drug efficacy and toxicity
[14]. The factors affecting drug distribution include diffu-
sion rate, affinity of drug to tissue, blood flow, and binding
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to plasma protein. Different from free drugs, the distribu-
tion of NDDSs in tissues and organs depends on the phy-
sicochemical and surface properties of the drug-loaded
particles; meanwhile, it is also affected by many factors,
such as protein binding in blood, hemodynamics of tissues
and organs, and vascular morphology. Our group treated
mice with cisplatin and NP-UVA-Pt2 to study the biodis-
tribution of Pt drugs in blood and organs. The results
showed that cisplatin accumulated mainly in the liver
and kidneys, and the Pt concentrations in the tumour
site for NP-UVA-Pt2 increased from 1 to 12 h, while those
in the blood decreased. In contrast to cisplatin, NP-UVA-
Pt2 gave a higher Pt concentration in tumours at 12h,
which was more than that in the kidneys, blood, and other
organs, except the liver [15].

2.3 Metabolism

Due to the metabolism of drugs (in the gut wall and liver)
into inactive or less active components before being
absorbed into the systemic circulation, the concentration
of a drug, especially after oral administration, is signifi-
cantly reduced before it reaches the bloodstream [16]. A
fraction of a drug is lost during absorption, and a fraction
is metabolized by cytochrome P450 (CYP450) enzymes
of the liver, and these two processes are accountable
for the metabolism or biotransformation of approximately
70-80% of the drugs in clinical use [17]. When NDDS
enters the target cell, the nanocarrier is biodegradable,
and the drug is released in a targeted manner to exert its
effect. Polylactic acid (PLA) is a widely used NP carrier that
can be biodegraded. Its degradation in vivo is affected by
molecular mass, copolymer monomer ratio, particle size,
surface charge, and ionic strength. PLA can be decom-
posed into lactic acid under the effect of nonenzymatic and
enzymatic hydrolyses and then generates carbon dioxide and
water through the carboxylic acid metabolic cycle. Therefore,
PLA has good bhiocompatibility in vivo [18].

2.4 Excretion

Due to the efflux proteins, it is difficult for free drugs to
aggregate in drug-resistant cells. NDDSs have greatly
improved this situation. They can alleviate the efflux
and increase the accumulation of drugs in target cells
through the addition of excipients to NDDSs or by com-
bining multiple drugs in one NDDS. Li et al. found that



DE GRUYTER

the efflux of DOX in drug-resistant cells was greatly
reduced by combining DOX prodrug NPs with lornida-
mine. In vivo, although the plasma concentration of
DOX maintained almost the same drug time curve as
that of the noncombined preparation, the tumour tar-
geting of DOX in the combined preparation was greatly
improved and showed better efficacy [19]. Thus, although
there was no significant difference in blood drug concen-
tration, the therapeutic effect on the target was signifi-
cantly improved.

With advances in the design and synthesis of nano-
carrier materials [20,21], many nanodrugs have been
approved by the U.S. Food and Drug Administration for
clinical trials [22,23], which shows that nanocarrier mate-
rials have been considered nontoxic inert carrier mate-
rials. However, new evidence indicates that nanocarrier
materials cannot only change the pharmacokinetics of
loaded drugs [24-27] but can also interact with the
immune system [28] and affect metabolism, drug distri-
bution, and other processes of the body to produce toxi-
city and side effects [29,30]. Therefore, when designing
and optimizing nanocarrier materials, we should pay
attention to the curative effect and their biological fate
and analyse their distribution, transport and metabolism
in tissues [31]. Meng et al. studied the pharmacokinetics,
biological distribution, metabolism, and excretion of poly-
ethylene glycol (PEG)-PLA in rats after intravenous admin-
istration. The results showed that unchanged PEG-PLA
was mainly distributed in the spleen, liver, and kidney
and excreted from urine in the form of PEG metabolites
after more than 48h [32].

3 Analytical method for
pharmacokinetic study of NDDS

The analytical methods of NDD pharmacokinetics mainly
include high-performance liquid chromatography (HPLC),
enzyme-linked immunosorbent assay (ELISA), radioisotope
labelling, liquid chromatography tandem mass spectrometry
(LC-MS/MS), Forster resonance energy transfer (FRET),
and ultrafiltration. These methods with their advantages
and disadvantages will briefly be introduced.

3.1 HPLC

HPLC is usually used for the separation of biological macro-
molecules, medical macromolecules, ionic compounds,
unstable natural products, and other macromolecules and
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unstable compounds due to its high efficiency, automation,
accuracy, and simple operation. Using HPLC, Shen et al.
analysed the pharmacokinetics of vincristine in rat plasma
after a single intravenous injection of vincristine normal
saline solution (F-VCR), PLGA-mPEG-loaded VCR NPs (NP1),
and PLGA-PEG-folate (NP2). They found that NP1 and NP2
can prolong the residence time of VCR in plasma, increase
the area under the concentration-time curve, and reduce
systemic clearance (Figure 1) [33]. Our group measured the
release kinetics for Pt and capecitabine in the combination
drugs in two conditions at pH 5.0 and pH 7.4 using HPLC. we
observed that the Pt release was more sensitive to pH com-
pared to the capecitabine release [34]. Calaspargase pegol
(Asparlas), first launched in 2019 in the United States, is a
polyethylene glycol-L-asparaginase, as part of a multiagent
chemotherapeutic regimen for the treatment of patients
with acute lymphoblastic leukaemia [35]. Angiolillo et al.
determined the pharmacokinetics of calaspargase pegol
using validated reverse-phase high-performance liquid
chromatography with double mass spectrometry [36].

HPLC overcomes the shortcomings of the low column
efficiency and long analysis cycle of classical liquid chro-
matography. Meanwhile, RP-HPLC can reflect the situa-
tion of the original drug and its metabolites. However,
HPLC is not suitable for high-throughput analysis of nano-
drugs due to the low sensitivity, long analysis time, and
limited selectivity of the detector.

3.2 ELISA

ELISA is a highly sensitive test technology that combines
the specific reaction of antigen and antibody with the
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Figure 1: Mean plasma concentration-time profiles of vincristine in
rats (n = 6) after a single intravenous injection of F-VCR solution and
VCR-loaded nanoparticles (NP1 and NP2) suspension at the dose of
1.2 mg of VCR/kg, respectively [33].
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catalysis of substrates by enzymes [37]. ELISA is a basic
tool for immunological, medical, and biochemical research.
It is mainly used to detect biological molecules, such as
proteins, peptides, antibodies, and cytokines [38-40]. At
present, the most widely used ELISA method is the “sand-
wich” method, in which the primary antibody is fixed on
the surface of the plate to capture the antigen in the sample,
and the captured antigen can be tracked and recognized by
the enzyme-linked antigen-specific antibody. The coupled
zymogen can be used as an optical detector to amplify and
quantify the captured analytical antigen (Figure 2) [41].
Nagasaki et al. used PEG/antibody coimmobilized on mag-
netic beads as the carrier and combined them with an ALP-
assisted fluorescence detection system to construct a new
“sandwich” ELISA system to analyse the concentration of
AFP antigen [42].

ELISA requires that the antigen or antibody should
have high specificity for the nanodrug being analysed;
otherwise, it will react with the structural analogues of
the tested object, affect the accuracy of the results, and
reduce the detection sensitivity. In addition, nanodrug
pharmaceuticals undergo a series of degradation and
metabolism processes in vivo, and ELISA cannot distin-
guish between the fragments and different metabolites of
nanodrugs because detection is merely based on the
immune response to nanodrugs. The specificity issue
and endogenous interference limit a precise evaluation
of the pharmacokinetics of nanodrugs by ELISA.

3.3 Radioisotope labelling
Radioisotope labelling is used to label polymers with
radioisotopes and analyse polymers by detecting the radio-

active intensity in biological samples. Radioisotope labelling
has been increasingly used in the quantitative analysis of
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polymers in vivo due to its sensitivity and specificity [43].
897r is a radioactive metal with a positive charge pair, and
it is widely used in PET research on antibodies because of its
long decay period and simple labelling. Ferrara et al. labelled
nanoliposomes with %°Zr for in vivo tracing. They prepared
three Zr-labelled liposomes, with 8Zr being bound to the
surface of PEG2k, between the surface and head of PEG2k
and on the tail of PEG2k, and then evaluated the pharmaco-
kinetics of these nanoliposomes in NDL tumour-bearing mice
by injecting them into the tail vein (Figure 3) [44]. At present,
there are still many defects in radioisotope labelling. First,
radioactive labelling can only detect the signal of radioiso-
topes, which makes it difficult to distinguish the polymer
prototype and its metabolites in biological samples. Second,
radioactive reagents are harmful to the human body and
environment, making it difficult to use them in clinical
research. These defects seriously limit the application of
radioactive labelling in the quantitative analysis of polymer
nanomaterials in vivo.

3.4 LC-MS/MS

Because of its excellent selectivity, sensitivity, and accu-
racy, LC-MS/MS is the preferred method for the quantitative
analysis of small molecular compounds and polypeptide
drugs [45-47]. Multiple reaction monitoring (MRM) is essen-
tially a scanning mode on the mass spectrometer; it selects a
specific parent ion under primary scanning and then ana-
lyses its specific fragment ions in secondary scanning after
collision and fragmentation. Due to the structural specificity
of organic molecules and the dual mass screening of ions,
MRM analysis can significantly reduce the noise interference
of mass spectrometry signals and improve the detection
sensitivity and repeatability of target molecules. It has
become the preferred method for the quantitative analysis
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Figure 2: Schematic representation of “sandwich” ELISA.
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Figure 3: Time series of small-animal coronal PET images at indicate time points after injection of 8Zr-df liposomes (left), 8Zr-df-PEFIk

liposomes (middle), and 8°Zr-df-PEG2k liposomes (right) [44].

of small molecular biological samples [48-53]. However,
because the molecular weight of the polymer is not fixed
and the polymer has multiple charges under the electro-
spray ionization mode, the polymer produces numerous
precursor ions in mass spectrometry [54-56]. MRM can
only be used for quantitative analysis of a limited number
of precursor ions and is unable to quantitatively analyse
polymers with countless precursor ions. Gong et al. com-
bined LC-MS/MS with collision-induced dissociation with
high selectivity and sensitivity to PEG-related materials to
produce a series of characteristic fragments of PEG and
then selected several characteristic fragments as precursor
ions for secondary crushing and MRM scanning analysis to
realize the quantitative analysis of PEG [57].

3.5 FRET

FRET chromophores represent a unique class of environ-
ment-responsive phosphors. Fluorescence signal switching
from the FRET chromophore to the donor receptor mainly
depends on the distance between molecules, which is inde-
pendent of the internal environment. Its response is sensitive

and can accurately reflect the relative position between fluor-
escent molecules. Therefore, FRET can monitor the dynamic
changes in drug loading and release [58]. Wu et al. studied
the metabolism of intravenous PMs in vivo with a highly
sensitive near-infrared environment responsive fluorescent
probe. Blood-derived fluorescence analysis showed that PMs
could be rapidly removed from the blood in the three-compart-
ment pharmacokinetic model. In vivo imaging showed that
PMs could be distributed throughout the body and tended to
accumulate in the limbs [59] (Figure 4).

Despite the described advances in FRET techniques,
rigorous challenges remain. The bioactivity of fluorescent
dyes may affect the therapeutic actions of NDDSs, and little
is known about whether the incorporation of fluorescent
dye molecules into NDDSs affects the pharmaceutical prop-
erties of the cargo, such as the conformation of the chemical
structure, peptide folding, and nucleotide stability [60,61].

3.6 Ultrafiltration

In addition to encapsulated drugs being quantified, none-
ncapsulated drugs can be separately calculated from the
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total drug in biological samples. The ultrafiltration method
can measure nanomedicine encapsulated and unencapsu-
lated drug fractions in plasma and assess nanomedicine
drug release [62,63]. For ultrafiltration dialysis, the pri-
mary issue is accounting for the protein-bound component
of the non-filterable or dialyzable drug to accurately deter-
mine the encapsulated and unencapsulated drug fractions
[64]. The Stern group improved the existing ultrafiltration
protocols and added a stable isotope tracer into a nano-
medicine-containing plasma sample to precisely measure
the degree of plasma protein binding. Using this method,
protein binding can be determined, and encapsulated and
unencapsulated nanomedicine drug fractions and free
and protein-bound drug fractions can be calculated accu-
rately. The group used a stable isotope tracer ultrafiltration
assay to present the encapsulated, unencapsulated, and
unbound drug fraction pharmacokinetic profiles in rats for
marketed nanomedicines, representing examples of
controlled release, equilibrium binding, and solubi-
lizing nanomedicine formulations [65].

Other examples of analytical methods are summar-
ized in Table 1 [66-75]. Despite the described advances,
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rigorous challenges remain. For the in vivo fate, it is still
unclear how NDDSs cross physiological and pathological
barriers, such as the blood-brain barrier, placental bar-
rier, and tumour interstitium. Meanwhile, the exploration
of the interaction between NDDSs and the immune system
is equally important [76]. We believe that an in-depth
understanding of NDDS biological fates will facilitate the
generation of effective and safe strategies for clinical treat-
ment and diagnosis.

4 Application of the physiologically
based pharmacokinetic (PBPK)
model in the pharmacokinetic
analysis of NDDS

The PBPK model is a quantitative support tool for asses-

sing NP hazards recommended by the Organization for
Economic Cooperation and Development and the new
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Figure 4: Live imaging of P2-labelled PMs after i.v. administration to rats (a), plasma pharmacokinetic profile (b), and fractionized
quantification of fluorescence of regions of interest as average radiant efficiency [p/s/cm?/sr]/[pW/cm?] (c) [59].



DE GRUYTER

European Union regulatory framework, Registration,
Evaluation, and Authorization of Chemicals. The PBPK
model, with its distinctive separation of physiology and
drug-dependent information, has become a viable option
to provide a mechanistic understanding of the influential
factors and sources of PK variability, which is thus helpful
in predicting drug exposure in various clinically relevant
scenarios. When combined with pharmacodynamic (PD)
models relating exposure at target tissues to pharmacolo-
gical effects, the PBPK model can be used to predict effi-
cacy and toxicity [77]. PBPK models have been applied for
many types of NPs, including carbon NPs, polymeric NPs,
nanocrystals, silver NPs, liposomes, gold/dendrimer com-
posite NPs, and others.

4.1 PBPK model principle

A PBPK model quantitatively describes drug absorption,
distribution, metabolism, and elimination in the body,
facilitating a deep understanding of the effects of these
intricate processes on drug exposure and of how these
processes interact with each other [20,78]. The advantage
of the PBPK model is that it considers the individual ana-
tomical and physiological parameters, including popula-
tion data, genotype and expression of drug metabolic
enzymes and transporters, and receptor genotype. The
mathematical model is used to simulate the changes that
drugs undergo in vivo, and it can be used to replace some
animal experiments or clinical trials [79,80]. The PBPK
model consists of a drug characteristic module and a body
system module. The drug characteristic module includes the
physical and chemical properties and in vitro parameters of
the drug itself, such as membrane permeability, inherent
clearance of enzyme metabolism, and plasma protein
binding rate [81,82]. The body system module integrates
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the physiological and pathological conditions of the human
body or other species, including blood perfusion rate,
tissue, and organ volume [81]; the PBPK model combines
the two modules to predict the dynamic process of changes
that drugs undergo in vivo according to in vitro data para-
meters and system parameters of drugs. The PBPK model
establishes physiological compartments according to the
anatomical and physiological characteristics of the body.
Each “physiological compartment” represents one or more
organs, tissues, or body fluids related to drug distribution
and links the compartments in a specific order. Assuming
that drugs are evenly distributed in specific tissues or
organs, the inflow and outflow of drugs in each atrium
are described according to the mass balance differential
equation, and then, the calculation process is executed by
a computer program [78]. Through computer simulation,
the PBPK model can provide the time concentration curve
of drugs and their metabolites in plasma and specific tis-
sues and organs. It has great advantages in predicting
bioavailability and understanding the dynamic process
of drug metabolism in vivo.

4.2 Application of the PBPK model in NDDSs

At present, the PBPK model has been widely used for
the analysis of small molecule drugs, including drug
research and development, clinical trials, and post-mar-
keting supervision. PBPK models have only recently been
applied to NDDSs over the past few years by several large
nanodrug research centres. The PBPK model has been
increasingly applied to nanodrug research centres, and
its advantages have been increasingly recognized.

Lin et al. established a blood flow-limited PBPK
model to predict the time concentration curve in mouse
quantum dots based on experimental data collected in

Table 1: Analytical methods and their examples for the bioanalysis of NDDS

Method Delivery system Ref.
HPLC 1) PEG in PYM/MA nanomedicine [66,67]
2) DSPE-PEG2000 in PFOB [68]
3) VCR loaded with PLGA-mPEG [69]
ELISA 1) SDF-1and BMP-2 in CSO/H NPs [70]
2) TGF-Bin its SPION (71]
Radioisotope labeling 1) Liposome [72]
LC-MS/MS 1) PEG [73]
Fluorescence labeling 1) Hydrophobicity of drug and the compatibility of nanoparticles [74]
2) Lipid-based nanocarriers, SLNs [75]
Ultrafiltration 1) Liposomal DTX [64]
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the same group. Nanodrugs may not have the common
tissue blood distribution coefficient (DC). Lin’s team named
a specific parameter, the tissue DC, which is the tissue-to-
blood affinity ratio of QD705. It changes over time, depending
on the transient concentration of QD705 in blood, tissues,
and the tissue microenvironment [83]. Pery et al. established
the PBPK model of inhaled carbon NPs based on imaging
data. The concentration of NPs in organs is determined from
imaging data by separating the radioactive overlap in tissues
and organs. This work provides a method to use imaging
data to establish a PBPK model. This method is convenient
in regard to data collection: it does not require collection of
data from tissues or organs and allows continuous collection
of data from the same subject to complete the experimental
study [84]. Cao et al. developed the PBPK model by analysing
data from mice. The PBPK model explicitly simulated the
multiscale dispositions of doxorubicin in the human heart
and tumours to elucidate the potential mechanisms of its
cytotoxicity and cardiotoxicity [85].

4.3 PBPK models for the unique disposition
properties of NDDSs

Compared to a conventional formulation of the same
molecules, NPs can result in distinct and complicated in
vivo disposition properties [86]. PBPK modelling has
been a useful tool in characterizing and predicting the
systemic disposition, target exposure, and efficacy/toxi-
city of various types of drugs when coupled with PD
modelling.

The disposition of active drugs is regulated by the
disposition of particulate drugs and by in vivo drug
release; the disposition of particulate drugs determines
where the active drugs are released. Therefore, ideally,
the model should describe the free drug and particulate
drug simultaneously. Dual PBPK models can be used
to describe the disposition of both NPs and released
active pharmaceutical ingredients (APIs) [87]. SNX-2112
is a promising anticancer agent. To develop a nanocrystal
formulation for SNX-2112 and determine the pharmacoki-
netic behaviours of the prepared nanocrystals, Dong et al.
used dual PBPK model to characterize the distribution
and in vivo drug release of SNX-2112 in rats after IV
administration. A two-step strategy was employed. First,
a generic perfusion-limited PBPK model was developed
for the nonparticulate drug using the PK data of a non-
solvent formulation (a small molecule formulation) in
rats. Second, processes describing the particulate drug
were included. Using the PBPK modelling strategy, the
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authors found that the nanocrystal can rapidly release
the poorly soluble drug in vivo and presents that minimal
systemic risk is associated with particulate injection [88].

In previous studies, few PBPK modelling studies
have focused on the important role of MPS in NP distri-
bution and sequestration. Li et al. fitted the PBPK model
to the PK data of *“C-labelled PEGylated polyacrylamide
NPs (35nm) in rats after IV administration. As expected,
the MPS organs — spleen, liver, bone marrow, and lungs -
had the highest phagocytic uptake capacity. They found
that sequestration of NPs by MPS may reduce toxicity to
tissue cells; however, MPS may also serve as an internal
reservoir and slowly release the NPs back to tissues [89].

5 Conclusions and perspectives

The biggest obstacle to clinical transformation in the
development of NDDSs is the lack of accurate under-
standing of their internal behaviour. This review intro-
duces several methods to analyse the pharmacokinetics
of NDDSs, discussed how the encapsulated drugs are
being quantified, while how can free drugs be separately
determined from the total drugs in biological samples.
Optimizing the analysis methods should enhance the
capacity of the current analytical methodology and there-
fore provide more comprehensive pharmacokinetics results
for NDDSs. In addition, the PBPK model can describe nano-
formulation distribution and pharmacokinetic parameters
and provide quantitative evaluation of the influence of
nanoformulation properties on their absorption, diffusion,
and clearance. However, the development and application
of PBPK models for nanomedicine is strictly dependent on
the analysis of a broad range of information from different
scientific disciplines. Knowledge from material chemistry,
polymer synthesis, molecular and clinical pharmacology,
and mathematical modelling should be integrated to obtain
a more comprehensive understanding of nanoformulation
pharmacokinetics and ultimately to improve the nano-
formulation design. Consequently, an interdisciplinary
approach is necessary and collaborative research between
chemists, pharmacologists, and modellers should be prior-
itized for the generation of nanoformulations with optimal
pharmacokinetics.

In addition, the targeted delivery and safety assess-
ment of nanodrugs should be considered. After entering
the body, nanotherapeutics encounter various biological
environments, such as the blood, extracellular matrix,
cytoplasm, and cellular organelles [90]. Safety issues
for nanotherapeutics are complex. A detailed assessment
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of the safety of nanotherapeutics is necessary for clinical
translation. Methods used for traditional drugs cannot
accurately evaluate the safety of nanotherapeutics [91,92].
The Yujun Song group developed Rg3-sheltered dynamic
nanocatalysts, which could simultaneously activate ferrop-
tosis and apoptosis based on of CDT-activated apoptosis
and ultimately form a combined therapy of ferroptosis—a-
poptosis to kill tumours. Compared with nanocatalysts
alone, Rg3-sheltered dynamic nanocatalysts form hydro-
philic nanoclusters, prolonging their circulation lifespan
in the blood, protecting the internal nanocatalysts from
leakage while allowing their specific release at the tumour
site [93]. The group synthesized nanomedicine hydrogel
microcapsules to evaluate the release kinetics of nanome-
dicines from the hydrogel by simulating the pH and tem-
perature of the digestive tract during drug transport and
those of the target pathological cell microenvironment.
The results showed that nanomedicine-encapsulating
hydrogels can undergo rapid decomposition at pH 5.5
and are relatively stable at pH 7.4 and 37°C, which are
desirable qualities for drug delivery, controlled release,
and residue elimination after achieving target effects [94].

The pharmacokinetics of NDDSs determine their clin-
ical utility. The pharmacokinetics of NDDSs must be well
characterized, and imaging modalities and quantitative
mass balance methods must be developed to visualize
and quantify the biodistribution of NDDSs. Another bio-
logical challenge is the heterogeneity of human disease
and differences between animals and humans that impact
biodistribution and become apparent in clinical studies.
Furthermore, NPs often do not directly interact with living
cells but instead become coated with a protein corona that
alters the biological effects of the NPs and influences cell
uptake, biodistribution, clearance, toxicity, and the immune
response. Therefore, it is important to also focus on the
protein coronas formed around NPs and the resulting biolo-
gical responses for the clinical translation of nanomedi-
cine [95].

The ideal NDDS should maintain sustained drug release,
prolong drug circulation time in vivo, and improve stabhility,
solubility, and targeting. Due to the insufficient under-
standing of the pharmacokinetics of NDDSs, approved
nanodrugs are currently limited. The pharmacokinetics
of nanodrugs is more complex than that of common drugs.
Studying the ADME process of NDDSs, analysing the
dynamic distribution process and metabolic process of
nanodrugs by integrating advanced analysis technolo-
gies, conducting quantitative research, establishing
the pharmacokinetic mathematical model of NDDSs,
revealing the pharmacokinetic rules of NDDSs, and
further improving the pharmacokinetic analysis of NDDSs
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are conducive to guiding the design, development, and
use of nanodrugs and bringing new opportunities for the
advancement of medicine.
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