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Abstract
The objective of this study was to develop a physiologically based pharmacokinetic (PBPK) model to predict the concentra-
tions of encapsulated and free doxorubicin in plasma and tissues in mice after intravenous injection of PEGylated liposomes 
(Doxil®). The PBPK model used in this study contains liposomes and free doxorubicin disposition components. The free 
doxorubicin disposition component was used to simulate the disposition of free doxorubicin produced by mononuclear phago-
cyte system (MPS)-degrading liposomes. The liver, spleen, kidneys, and lungs contain an additional MPS subcompartment. 
These compartments are interconnected through blood and lymphatic circulation. The model was validated strictly by four 
doses of external observed plasma and tissue concentration–time profiles. The fold error (FE) values were almost all within 
threefold. The sensitivity analysis revealed that the MPS-related parameters greatly influenced the model. The predicted in 
vivo distribution characteristics of the doxorubicin liposomes and doxorubicin solution were consistent with the observed 
values. The PBPK model was established based on the physiological mechanism and parameters of practical significance 
that can be measured in vitro. Thus, it can be used to study the pharmacokinetic properties of liposomes. This study also 
provides a reference for the establishment of liposome PBPK model.
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Introduction

Doxil® was the first PEGylated long-circulating liposome 
approved by the FDA in 1995 [1]. It is primarily indicated 
for the treatment of AIDS-related Kaposi's sarcoma, ovar-
ian cancer, multiple myeloma and other solid tumors [2]. 
Doxil® achieves high and stable accumulation of doxo-
rubicin inside the aqueous phase of liposomes (approxi-
mately 15,000 doxorubicin molecules per vesicle) through 

loading via ammonium sulfate gradients [3]. The release 
of the encapsulated drug occurs at an exceedingly slow  
rate [4]. By modifying the surface of Doxil® with poly-
ethylene glycol (PEG), it becomes difficult for the immune 
system to recognize, thereby prolonging its circulation time 
[5]. Clinical studies in humans indicated that its clearance 
was drastically reduced, at least 250-fold, compared to that 
of free doxorubicin [3]. The size of Doxil® ranged from 
approximately 80 nm to 90 nm. Due to its large molecular  
dimensions, Doxil® has difficulty crossing the dense micro-
vascular endothelial space of normal tissue. This signifi-
cantly reduces its volume of distribution, approximating the 
volume of blood, in comparison to the direct administration 
of free doxorubicin (~ 5 L/kg) [3]. This decrease in volume 
contributes to the mitigation of cardiotoxicity and various 
other associated adverse effects [6, 7]. The distribution of 
nanoparticles, measuring approximately 100 nm in size, is 
generally ascribed to two mechanisms [8]: (i) crossing the 
endothelial cell membrane of blood vessels to access tissues 
and (ii) uptake by macrophages in various tissues, such as 
the liver, spleen, kidney, and lungs. Lymphatic circulation 
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also plays a role in the distribution of nanoparticles [9]. 
However, there have been no comprehensive studies on 
the mechanism of liposome distribution in various tissues. 
Additionally, it is challenging to distinguish the quantities of 
liposome-encapsulated drugs and free drugs present in each 
tissue using experimental techniques [10].

The physiologically based pharmacokinetic (PBPK) 
model has been widely used to study the pharmacokinetic 
mechanisms of small molecule drugs and predict in vivo 
pharmacokinetics and pharmacodynamics (PK/PD) under 
special conditions [11]. This approach offers an accurate 
simulation of physiological conditions and compatibility 
with diverse pharmacokinetic mechanisms, enabling the 
consideration of separate physiological parameters, drug 
parameters, and parameters related to drug-physiological 
interactions. Over the past two decades, in vivo research on 
the fate of nanoparticles has improved. The application of 
PBPK models has gradually extended to investigate the fate 
of nanoparticles in vivo [12–17]. At present, some PBPK 
models of nanoparticles include two blood compartments 
(arterial and venous) as well as several comprehensive tis-
sue and organ compartments [18–21]. The distribution of 
nanoparticles was investigated through membrane perme-
ability limitations. The distribution into organs such as the 
liver, spleen, and lungs has also taken into consideration 
the influence of the mononuclear phagocyte system (MPS) 
[22–24], and some studies have included the lymphatic cir-
culation [18, 19, 23, 24] in addition to considering blood 
circulation. However, there are still some challenges in the 
establishment of nanoparticle PBPK models, such as a lack 
of appropriate quantitative biodistribution data, inadequate 
studies on multiple doses, and insufficient in vitro studies.

The relevant studies on the in vivo characteristics of 
liposomes based on computational pharmacokinetic mod-
els are as follows. Early in 1999, Harashima et al. [25, 26] 
explored the application of pharmacokinetic/pharmacody-
namic (PK/PD) models to study the in vivo behavior of anti-
tumor agents encapsulated in liposomes. They established a 
compartment model that included blood, tumor, and tissue. 
In this model, liposomes in the blood are taken up by the 
reticuloendothelial system (RES). At the same time, free 
drugs are released from liposomes in the blood and from 
liposomes in the interstitial fluid of the tumor at a first-order 
rate and are then distributed to the tissue and tumor cells. 
Since 2010, PK/PD models with a small number of tissue 
compartments have been widely used for in vivo studies of 
liposomes, including studies on their stability [27], intra-
tumoral distribution [28], anti-PEG IgG-mediated clear-
ance [29], encapsulated drug release [30] and disposition 
[31]. With the deepening of research on the pharmacoki-
netic properties of liposomes, whole-body PBPK models 
have been gradually established to study in vivo disposition 
[32], interspecies scaling [33], anti-PEG antibody-mediated 

clearance [34, 35], and therapeutic programs for liposomes 
[36]. Most of the PBPK models use a permeability-limited 
model, with one exception, which incorporates a deep tis-
sue compartment beside the vascular and extravascular com-
partments [33]. Mager et al. [32] considered drug release 
from liposomes in both plasma and tissues and calculated 
the disposition of both liposomes and released drugs. How-
ever, these models generally do not consider the MPS or 
lymphatic circulation, which are important for the disposi-
tion of liposomes. Montanha et al. [37] established a whole-
body PBPK model to predict the disposition of pegylated 
liposomal doxorubicin in rats and humans. In this model, 
lymphatic circulation and free drug release after uptake by 
the MPS were considered. However, the establishment of 
this model is not supported by any observed tissue concen-
tration–time data, leading to significant uncertainties.

In this study, we developed a PBPK model for PEGylated 
doxorubicin liposomes (Doxil®) to simulate their distribu-
tion in various tissues in healthy mice. Compared to previ-
ously published liposomal PBPK models, this PBPK model 
has the following features: (i) it contains a very comprehen-
sive distribution in plasma and 11 other tissues, especially 
all of which are validated by internal and external observed 
tissue concentration–time profiles of multiple doses; (ii) the 
distribution of liposomes and released doxorubicin was con-
sidered simultaneously. First, PBPK models for doxorubicin 
solution were established, and then they were linked to the 
PBPK model of liposomes to simulate the disposition of free 
doxorubicin produced by MPS-degrading liposomes. Nota-
bly, the predicted concentrations of liposome-encapsulated 
doxorubicin and free doxorubicin in the tissues were also 
compared with the observed data. (iii) Cell experimental 
data, such as the number of macrophages in each tissue and 
the rate of phagocytosis and degradation of nanoparticles 
by macrophages, were used in the model. This provides a 
reference for the correlation between the model parameter 
values and the measured data of cell experiments. Based on 
the PBPK model developed in this study, we explored the 
key parameters that influence the distribution of PEGylated 
liposomes.

Methods

Model structure

In this study, a PBPK model was established to predict the 
concentration–time profiles of doxorubicin in plasma and 11 
other tissues following intravenous injection of PEGylated 
doxorubicin liposomes (Doxil®) in mice. The model incor-
porates two components, the disposition of liposomes and 
the disposition of free doxorubicin in the body, connected 
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through the degradation of liposomes releasing doxorubicin. 
Therefore, it can simultaneously predict the concentrations 
of encapsulated and free doxorubicin in tissues, as shown 
in Fig. 1.

In the liposome disposition component of the model, each 
tissue is set according to a permeability-limited mechanism, 
dividing it into vascular and extravascular compartments. 
This is because for nanoparticle, the blood to tissue distri-
bution is membrane-limited rather than blood flow-limited 
[38]. For the liver, spleen, kidneys, and lungs, an additional 
MPS subcompartment is included. These compartments 
are interconnected through blood and lymphatic circula-
tion. The model assumes that after liposomes are phago-
cytized from the capillary side and enter the tissue MPS 
compartment, they are degraded to release free drug. The  
released free drugs directly enter the corresponding tissues 
in the free drug disposition part of the model and are pro-
cessed accordingly. Doxil® has strong stability in the blood  

circulation and releases almost no drug [3]. Therefore, the 
model assumes that the degradation of liposomes in the MPS 
compartment is the sole pathway for drug release. The model 
assumes that liposomes are not directly cleared by the liver 
and kidneys but are instead broken down into free drugs by 
phagocytic cells, after which they are cleared by the liver 
and kidneys.

Regarding the free drug release disposition component, 
the lungs, heart, brain, intestine, liver, and kidneys are mod-
eled as perfusion-limited compartments, while the remain-
ing tissues are permeability-limited. An open-loop model 
was initially established in which each tissue is directly con-
nected to the blood to determine whether to use a perfusion-
limited or permeability-limited mechanism based on the fit-
ting results. This model incorporates both hepatic clearance 
and renal clearance. This is because, in addition to hepatic 
clearance, doxorubicin is also cleared through the kidneys 
by 5%—12% [39, 40]. This study established and validated 

Fig. 1   Model structure of the 
PBPK model in mice after intra-
venous injection of pegylated 
liposomal doxorubicin (Doxil®). 
A) Whole-body model. B) 
Tissue structure containing 
the MPS subcompartment of 
liposomes. C) Model structure 
of perfusion-limited distribution 
for free doxorubicin disposition. 
D) Tissue structure for liposome 
disposition. E) Model structure 
of the permeability-limited dis-
tribution of free doxorubicin
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the PBPK model for doxorubicin solutions, which was then 
integrated into the PBPK model for PEGylated doxorubicin 
liposomes, to predict the disposition of free drugs released 
from liposomes.

Model equations and parameters

In vivo, the disposition of liposomes and the free drug 
released from liposome degradation occur concurrently. 
Since liposomes do not enter blood cells, the flow and vol-
ume of plasma were used in the model for the disposition of 
liposomes. However, for the free drug model, blood flow and 
volume data were used. The model includes physiological 
parameters and pharmacokinetic parameters for both free 
drug and liposome, as detailed in Tables 1, 2, and 3 [41–43].

Doxorubicin Solution PBPK Model

Perfusion—limited tissue.
Heart, brain and intestine:

Lungs:

Liver:

(1)Vt ⋅

dCt_free

dt
= Qt ⋅ (Ca_free −

Ct_free ⋅ Rb

Kp_t

)

(2)Vlu ⋅

dClu_free

dt
= Qlu ⋅ (Cv_free −

Clu_free ⋅ Rb

Kp_lu

)

Vli ⋅

dCli_free

dt
= Qhp ⋅ Ca_free + Qpa ⋅ Cpa_vas_free + Qsp ⋅ Csp_vas_free

Kidneys:

(3)+Qst ⋅ Cst_vas_free + Qin ⋅

Cin_free ⋅ Rb

Kp_in

− Qli ⋅

Cli_free ⋅ Rb

Kp_li

− CLli ⋅ Cli_free ⋅

fupl

Kp_li

(4)Vkd ⋅

dCkd_free

dt
= Qkd ⋅

(

Ca_free −
Ckd_free ⋅ Rb

Kp_kd

)

− GFR ⋅ Ckd_free ⋅

fupl

Kp_kd

where Ca_free is the concentration of doxorubicin in arterial 
blood; Cv_free is the concentration of doxorubicin in venous 
blood; Ct_free is the concentration of doxorubicin in tissue; Qt is 
the total blood flow entering tissue; Vt is the total volume of tis-
sue; Kp_t is the tissue to plasma partition coefficient of doxoru-
bicin in tissue; CLli is the intrinsic clearance rate of doxorubicin 
in the liver; GFR is the glomerular filtration rate of doxorubicin, 

which is 19 mL/h [40]; Rb is the concentration ratio of doxoru-
bicin in whole blood to plasma reaching dynamic equilibrium, 
which is 1.3 [44]; and fupl is the plasma protein binding rate of 
doxorubicin, which has a value of 0.29 [40, 44].

Permeability—limited tissues.
Muscle, adipose, stomach, pancreas, spleen and rest of body:

(5)Vt_vas ⋅

dCt_vas_free

dt
= Qt ⋅ (Ca_free − Ct_vas_free) − PSt ⋅ fupl ⋅ (

Ct_vas_free

Rb

−
Ct_exv_free

Kp_t

)

Vein:

where Vb is the total blood volume and QC is the cardiac 
output.

(8)

(0.8 × Vb) ⋅
dCv_free

dt
= (Qhr ⋅

Chr_free⋅Rb

Kp_hr

+ Qbr ⋅
Cbr_free⋅Rb

Kp_br

+Qmu ⋅ Cmu_vas_free + Qad ⋅ Cad_vas_free + Qrest ⋅ Crest_vas_free

+Qli ⋅
Cli_free⋅Rb

Kp_li

+ Qkd ⋅
Ckd_free⋅Rb

Kp_kd

) − QC ⋅ Cv_free

where Vt_vas is the capillary volume of tissue; Vt_exv is the 
extravascular volume of tissue; Ct_vas_free is the concentration 
of doxorubicin in the vascular compartment of tissue; and 
Ct_exv_free is the concentration of doxorubicin in the extravas-
cular compartment of tissue. PSt: the membrane permeabil-
ity of doxorubicin in tissue.

Artery:

(6)

Vt_exv ⋅

dCt_exv_free

dt
= PSt ⋅ fupl ⋅ (

Ct_vas_free

Rb

−
Ct_exv_free

Kp_t

)

(7)(0.2 × Vb) ⋅
dCa_free

dt
= Qlu ⋅

Clu_free ⋅ Rb

Kp_lu

− QC ⋅ Ca_free
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Table 1   Physiological model parameters used for mice (25 g male)

a  Data from the literature. [43] Blood cardiac output = 13.98 mL/min. 
The plasma flow of tissues is 55% of the blood flow. The lymph flow 
of tissues is 0.2% of the plasma flow [45]
b  Data from the literature [45]
c  Data from the literature [42]
d  Data from the literature [41] and slightly adjusted in the model 
according to the actual situation
e  Calculated by portal vein blood flow minus stomach blood flow 
minus pancreas blood flow minus spleen blood flow
f  The vascular space fraction of the stomach is assumed to be equal to 
that of adipose tissue
g  The rest of the body in the free doxorubicin PBPK model included 
lymph, but the rest of the body in the doxorubicin liposomal PBPK 
model did not include lymph. Thus, different data were used in the 
two models

Tissue Blood flow,
% of 
Cardiac 
Output a

Tissue volume,
% of Body Weight b

Fraction of the 
vascular space,
% of Tissue 
Volume b

Blood 100 4.9 NA
Lung 100 0.7 26.3
Heart 6.6 0.5 7.0
Brain 3.3 1.7 4.0
Muscle 16.0 38.4 4.0
Adipose 3.6 b 7.0 2.0
Pancreas 1.7 b 0.6 10.0
Liver 16.1 5.5 15.4
Hepatic artery 2.0 NA NA
Spleen 1.1 c 0.4 22.0
Stomach 1.3 d 0.6 2.0 f

Intestine 10.0 e 3.6 2.9
Kidney 9.1 1.7 10.0
Lymph NA 0.4 NA
Rest of body g 45.3 34.4/34.0 4.4/5.8

Doxorubicin Liposomal PBPK Model

Non-MPS tissue:

(9)

Vt_vas ⋅
dCt_vas

dt
= (Qt_p ⋅ Ca − Qt_v ⋅ Ct_vas)

− CTn ⋅ Qt_p ⋅ (Ct_vas −
Ct_exv

Kp_n

)

where Ct_vas is the concentration of encapsulated doxorubicin 
in the capillary plasma of tissue; Ct_exv is the concentration of 
encapsulated doxorubicin in the extravascular part of tissue; 
Ca is the concentration of encapsulated doxorubicin in arterial 
plasma; Qt_p is the plasma flow of tissue; Qt_v is the venous 
plasma flow from tissue; Lt is the lymphatic flow from tissue. 
It is 0.2% of the plasma flow [45]; Kp_n is the tissue-to-plasma 
partition coefficient for liposomes in each tissue (n = 1–3); 
CTn is the liposome membrane permeability coefficient of 
tissue (n = 1–4); and σ is the lymphatic reflection coefficient, 
which is set to 0.2 [45].

MPS-containing tissues:
MPS cells are involved in the uptake, release, and 

degradation of liposomes. They play a crucial role in the 
liposome distribution process, with the following parameters 
and equations for their disposition process:

where Kup_t is apparent rate constant for MPS uptake 
of liposomes in tissue, obtained after adjusting Kup_MPS 
for plasma flow and tissue weight; Kre_MPS_t is the rate 
constant for the release of liposomes by MPS in tissue; 
Kdeg_MPS_t is the rate constant for the degradation of 
liposomes into free drug by MPS in tissue; and Nt is the 
number of MPS cells per gram of tissue. In this study, 
the number of MPS cells was set differently for each 
tissue type: 10,000,000 cells/g in the liver, 30,000,000 
cells/g in the lungs, 4,500,000 cells/g in the spleen, and 
4,500,000 cells/g in the kidneys [22, 37]; Wt: the weight 
of tissue; Kup_MPS, Kre_MPS, and Kdeg_MPS are the rate 
constants for a single MPS cell's uptake of liposomes, 
release of liposomes, and degradation of liposomes into 
free drug, respectively.

(10)

Vt_exv ⋅

dCt_exv

dt
= CTn ⋅ Qt_p ⋅ (Ct_vas −

Ct_exv

Kp_n

) − (1 − �) ⋅ Lt ⋅ Ct_exv

(11)Kup_MPS_t = Kup_MPS ⋅ Nt ⋅Wt

(12)Kre_MPS_t = Kre_MPS ⋅ Nt ⋅Wt

(13)Kdeg_MPS_t = Kdeg_MPS ⋅ Nt ⋅Wt

(14)Kup_t =
Kup_MPS_t × Qt_p

Kup_MPS_t + Qt_p

Spleen and kidneys:

(15)Vt_vas ⋅
dCt_vas

dt
= (Qt_p ⋅ Ca − Qt_v ⋅ Ct_vas) − CTn ⋅ Qt_p ⋅

(

Ct_vas −
Ct_exv

Kpn

)

−(Kup_t⋅ ⋅ Ct_vas − Kre_MPS_t ⋅ AMPS_t)
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Table 2   Pharmacokinetic 
parameters used in the 
doxorubicin solution PBPK 
model

a  Fixed value from the literature [40]
b  Fixed value from the literature [44]

Parameter Description Estimate (CV%)

Kp_hr Partition coefficient between plasma and heart 14.27 (17.39)
Kp_br Partition coefficient between plasma and brain 0.13 (31.73)
Kp_mu Partition coefficient between plasma and muscle 10.19 (15.15)
Kp_ad Partition coefficient between plasma and adipose 2.80 (13.82)
Kp_st Partition coefficient between plasma and stomach 14.88 (12.39)
Kp_ki Partition coefficient between plasma and liver 44.03 (31.45)
Kp_pa Partition coefficient between plasma and pancreas 49.04 (12.52)
Kp_in Partition coefficient between plasma and intestine 28.20 (13.05)
Kp_sp Partition coefficient between plasma and spleen 145.80 (17.69)
Kp_kd Partition coefficient between plasma and kidney 79.91 (11.96)
Kp_lu Partition coefficient between plasma and lung 52.44 (12.58)
Kp_rest Partition coefficient between plasma and rest of body 53.59 (13.83)
PS_mu Membrane permeability in muscle (mL/h) 257.50 (22.80)
PS_ad Membrane permeability in adipose (mL/h) 5.43 (10.34)
PS_st Membrane permeability in stomach (mL/h) 4.48 (9.56)
PS_pa Membrane permeability in pancreas (mL/h) 13.05 (11.16)
PS_sp Membrane permeability in spleen (mL/h) 3.96 (15.50)
PS_rest Membrane permeability in rest of body (mL/h) 444.40 (22.50)
CLli Liver clearance (mL/h) 102.90 (16.04)
GFR Glomerular filtration rate (mL/h) 19.00 a

Rb Blood to plasma ratio 1.30b

fupl Plasma protein binding ratio 0.29a,b

Table 3   Pharmacokinetic parameters used in the doxorubicin liposomal PBPK model

a  The initial values were calculated by the observed AUC​0-∞, tissue/AUC​0-∞, and plasma and then optimized in the model
b  The classification and initial values of CT are based on the literature [56] and optimized in the model
c  The initial values were obtained from the literature [37] and then optimized in the model

Parameter Description Value

Kp1 Partition coefficient between plasma and heart, liver, spleen, kidney, lung, rest of body, respectively 0.1046 a

Kp2 Partition coefficient between plasma and brain, muscle, adipose, stomach, pancreas, respectively 0.01487 a

Kp3 Partition coefficient between plasma and intestine 0.0009272 a

CT1 The transcapillary permeability of heart, brain, muscle, adipose, stomach, lung, rest of body 0.007832 b

CT2 The transcapillary permeability of pancreas, kidney 0.04372 b

CT3 The transcapillary permeability of liver, spleen 0.06833 b

CT4 The transcapillary permeability of intestine 0.0005038 b

Kup_MPS In vitro macrophage intrinsic uptake rate (mL/h/cell) 0.00000001252 c

Kdeg In vitro macrophage intrinsic degradation constant rate (h−1·cell−1) 0.0003385 c

Kre_MPS In vitro macrophage intrinsic release constant rate (h−1·cell−1) 0.000000002401 c
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(16)Vt_exv ⋅

dCt_exv

dt
= CTn ⋅ Qt_p ⋅ (Ct_vas −

Ct_exv

Kpn

) − (1 − �) ⋅ Lt ⋅ (Ct_exv +
AMPS_t

Vt_exv

)

(17)

dAMPS_t

dt
= (Kup_t⋅ ⋅ Ct_vas − Kre_MPS_t ⋅ AMPS_t) − Kdeg_t ⋅ AMPS_t

where AMPS_t is the mass of encapsulated doxorubicin in the 

MPS compartment of the tissue.
Liver:

(18)Vli_vas ⋅

dCli_vas

dt
=
(
Qhp_p ⋅ Ca + Qin_v ⋅ Cin_vas + Qpa_v ⋅ Cpa_vas + Qsp_v ⋅ Csp_vas + Qst_v ⋅ Cst_vas − Qli_v ⋅ Cli_vas

)

− CTn ⋅ Qli_p ⋅ (Cli_vas −
Cli_exv

Kp_n

) −
(
Kup_li ⋅ Cli_vas − Kre_MPS_li ⋅ AMPS_li

)

(19)Vli_exv ⋅

dCli_exv

dt
= CTn ⋅ Qli_p ⋅ (Cli_vas −

Cli_exv

Kpn

) − (1 − �) ⋅ Lli ⋅ (Cli_exv +
AMPS_li

Vli_exv

)

Lungs:
(20)

dAMPS_li

dt
= (Kup_li ⋅ Cli_vas − Kre_MPS_li ⋅ AMPS_li) − Kdeg_li ⋅ AMPS_li

(21)Vlu__vas ⋅

dClu_vas

dt
=
(
Qlu_p ⋅ Cv − Qlu_a ⋅ Clu_vas

)
− CTn ⋅ Qlu_p ⋅ (Clu_vas −

Clu_exv

Kp_n

) −
(
Kup_lu⋅ ⋅ Clu_vas − Kre_MPS_lu ⋅ AMPS_lu

)

(22)Vlu_exv ⋅

dClu_exv

dt
= CTn ⋅ Qlu_p ⋅ (Clu_vas −

Clu_exv

Kpn

) − (1 − �) ⋅ Llu ⋅ (Clu_exv +
AMPS_lu

Vlu_exv

)

where Cv is the concentration of encapsulated doxorubicin 
in venous plasma and Qlu_a is the arterial plasma flowing 
out from the lungs.

Artery:

Vein:

(23)

dAMPS_lu

dt
= (Kup_lu ⋅ Clu_vas − Kre_MPS_lu ⋅ AMPS_lu) − Kdeg_lu ⋅ AMPS_lu

(24)(0.2 × Vp) ⋅
dCa

dt
= Qlu_a ⋅ Clu_vas − Qlu_a ⋅ Ca

(25)

(0.8 × Vp) ⋅
dCv

dt
= (Qhr_v ⋅ Chr_vas + Qbr_v ⋅ Cbr_vas + Qmu_v ⋅ Cmu_vas

+Qad_v ⋅ Cad_vas + Qli_v ⋅ Cli_vas + Qkd_v ⋅ Ckd_vas + Qrest_v ⋅ Crest_vas)

−Qlu_p ⋅ Cv + L ⋅ Clymph

Lymph:

where Vp is the volume of the plasma compartment and 
Vlymph is the volume of the lymph node compartment.

Model fitting

In this study, the concentration–time profiles of doxorubicin in 
blood/plasma and various tissues after injecting doxorubicin 
solution and Doxil® were all derived from reference [46]. The 

(26)

Vlymph ⋅
dClymph

dt
= (Llu ⋅ (Clu_exv +

AMPS_lu

Vlu_exv

) + Lli ⋅ (Cli_exv +
AMPS_li

Vli_exv

)

+Lhr ⋅ Chr_exv + Lsp ⋅
(
Csp_exv +

AMPS_sp

Vsp_exv

)
+ Lkd

(
Ckd_exv +

AMPS_kd

Vkd_exv

)

+Lbr ⋅ Cbr_exv + Lmu ⋅ Cmu_exv + Lad ⋅ Cad_exv + Lst ⋅ Cst_exv + Lpa⋅

Cpa_exv + Lin ⋅ Cin_exv + Lrest ⋅ Crest_exv) ⋅ (1 − �) − L ⋅ Clymph
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experimental data were obtained by administering a 5 mg/kg  
dose of doxorubicin hydrochloride solution and Doxil® (cal-
culated as doxorubicin) via intravenous injection to healthy 
mice. Blood, plasma, brain, adipose, heart, intestine, kidney, 
liver, lung, muscle, pancreas, spleen, and stomach samples 
were collected at 0.08, 0.17, 0.25, 0.5, 0.75, 1, 2, 4, 7, 16, 24, 
48 and 72 h postadministration and analyzed using high-per-
formance liquid chromatography tandem mass spectrometry 
(LC‒MS/MS) (n = 3).

Model fitting was performed using the maximum likeli-
hood estimation method in ADAPT5 (Biomedical Simulation 
Resource, University of Southern California, Los Angeles, 
California). During the establishment of the doxorubicin lipo-
somal PBPK model, an independent PBPK model for doxoru-
bicin solution was first established using in vivo doxorubicin 
data and, upon validation, was integrated with the doxorubicin 
liposomal PBPK model. The parameters fitted for the doxoru-
bicin solution model included Kp_t, PSt, and CLli. Parameters 
fitted for the doxorubicin liposomal PBPK model included 
Kp_n, CTn, Kup_MPS, Kre_MPS and Kdeg_MPS.

The variance model used in this study is as follows:

The variance for each data point i is represented as Vi, 
where Yi denotes the model prediction for the i-th data point. 
The parameters σ1 and σ2 are variance model parameters.

Internal and external validation of the model

This study undertook both internal and external validation 
for the developed PBPK models of doxorubicin solution and 
doxorubicin liposomes. During internal validation, the opti-
mally fitted concentration–time profiles in tissues of both 
models were compared with the corresponding observed 
concentration–time profiles in tissues [46]. Quantitative 
assessments were conducted using the average fold error 
(AFE) and the absolute average fold error (AAFE) for the 
concentration–time profiles of each tissue. If the AFE and 
AAFE are both less than 2, the simulation can be considered 
successful.

For the external validation of the doxorubicin solution 
model, the established model was used to predict the con-
centration–time profiles in each tissue of mice after intra-
venous injection of doxorubicin solution at doses of 6 mg/
kg, 10 mg/kg, and 12 mg/kg, and the results were compared 
with observed measured data from references [47, 48]. 
Gustafson et al. [47] administered doxorubicin solution 
intravenously to healthy mice at 6 mg/kg and collected tis-
sue samples from the blood, liver, intestine, kidney, heart  
at 5, 10, 30, 60, 120, and 480 min for analysis using high-
pressure liquid chromatography (HPLC). In addition, the 

(27)Vi = (�1 + �2 ⋅ Yi)
2

concentration–time profiles in serum, liver, intestine, kid-
ney and heart of 10 mg/kg were also obtained from this 
literature. Johansen [48] administered 12 mg/kg doxorubicin 
solution intravenously to healthy mice and collected tissue 
samples from the plasma, heart, liver, kidney, and muscle at 
5 min, 30 min, 2 h, 8 h, and 24 h and analyzed them using 
HPLC.

For the external validation of the doxorubicin liposomal 
PBPK model, the established model was used to predict the 
concentration–time profiles in various tissues of mice after 
intravenous injection of Doxil® at doses of 10 mg/kg, and  
15  mg/kg, and the results were compared with in vivo 
measured data from the literature [49–51]. Mehrabian et al.  
[49] administered Caelyx® (equivalent to Doxil®, both of 
which are the same formulations marketed in the USA and 
Europe) intravenously at 10 mg/kg to healthy mice; collected 
plasma samples at 1, 6, 24, and 48 h; and collected sam-
ples from the spleen, lung, kidney, heart, and liver at 24 and 
48 h; and analyzed them using fluorescence spectroscopy.  
Mashreghi et al. [50] administered Caelyx® at 10 mg/kg 
to mice bearing C26 colon cancer tumors via the tail vein  
and collected tissue samples from the plasma, liver, spleen, 
kidney, lung, and heart at 3, 12, 24, 48, and 72 h and ana-
lyzed them using fluorescence spectroscopy. Gheibihayat, 
S. M. et al. [51] injected Doxil® at 15 mg/kg into the tail 
vein of healthy mice and collected plasma, spleen, kidney, 
lung, heart and liver at 0.5, 6, 12, 24, 48, 72, 96, and 168 h, 
after which doxorubicin concentrations were measured via 
spectroscopy.

The fold error (FE) was determined by comparing the pre-
dicted and observed concentration values at each time point 
along the pharmacokinetic curve. A model is considered 
to exhibit satisfactory accuracy in predicting whether the 
FE ranges between 0.3 and 3 [52]. This is because external 
validation may bring errors by detection methods, individual 
variance, inter-laboratory differences, etc. The formulas are 
as follows:

where Cpredicted_i is the predicted concentration at time i and 
Cobserved_i is the observed concentration at time i.

The pharmacokinetic datasets used in the fitting and vali-
dation of PBPK models were shown in the Table 4.

(28)FE =
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Exploration of the quantities of free Doxorubicin 
and liposome‑encapsulated doxorubicin in tissues

In the current study of drug distribution after liposome admin-
istration, the primary focus is on detecting the total amount 
of drug in tissues, as it is more challenging to measure the 
concentrations of encapsulated and free drugs in tissues sepa-
rately. The doxorubicin liposomal PBPK model established 
in this study can simultaneously predict the pharmacokinetic 
curves of both encapsulated and free drugs in various tissues. 
Thus, the established model was used to calculate the ratio of 
encapsulated to free doxorubicin in tissues at each time point.

Wang et al. [10] used a two-step solid-phase extraction 
method to separate and measure the concentrations of free and 
encapsulated doxorubicin in the plasma, liver, heart, spleen, 
lung, and kidney. The specific dosing regimen was as fol-
lows: tumor-bearing mice received an intravenous injection of 
7 mg/kg homemade PEGylated doxorubicin liposomes. After 
administration, plasma and tissue samples were systematically 
collected at intervals of 1, 12, and 36 h. This study used the 
doxorubicin liposomal PBPK model to predict the pharma-
cokinetic curves of each tissue at this dose and compared them 
with the measured data. Although the formulation used in the 
in vivo experiment was a homemade PEGylated liposome, the 
model in this study was based on the in vivo data of the com-
mercial PEGylated liposome (Doxil®).

Sensitivity analysis

This research utilized a standardized sensitivity analy-
sis methodology [8, 53] to conduct parameter sensitivity 
analysis on various components of the doxorubicin solu-
tion PBPK model, including Kp_t, PSt and CLli. Likewise, 
a similar sensitivity analysis was applied to the doxoru-
bicin liposomal PBPK model, evaluating Kp1, Kp2, Kp3, 
CT1, CT2, CT3, CT4, Kup_MPS, Kdeg_MPS and Kre_MPS. The 
methodology included the following procedures: for the 
doxorubicin solution PBPK model, the impact on the area 
under the curve (AUC​) in various tissues was calculated 
following a 1% increase in each parameter. For the doxo-
rubicin liposomal PBPK model, the impact on the AUC​0-4, 
AUC​0-24, and AUC​0-72 for the encapsulated drug in different 
tissues was assessed after a 1% parameter increase. The 
specific computational formulas employed are as follows:

where NSC represents the normalized sensitivity coeffi-
cient, dAUC​ denotes the change in the AUC​ after altering 
the parameter, and dp represents the change in the value of 
the parameter according to the sensitivity analysis. AUC​0-4, 
AUC​0-24, and AUC​0-72 represent the early distribution, late 
distribution, and metabolic phases of Doxil®, respectively.  

(31)NSC =
dAUC∕AUC

dp∕p

Table 4   Pharmacokinetic datasets used in the fitting and validation of PBPK models

Purpose Data set Dosage
(mg/kg)

Selected time points Selected organs/tissues Detection method Internal standard Reference

Doxorubicin solution PBPK model
Fitting 1 5 0.08, 0.17, 0.25, 0.5, 0.75, 1, 

2, 4, 7, 16, 24, 48 and 72 h
Blood, plasma, brain, fat, 

heart, intestine, kidney, 
liver, lung, muscle, pan-
creas, spleen, stomach

LC–MS/MS Daunarubicin [46]

Validation 1 6 5, 10, 30, 60, 120, 480 min Blood, liver, intestine, kid-
ney, heart

HPLC Daunorubicin [47]

2 10 0.25, 0.5,1,2,6,24,48 and 
72 h

Serum, liver, intestine, kid-
ney, heart

HPLC Daunorubicin [47]

3 12 5 min, 0.5 h, 2 h, 8 h, and 
24 h

Plasma, heart, liver, kidney, 
muscle

HPLC No found [48]

Doxorubicin liposomal PBPK model
Fitting 1 5 0.08, 0.17, 0.25, 0.5, 0.75, 1, 

2, 4, 7, 16, 24, 48 and 72 h
Blood, plasma, brain, fat, 

heart, intestine, kidney, 
liver, lung, muscle, pan-
creas, spleen, stomach

LC–MS/MS Daunarubicin [46]

Validation 1 10 1, 6, 24, 48 h Plasma, spleen, lungs, kid-
neys, heart, liver

Spectrofluorometer [49]

2 10 3, 12, 24, 48, 72 h Plasma, liver, spleen, kidney, 
lung, heart

Fluorescence spec-
trophotometer

[50]

3 15 0.5, 6, 12, 24, 48, 72, 96 and 
168 h

Plasma, spleen, kidney, lung, 
heart, liver

Spectrofluorometer [51]

4 7 1, 12, 36 h Heart, liver, spleen, lung, 
kidney

LC–MS/MS [10]
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A higher NSC indicates greater sensitivity of the PBPK 
model to changes in the corresponding parameter [8].

The impact of lymphatic circulation on the in vivo 
distribution of doxorubicin liposomes

This study incorporated lymphatic circulation into a doxoru-
bicin liposomal PBPK model and investigated its impact on the 
in vivo distribution of liposomes. The rate of lymph flow in vari-
ous organs and tissues, an essential physiological parameter, was 
incorporated into the model based on values cited in the literature 
[45]. The lymph reflection coefficient (σ) reflects the propensity 
of liposomes to translocate from tissues into lymphatic vessels. 
In this study's doxorubicin liposomal PBPK model, σ was set to 
0.2 [45]. This section involved setting σ to 0, 0.2, 0.8, and 1 and 
then calculating the percentage exposure in each tissue.

Result

Validation of the doxorubicin solution PBPK model 
and doxorubicin liposomal PBPK model

The optimal fitting parameters for the doxorubicin solu-
tion PBPK model are shown in Table 2. These findings are 
consistent with the reported pharmacokinetic parameter 
characteristics of doxorubicin [3]. The best-fit concentra-
tion–time profiles for each tissue and the corresponding 
observed concentration–time profiles are shown in Fig. 2. 
They almost entirely overlap. The AFE and AAFE values 

for the doxorubicin solution PBPK model (Table 5) were 
less than 2, except for those for blood, which had an AAFE 
value of 2.13. This is because of the small overestimation 
of the last few data points of the elimination phase, as 
shown in Fig. 2. This study conducted an external valida-
tion of the doxorubicin solution PBPK model with three 
doses from two different literature sources. As shown in 
Fig. 3, the FE of most data points is within the range of 
0.3–3. There was a slight overestimation for the last two 
time points of the 12 mg/kg dose concentration–time pro-
file for blood, which may be related to individual differ-
ences in the experimental animals. In conclusion, based on 
internal and external validation, the doxorubicin solution 
PBPK model is accurate and reliable. It can be integrated 
into the doxorubicin liposomal PBPK model for further 
model development.

The optimal fitting parameters of the doxorubicin 
liposomal PBPK model are shown in Table 3. The best 
fit concentration–time profiles for each tissue and the 
corresponding observed profiles are depicted in Fig. 4. 
The AFE and AAFE values are shown in Table 5. The 
predicted and observed concentration–time profiles over-
lap significantly for most tissues, with only slight over-
estimations in the intestine (AAFE = 2.57) and a minor 
underestimation in the blood (AAFE = 2.32). This study 
conducted an external validation of the established doxo-
rubicin liposomal PBPK model, drawing on data from 
four publications and three dosage levels. As shown 
in Fig. 5, the model accurately predicts the concentra-
tion–time profiles in the blood, heart, liver, and kidneys 

Fig. 2   Doxorubicin concentration–time profiles in all tissues after intravenous injection of doxorubicin solution (5 mg/kg) in mice. The meas-
ured doxorubicin concentrations in the blood and tissues are indicated by red circles (n = 3) [46], and the black solid lines show the model fit
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across various dosages, with only occasional discrepan-
cies exceeding a threefold error at specific time points. 
However, the prediction for lung tissue was less accurate, 
significantly overestimating the concentration of doxoru-
bicin in the lung tissue, with multiple time points exceed-
ing a threefold error margin.

Exploration of the quantities of free doxorubicin 
and liposome‑encapsulated doxorubicin in tissues

Within 72 h postadministration, the proportion of free 
drug in plasma fluctuated within the range of 0.01–1.64%. 
This is consistent with reports in the literature indicat-
ing that the proportion of free drug in circulation is less 
than 2% [3]. The relatively low percentage of free drug 
in plasma could be attributed to two factors: on the one 
hand, Doxil® is relatively stable in blood, showing mini-
mal release; on the other hand, free doxorubicin has a 
large distribution volume [3] and high affinity for vari-
ous tissues, facilitating its rapid distribution into these 
tissues. In other tissues, the proportion of free drug was 
initially low after administration but gradually increased 
over time, as shown in Fig. 4.

As illustrated in Fig. 6, the model developed in this 
study accurately predicted the concentration–time pro-
file for both free and encapsulated drugs in the heart, 
lung, and kidney, with all the FEs remaining within a 

threefold margin of error. However, predictions for the 
spleen (encapsulated doxorubicin: time = 1 h, FE = 0.16, 
time = 36  h, FE = 0.27; free doxorubicin: time = 1  h, 
FE = 0.22) and liver (liposome-encapsulated doxorubicin: 
time = 12 h, FE = 0.18, time = 36 h, FE = 0.17; free doxo-
rubicin: time = 12 h, FE = 0.19; time = 36 h, FE = 0.26) 
were less accurate, with some time points exceeding the 
threefold error threshold. This discrepancy may be attrib-
uted to differences in the physicochemical properties of 
the formulations used in the literature, which were home-
made PEGylated doxorubicin liposomes, compared to the 
commercial PEGylated liposomal doxorubicin (Doxil®) 
used in this study. Additionally, the literature utilized 
tumor-bearing mice, whereas the model in this study was 
based on data from healthy mice, suggesting that physi-
ological differences between the experimental animals 
may also contribute to variations in the in vivo processes 
of free and encapsulated drugs. However, this comparison 
directly confirmed that the model's ability to predict the 
amount of free and encapsulated drugs in each tissue was 
within reasonable limits.

Sensitivity analysis

For the PBPK model of doxorubicin solution, Kp_t had a sig-
nificant impact on the AUC​0-72 for the corresponding tissues 
but had a lesser effect on other tissues. PSt had a relatively 
minor influence on the AUC​0-72 for all tissues. CLli consid-
erably affected the AUC​0-72 for each tissue (Table 6). This 
finding is consistent with the characteristics of a free drug 
PBPK model [54].

For the doxorubicin liposomal PBPK model, Kp_n sig-
nificantly influenced the AUC​0-4, AUC​0-48 and AUC​0-72 
of the encapsulated drugs in the corresponding tissues 
(Table 7, Table 8 and Table 9). As Kp_n increases, the 
drug exposure in that tissue also increases. Kp_n repre-
sents the retention of nanoparticles in the corresponding 
tissue. Additionally, the Kp_n of non-MPS tissues had a 
more pronounced effect on the AUC​0-4 h of corresponding 
tissue (brain: NSC = 0.93, muscle: NSC = 0.89, spleen: 
NSC = 0.64, kidney: NSC = 0.64 in Table  7). This is 
because, for MPS tissues, Kp_n is not the sole factor gov-
erning liposome distribution. Liposomes can also enter 
tissues through uptake by MPS cells. In the model, a 1% 
increase in CTn had a minimal impact on the AUC​0-4, AUC​
0-48 and AUC​0-72 for all tissues. This might be because 
crossing the endothelial cell membrane of blood vessels 
is not the primary route for liposomes to enter tissues.

Table 5   The average fold error and absolute average fold error of all 
tissues simulated by the doxorubicin solution PBPK model and the 
doxorubicin liposomal PBPK model

Doxorubicin solution Doxorubicin lipo-
some

AFE AAFE AFE AAFE

Plasma 1.86 2.13 0.47 2.32
Heart 1.10 1.70 1.25 1.26
Brain 1.01 1.10 1.08 1.23
Muscle 0.94 1.22 0.91 1.42
Stomach 1.04 1.11 0.82 1.28
Adipose 0.95 1.21 1.05 1.27
Liver 0.79 1.72 1.04 1.17
Pancreas 1.00 1.13 1.55 1.85
Intestine 1.23 1.45 2.21 2.57
Spleen 1.02 1.34 1.29 1.50
Kidney 1.05 1.14 1.02 1.28
Lung 1.03 1.27 0.94 1.33
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An increase in the concentration of the parameter Kup_MPS 
significantly affected the distribution of encapsulated drugs 
in all tissues, especially as shown in Table 9. Kup_MPS con-
trols the rate at which nanoparticles are transported from 
plasma to tissues through MPS cells, and the drugs entering 
the MPS compartment are further degraded into free drugs. 
Therefore, Kup_MPS essentially acts as a clearance pathway 
for liposomes. As the amount of Kup_MPS increased, the AUC​
0-4, AUC​0-48 and AUC​0-72 for each tissue decreased. Accord-
ing to the NSC values, an increase in Kdeg_MPS had little 

impact on the AUC​0-4, AUC​0-48 and AUC​0-72 for each tis-
sue. This study further assessed the effect of Kdeg_MPS on 
the AUC​0-72 of encapsulated drugs in MPS compartments 
and revealed a significant impact (liver: NSC = -0.99, spleen: 
NSC = -0.99, kidneys: NSC = -0.99, lungs: NSC = -0.99). 
This is because Kdeg_MPS is directly related to the rate of 
liposome degradation. The increase in the parameter Kre_MPS 
had almost no effect on the plasma or any other tissue, which 
might be due to the minimal amount of liposomes taken up 
by the MPS being returned to the bloodstream.

Fig. 3   The fold errors of all the predicted and observed concentrations after intravenous injection of 6 mg/kg, 10 mg/kg or 12 mg/kg doxorubicin 
solution [47, 48]
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The impact of lymphatic circulation on the in vivo 
distribution of doxorubicin liposomes

The permeability of the lymphatic vessel walls varies for 
different liposomes. A σ value of 0 implies that all liposomes 
can enter the lymphatic circulation, whereas a σ of 1 indi-
cates that liposomes cannot enter the lymphatic system. As 
shown in Fig. 7, with the change in σ, the drug exposure 
in the lymph center shows some variation, but the impact 
is relatively minor. Changes in other tissues were also not 
significant. This could be attributed to the fact that the vol-
ume and flow rate of lymph are much smaller than those of 
blood; thus, lymphatic transport is not the main pathway for 
the distribution of these substances.

Comparison of tissue distribution characteristics 
in mice predicted by the doxorubicin solution PBPK 
model and the doxorubicin liposomal PBPK model

Using the established PBPK models, the concentra-
tion–time profiles of doxorubicin in various tissues of 
mice were calculated for both doxorubicin solution and 
Doxil® administration. The area under the concentra-
tion–time profiles was calculated to compare the tissue 
distribution characteristics of the two formulations. As 
depicted in Fig. 8, PEGylated liposomes altered the tis-
sue distribution characteristics of doxorubicin. Com-
pared to the doxorubicin solution, PEGylated liposomes 
increased the plasma exposure of doxorubicin, providing 

Fig. 4   Doxorubicin concentration–time profiles in all tissues after 
intravenous injection of Doxil® at a single dose of 5 mg/kg in mice. 
The observed doxorubicin concentrations in plasma and tissues are 
indicated by blue circles (n = 3) [46], and the blue solid lines show 

the model fitting values. The red solid lines represent the calculated 
free doxorubicin concentration in tissues. The black solid lines repre-
sent the calculated encapsulated doxorubicin concentration in tissues
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it with prolonged circulation capabilities and enhancing its 
opportunity to enter tumor tissues. Moreover, they reduced 
the proportion of doxorubicin exposure in other tissues, 
thereby lowering toxicity.

Following Doxil® administration, doxorubicin distribu-
tion was greater in the liver (6.46%), spleen (14.76%), kid-
neys (9.92%), and lungs (7.26%) than in non-MPS tissues 
such as muscle (1.30%), stomach (1.77%), and fat (0.56%). 
These findings are consistent with the tissue distribution 
characteristics of doxorubicin solution and PEGylated 
liposomes reported in the literature [46].

Discussion

The doxorubicin liposomal PBPK model established in 
this study includes MPS compartments in the liver, spleen, 
kidneys, and lungs. The number of MPS cells per gram of 
each tissue was derived from the literature sources [22, 37, 
55–57]. The methods for obtaining these data from the lit-
erature included separation, purification, staining, and sub-
sequent measurement of the number of phagocytic cells in 
various mouse tissues via flow cytometry.

Fig. 5   The fold errors of all the predicted and observed concentrations after intravenous injection of Doxil® at concentrations of 10 mg/kg or 
15 mg/kg [49–51]
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Kup_MPS, Kre_MPS and Kdeg_MPS represent the rates of 
uptake, release, and degradation of nanoparticles by indi-
vidual MPS cells, respectively. Kup_MPS can be determined 
by quantitatively measuring the uptake of nanoparticles by 
mouse macrophage lines at different time points using col-
orimetric methods [22]; Kre_MPS can be obtained through 

model fitting [22]; and Kdeg_MPS can be calculated by fitting  
the release curves of nanoparticles in macrophage lines 
[58]. Montanha [37] used the parameters obtained through 
the aforementioned methods as initial values in the model 
establishment process and performed fitting optimiza-
tion. This study adopted the optimized parameter values  

Fig. 6   Doxorubicin concentra-
tion–time profiles in tissues 
after intravenous injection of 
7 mg/kg homemade PEGylated 
liposomes. The observed free 
and encapsulated doxorubicin 
concentrations in plasma and 
tissues are indicated by red and 
blue circles, respectively (n = 3). 
The red solid lines show the 
predicted free doxorubicin con-
centration. The blue solid lines 
show the predicted encapsulated 
doxorubicin concentration [10]

Table 6   Normalized sensitivity coefficients (AUC​0-72 h) for the doxorubicin solution PBPK model

Blood Heart Brain Muscle Stomach Adipose Liver Pancreas Intestine Spleen Kidney Lung

Kp_hr 0.00 0.98 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kp_br 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kp_mu -0.02 -0.02 -0.02 0.95 -0.02 -0.02 -0.02 -0.02 -0.02 -0.03 -0.02 -0.02
Kp_ad 0.00 0.00 0.00 0.00 0.00 1.06 0.00 0.00 0.00 0.00 0.00 0.00
Kp_st 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kp_Li -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.99 -0.01 -0.01 -0.01 -0.01 -0.01
Kp_pa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.00
Kp_In 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 -0.01 0.00 0.00
Kp_sp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.89 0.00 0.00
Kp_Kd -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.99 -0.01
Kp_lu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99
CLli -0.60 -0.60 -0.60 -0.59 -0.59 -0.59 -0.74 -0.59 -0.60 -0.55 -0.60 -0.60
PS_mu 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PS_ad 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
PS_st 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PS_pa 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
PS_sp 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 0.00
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from that publication as initial values and further optimized 
them during the model-building process.

The parameters of Kup_MPS, Kre_MPS and Kdeg_MPS for 
individual MPS cells were adjusted for tissue plasma 
flow and tissue weight when applied to different tissues. 

However, as the types and activities of phagocytic cells 
vary among tissues, this study introduced correction fac-
tors for Kup_MPS in different tissues: lung, 0.51; spleen, 
0.01; and kidney, 0.83. These values were obtained dur-
ing the model optimization process. Henrique et al. [22]  

Table 7   Normalized sensitivity coefficients (AUC​0-4 h) for the doxorubicin liposomal PBPK model

Plasma Heart Brain Muscle Stomach Adipose Liver Pancreas Intestine Spleen Kidney Lung

Kup_MPS -0.19 -0.19 -0.19 -0.18 -0.19 -0.18 -0.19 -0.19 -0.19 -0.19 -0.19 -0.19
Kre_MPS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kdeg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT1 -0.04 -0.01 -0.03 0.02 -0.03 0.00 -0.04 -0.04 -0.04 -0.04 -0.04 -0.02
CT2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
CT3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00
CT4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Kp1 -0.31 0.62 -0.30 -0.30 -0.30 -0.30 0.64 -0.31 -0.31 0.64 0.64 0.63
Kp2 -0.06 -0.06 0.93 0.89 0.94 0.90 -0.06 0.95 -0.06 -0.06 -0.06 -0.06
Kp3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.00 0.00 0.00

Table 8   Normalized sensitivity coefficients (AUC​0-24 h) for the doxorubicin liposomal PBPK model

Plasma Heart Brain Muscle Stomach Adipose Liver Pancreas Intestine Spleen Kidney Lung

Kup_MPS -0.89 -0.89 -0.89 -0.88 -0.89 -0.88 -0.89 -0.89 -0.89 -0.89 -0.89 -0.89
Kre_MPS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kdeg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT1 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
CT2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kp1 -0.23 0.70 -0.23 -0.23 -0.23 -0.23 0.72 -0.23 -0.23 0.72 0.72 0.70
Kp2 -0.04 -0.04 0.96 0.96 0.96 0.96 -0.04 0.97 -0.04 -0.04 -0.04 -0.04
Kp3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00

Table 9   Normalized sensitivity coefficients (AUC​0-72 h) for the doxorubicin liposomal PBPK model

Plasma Heart Brain Muscle Stomach Adipose Liver Pancreas Intestine Spleen Kidney Lung

Kup_MPS -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.79
Kre_MPS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kdeg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT1 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
CT2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CT4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Kp1 -0.07 0.86 -0.07 -0.07 -0.07 -0.07 0.88 -0.07 -0.07 0.89 0.88 0.86
Kp2 -0.01 -0.01 0.99 0.99 0.99 0.99 -0.01 1.00 -0.01 -0.01 -0.01 -0.01
Kp3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00
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reported that the activity of MPS cells fluctuates within the 
range of 70% ± 20%. In this study, the correction factor for 
the spleen was relatively low. The analysis suggested that 
there are two pathways for liposomes to enter the spleen: 
one is through transcapillary passage, and the other is 
uptake by the spleen's inherent phagocytic cells. However, 
there are no empirical data supporting the proportions of 
nanoparticles entering tissues through these two pathways. 
Therefore, there might be an overestimation of transcapil-
lary passage and underestimation of phagocytic uptake 
during the model fitting process.

This study conducted rigorous internal and external val-
idation of the accuracy of the concentration–time profile 
predictions for each tissue in both the doxorubicin solu-
tion model and the doxorubicin liposomal PBPK model. 
Additionally, the doxorubicin liposomal PBPK model 
was externally validated using the observed concentra-
tion–time profiles of encapsulated and free drugs meas-
ured in various tissues. The overall validation results of 
the model are good, but it is noteworthy that the predic-
tive accuracy of the doxorubicin liposomal PBPK model 
is not as high as that of the doxorubicin solution PBPK 
model. For example, in external validation, the doxoru-
bicin liposomal PBPK model tends to overestimate the 

doxorubicin concentration—time profile in the lung. The 
factors contributing to the poor prediction of lung tissue 
in the external validation were analyzed. On the one hand, 
while the concentration of liposome in the lung is sig-
nificantly influenced by MPS, it is important to consider 
that individual variations in immune system response. It 
is easily influenced by health status, saturation degree 
and experimental environment. Consequently, this leads 
to discrepancies in measured data across different labora-
tory and dose. On the other hand, there remains a lack 
of comprehensive research on the PBPK modeling tech-
niques about the uptake rates, degradation rate and release 
rate of nanoparticles by MPS. In this study, the parameter 
obtained from in vitro cell experiments and actual number 
of macrophages in tissues. This is a scientific approach. 
However, further investigation is still required to establish 
a reliable conversion method for translating intrinsic rates 
measured in vitro into their corresponding in vivo values.

The free drug release of liposome is an important in vivo 
process. The release mechanism was tried to add in the 
PBPK model. Based on the structure of the PBPK model in 
this study, a first-order drug release from liposome mech-
anism was incorporated into both the arterial and venous 
compartments. Then the same dataset was used for fitting. 

Fig. 7   The percentage of tissue exposed to Doxil® (% AUC​0-72 h) after intravenous injection. The blue diagonal bar charts represent σ = 0, the 
blue dot bar charts represent σ = 0.2, the dark blue bar charts represent σ = 0.8, and the blue line bar charts represent σ = 1

Fig. 8   The predicted tissue distribution of doxorubicin after intravenous injection of doxorubicin solution or Doxil® 5 mg/kg
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The model parameters, AFE and AAFE of these two models 
were compared. There was no significant difference in accu-
racy between the two models, and no reduction in AFE and 
AAFE in plasma compartments after comparison. The fitted 
first-order release rate constant (Kre) was 0.0002614. How-
ever, the inclusion of the release rate parameter in the plasma 
compartment lacks support from the measured data. This 
may increase the instability of the model. Particularly, if the 
release process is added to various tissues, it will be impos-
sible to distinguish whether the released of free drugs is due 
to the degradation by MPS or the release of liposomes. This 
would cause a lot of uncertainty into the model. Therefore, 
in this study, considering the specific dosage form and model 
stability, we did not incorporate drug release mechanism in 
plasma compartment.

This study also calculated the proportion of free doxo-
rubicin to total doxorubicin exposure in various tissues 
over 0–72 h, as shown in Fig. 9. In the plasma, heart, and 
brain, the proportion of free doxorubicin was less than 50% 
(plasma: 0.54%, heart: 42.88%, brain: 4.52%). This is also 
a theoretical basis for the reduced cardiotoxicity of doxoru-
bicin when it is formulated into liposomes. In the pancreas 
and intestines, the proportion of free doxorubicin was very 
high (pancreas: 94.58%, intestines: 99.39%). This is attrib-
uted to the smaller CT in these organs, making it more dif-
ficult for liposomes to pass through capillary gaps into these 
tissues and hence decreasing the distribution of liposome-
encapsulated doxorubicin. However, free doxorubicin has a 
greater affinity for these two tissues, and free doxorubicin 
generated by degradation in other tissues can more easily 
distribute to these organs via blood circulation. Accord-
ing to the doxorubicin liposomal PBPK model, the in vivo 
distribution of liposomes is influenced by the permeability 
of capillaries in various tissues and their uptake by tissue 

phagocytes, with the latter being the primary distribution 
pathway. In addition, after being taken up and degraded by 
phagocytes into free drug, the inherent tissue affinity of the 
free drug also affects its distribution.

A significant advantage of the PBPK model lies in its 
ability to facilitate species extrapolation. Specifically, the 
PBPK model enables prediction of drug concentration at 
the site of action, which is more directly correlated with 
drug efficacy compared to drug concentration–time profile 
in blood. Determining the drug concentration at the pharma-
codynamic site in human bodies is often challenging using 
experimental methods. The application of PBPK models 
extrapolated from animal to humans can effectively address 
this issue. In general, when extrapolating from animals to 
humans using the PBPK model for small molecule drugs, 
physiological data of animals are directly substituted with 
human physiological data, and assuming the same Kp val-
ues between species, only the clearance needs allometric 
scaling. However, in the case of nanoparticles, the situation 
becomes more complicated. Firstly, the MPS exerts a sig-
nificant impact on the disposition of nanoparticles in vivo, 
however, both the number and phagocytic capacity of phago-
cyte are different between humans and animals. This issue 
may be addressed by determining single human MPS cell’s 
uptake rate of liposomes, release rate of liposomes, and deg-
radation rate of liposomes into free drug, respectively, then 
using these parameters in the human PBPK model instead 
corresponding parameters in the animal PBPK model. At the 
same time, the number of macrophages in various tissues of 
human should be used. Alternatively, a quantitative relation-
ship can be established between animal phagocytosis-related 
parameters and human parameters to solve this problem, 
just like the allometric scaling of clearance. Secondly, the 
impact of tissue capillaries on the diffusion limitation of 

Fig. 9   Proportion of free doxorubicin exposure in tissues after intravenous injection of Doxil® (5 mg/kg) simulated by the doxorubicin liposomal 
PBPK model
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nanoparticles varies between humans and animals, thus, 
necessitating investigation into whether and how CT values 
change during species extrapolation. Finally, the disparities 
in lymphatic circulation between human and animal should 
be consider when extrapolation.

The model has the following limitations: i) There may 
be a saturation mechanism for liposome uptake by mac-
rophages, but the model established in this study does 
not consider any saturation mechanisms. This is because 
incorporating a saturation algorithm introduces too many 
uncertain parameters, increasing model instability. ii) The 
doxorubicin solution PBPK model slightly overestimates 
the elimination phase in the blood compartment, possibly 
due to the specific affinity of doxorubicin for certain tissues 
[44], leading to an underestimation of the hepatic clearance 
rate during model fitting. The doxorubicin liposomal PBPK 
model slightly underestimates the elimination phase in the 
blood compartment at four intermediate time points, possi-
bly related to the redistribution of doxorubicin in the body, 
although this mechanism is not yet clearly understood. iii) 
In the model establishment process, the parameters of the 
doxorubicin solution PBPK model were obtained using the 
maximum likelihood method, with almost all CV% less than 
30%; the doxorubicin liposomal PBPK model was obtained 
through the maximum likelihood method and empirically.

Conclusion

In this study, a whole-body liposomal PBPK model in mice 
simulating encapsulated and free doxorubicin concentra-
tion–time profiles in plasma and tissues were established 
successfully and validated by four doses of observed pharma-
cokinetic data. In addition, the predicted in vivo distribution 
characteristics of the doxorubicin liposomes and solution were 
consistent with the observed values. Sensitivity analysis showed 
that Kup_MPS and Kdeg_MPS had a great influence on the disposi-
tion of liposomes. The study of the effect of the immune system 
on liposome phagocytosis and degradation and the addition of 
the corresponding parameters to the liposomal PBPK model 
have greatly improved the prediction accuracy of the model. 
Overall, the liposomal PBPK model is reliable and can be 
used to predict the free doxorubicin concentration–time profile 
in tissues, which is closely related to the pharmacodynamic 
effect. This model provides a reference for the establishment 
of a PBPK model using liposomes. It is also a useful tool for 
studying the pharmacokinetic properties of liposomes.
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