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Doxorubicin is a chemotherapeutic that is a backbone of 
cancer therapy, but its clinical utility can be hindered due 
to dose- limiting cardiotoxicity.1,2 Liposomal encapsulation 
of doxorubicin, known as pegylated liposomal doxorubicin 
(PLD), has improved the cardiac safety profile.3 Preclinical 
studies have consistently shown PLD to outperform con-
ventional doxorubicin at equivalent doses in mouse tumor 
models.4,5 However, improvement in clinical efficacy has been 
less clear across solid tumor types evaluated. For example, 
in breast cancer, there was no difference in outcome for 
patients treated with liposomal vs. conventional doxorubicin3 
whereas in Kaposi sarcoma, PLD showed markedly increased 
response rates relative to treatment with conventional doxo-
rubicin.6 This work aims to systematically examine the effect 
of liposomal encapsulation of doxorubicin on its delivery to 
solid tumors and the potential relationship between deposi-
tion and efficacy in both mice and humans.

Liposomal encapsulation alters the pharmacokinetic (PK) 
profile of doxorubicin, resulting in a dramatically longer half-
life relative to free doxorubicin. PLD liposomes are ∼100 nm 
in diameter and surface coated with polyethylene glycol to 
minimize detection and elimination by the reticulo- endothelial 
system.7 Liposomes accumulate in tissues with  functionally 
porous vasculature such as liver and spleen and with leaky 
vasculature such as tumors. By contrast, the free drug 
freely distributes in the body. For the doxorubicin within PLD 
to reach its intracellular target and be cytoreductive, it must 
first be released from the liposomes.

There is evidence for PLD that variation in tumor delivery 
is a primary factor controlling performance in preclinical and 
clinical studies. A study with 111In-labeled PLD in human sub-
jects with a variety of solid tumor types showed liposome 
deposition that varied from undetectable to 53% injected 

dose per kg of tumor.8 In patients with nonsmall cell lung 
 cancer, 99Tc-labeled PLD showed variable tumor deposition 
that correlated with microvessel density (MVD).9

Emerging evidence supports the hypothesis that differ-
ences in tumor deposition of PLD can alter efficacy. Karatha-
nasis et al. demonstrated that variation in liposomal delivery to 
a tumor could be directly linked to the level of tumor response 
to PLD.10 The extent of liposome deposition, quantified using 
iodixanol-loaded liposomes and mammography, was predic-
tive of antitumor response to subsequent treatment with PLD 
in a rat xenograft model.

It is well documented that drug delivery by nanoparticles 
or even free drugs have limitations.11,12 Transport of macro-
molecules across the vasculature is a complex function of 
vessel perfusion, surface area, permeability, and tumor and 
drug characteristics.13,14 For nanoparticles, transport across 
the vasculature is largely driven via convection, and sub-
sequent penetration into the tumors is limited by their slow 
diffusion in interstitial matrix.15 Earlier work has built com-
partmental models for scaling between mice and human’s16 
as well as models with mechanistic representations of drugs 
interacting with cell surface receptors and ligands.17 There 
has been limited work modeling liposomal therapeutics,18,19 
and it has not incorporated mechanistic cell-level detail in 
terms of delivery of doxorubicin to its target.

We hypothesize that clinically observed differences in 
cytoreduction between conventional vs. liposomal doxorubi-
cin may be driven by differences in tumor properties that alter 
the deposition of drug into tumor cells. We used the literature 
and experimental data to develop a robust computational 
model of liposomal drug delivery of doxorubicin to tumor 
cells. With this model, we gain insight into transport kinetics 
in the mouse tumor and enable prediction in humans.
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RESULTS
Computational model
We constructed a computational model of the kinetic steps 
in the transport of doxorubicin into tumor cells to quantify the 
role of liposome and tumor-specific parameters on liposomal 
drug delivery (Figure 1).

Cellular doxorubicin transport
To understand the kinetics of uptake, 21 cancer cell lines 
were used to generate time courses following incubation 
with doxorubicin (Figure 2a). Cell lines were selected to 
provide a variation in cellular uptake, with particular empha-
sis on breast cancer, an indication where anthracyclines 
are heavily used. Our modified Eytan and Kuchel20 model 
was used to estimate the rate of doxorubicin association 
with the cell, kf_ol, and the rate of outward flippase activity, 

kflippase_out, for each cell line. In addition to being highly 
sensitive parameters at the cellular level, kflippase_out and 
kf_ol were chosen for estimation because it may reflect 
variation in transporter activity across cell lines and capture 
differences in total membrane area that cannot be easily 
measured. Shown in Figure 2b is a representative fit of the 
model to the cellular uptake data. The variation in estimated 
values for parameters kf_ol (coefficient of variation, CV = 
86%) and kflippase_out (CV = 270%) is presented in Figure 
2c,d, respectively.

PKs
The PK of intravenous doxorubicin in the mouse was compiled 
from the literature (Figure 3a) and normalized in terms of % 
ID/ml to enable comparison. The data show variability across 
studies, but did not exhibit any clear dose-dependence (data 

Figure 1 Computational model diagram. (a) The physiologically based drug delivery model is shown in cartoon form. The model consists 
of a one-compartment pharmacokinetic (PK) model for liposomes (yellow circles) superimposed on a pseudo two-compartment model for 
doxorubicin (red hexagons). The two models are connected by the release of doxorubicin from the liposomes. A physiologically based tumor 
compartment (outlined with dashed line) is connected to the PK model. Doxorubicin must be released from liposomes to be active and once 
it is released, it is assumed to behave identical to free doxorubicin. (b) A cartoon of the detailed model of doxorubicin transport into and out of 
cells is shown. Doxorubicin partitions into the cell membrane and then is reversibly transported from the outer to inner leaflet of the membrane 
via flippases, dissociates into the cytosol, and then reversibly binds to DNA in the nucleus. The cellular model for doxorubicin transport is 
independently applied to cell line data and is also embedded within the larger mechanism-based model in a. Complete parameter descriptions 
and their values are shown in Table 1. The kinetic rate laws used for each reaction and/or transport step are shown in the box in the upper right. 
The complete model, including all reaction rate laws and parameter values is available in Supplementary Data online as well as a parameter 
and reaction list in  Supplementary Tables S1 and S2 online. PLD, pegylated liposomal doxorubicin.
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not shown). Shown in Figure 3a is the mean fit of the model 
to the entire data set, and Figure 3c shows the variability of 
parameter estimates from fitting the elimination rate, kel_dox 
to each data set individually.

The literature data for the PK of liposomes in mouse is 
shown in Figure 3b. As with doxorubicin, there was no dis-
tinct dose- dependence across the different studies (data not 
shown). Liposome clearance in mouse is markedly slower 
than that of conventional doxorubicin and displays mono-
exponential kinetics.

The mean model fit to the collection of data is shown in 
Figure 3b, and Figure 3c shows the variability of the elimi-
nation rate, kel_lipo, from fitting data sets individually. Lipo-
somes are cleared from the general circulation ~100-fold 
slower than doxorubicin. There appears to be more variation 
in doxorubicin clearance than liposome clearance.

Tumor deposition
Data for the time course of deposition of doxorubicin in mouse 
xenograft tumors were compiled from the literature and are 
shown as percent injected dose/g (Figure 3d).

The doxorubicin PK, characterized by our model, pro-
vides an estimate of the input function driving the extent of 
tumor deposition. Furthermore, the cellular uptake model 
(Figures 1b and 2) provides an independently validated 
description of doxorubicin interaction with tumor cells. We 

then estimated the rates of doxorubicin transport from the 
tumor capillaries into and out of the interstitial space. The 
model was separately fit to each tumor deposition data 
set. The mean model fit to the data is shown in Figure 3d, 
and the variability of estimated values of tvf_in_dox (CV = 
270%) in Figure 3f. tvf_out_dox values were of similar 
magnitude and had similar variability as tvf_in_dox (data 
not shown).

Tumor deposition for PLD in mouse xenograft tumors is 
shown in Figure 3e. There was no significant dose depen-
dence in deposition across the ranges tested (data not 
shown); however, there was significant variability in deposi-
tion both within and across different xenograft models (Sup-
plementary Figure S1a online).

Using the liposome PK model and the model for doxoru-
bicin, we have a description of the driving force for liposome 
transport into and out of the tumors, taking into account 
the behavior of the doxorubicin once it has been released 
from the liposomes. The transvascular flux per surface area 
for liposome transport from the capillary into and out of the 
interstitial space of the tumor (tvf_in_lipo and tvf_out_lipo, 
respectively) were estimated for each data set. The mean 
model fit to the data is shown in Figure 3e and the variability 
in deposition rate (CV = 130%) in Figure 3f. The mean lipo-
some transport rate into the tumor is ~100-fold slower than 
that of doxorubicin.

Figure 2 Total cellular doxorubicin uptake was measured in multiple cell lines (AdRr, OVCAR8, MCF7, HeLa, MKN-45, IGROV1, ZR75-1, MDA-
MB-361, MDA-MB-453, 4T1-clone-12W7, OVCAR8-Her2, HCC1954, AdRr-Her2, JIMT-1, MCF7-c18, Calu-3, MKN-7, NCI-N87, SkBr3, SKOV3, 
and BT474-M3) following incubation with 3, 15, or 75 µg/ml of doxorubicin (squares, circles, and triangles, respectively) for up to 3 hours. 
(a) Time courses for 21 different cell lines following incubation with 15 µg/ml doxorubicin. The kinetic model for doxorubicin transport into and 
out of cells (see Figure 1b) was fit to the experimental data for each to estimate rates of doxorubicin-cell association (kf_ol) and rate of outward 
flippase/efflux activity (kflippase_out). (b) A representative model fit (solid lines) to data for the OVCAR8-Her2 cell line for 3, 15, and 75 µg/ml 
data (circles, squares, triangles, respectively). (c,d) Histograms of the fitted parameter values for kf_ol and kflippase_out, respectively.
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Human scale-up
Because our model was based on a mechanistic under-
standing of drug delivery, it was possible to scale the 
model to reflect human physiology. Parameters describing 
human PK for free doxorubicin and PLD were estimated 
from  clinical data in a manner identical to that used for mice 
(Figure 3g,h and Table 1). The elimination of doxorubicin 
is slower in humans than mice (approximately fourfold), 

whereas the half-life of PLD in human patients is longer 
than that of mouse (2–3 days vs. 10 h, respectively). The 
variability in estimated values for kel_dox (CV = 81%) and 
kel_lipo (CV = 40%) is shown in (Figure 3i).

Two key studies provide tumor data in human patients dosed 
with either doxorubicin or PLD. The first is a study by Har-
rington et al.8 in which patients with a variety of tumor types 
were dosed with 111In-labeled liposomes, and then PK and 
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tumor deposition were measured via SPECT imaging. The 
second is a study by Northfelt et al.21 in which PK and doxo-
rubicin tumor accumulation were measured in patients with 
Kaposi sarcoma who were dosed with doxorubicin or PLD.

To estimate transport coefficients in human tumors, we 
took advantage of the fact that doxorubicin has a molecular 
weight similar to that of gadolinium-based contrast agents 
used in dynamic contrast-enhanced magnetic resonance 
imaging; and therefore it is hypothesized to have similar dif-
fusive transport characteristics. We compiled “Ktrans” (a net 
tumor uptake constant) values from human studies22–24 and 
back-calculated tvf_in_dox based on our model’s capillary 
surface area. tvf_in_dox was fixed at the mean value based 
on Ktrans and tvf_out_dox was estimated from the doxorubicin 
data in the study by Northfelt et al.21 A representative model 
fit is shown in Figure 3j, with the range tvf_in_dox (CV = 
102%) as shown in Figure 3l.

For estimating liposome transport, it was necessary to 
assume that tvf_out_lipo was the same for humans and mice, 
and then tvf_in_lipo could be estimated for each patient8,21 
(Table 1). A representative model fit is shown in Figure 3k. 
The variability of estimated tvf_in_lipo values (CV = 78%) is 
shown in Figure 3l. Estimation of liposome deposition param-
eters from breast cancer tumors indicates a lower degree of 
leakiness than that of more vascular tumors, such as Kaposi 
sarcoma.

The timescale for each transport step and simulated time 
courses of free and liposomal doxorubicin for both models 
are summarized in Supplementary Figure S2 online. To 
relate time courses of doxorubicin exposure to an overall 
response, we chose to use the area under the curve of DNA-
bound doxorubicin. Doxorubicin may exert its effects through 
multiple mechanisms beyond its interaction with DNA and 
topo2a; however, the use of area under the curve was fur-
ther supported by in vitro studies (Supplementary Figure 
S3 online).

Sensitivity analysis
We then performed a local sensitivity analysis on the model 
to gain insight into the relative importance of different kinetic 

steps regulating DNA-bound doxorubicin following liposomal 
delivery (Figure 4) for the mouse and human models.

The sensitivity analysis indicates a complex interplay 
between vascular and transport parameters for doxorubicin 
and PLD. The parameters can be roughly characterized into 
five categories: PK, tumor permeability, tumor vascularity, 
drug release, and cell parameters. The two most sensitive 
parameters are the elimination rate of liposomes and the per-
meability of the tumor to liposomes. Longer circulation times 
of liposomes can compensate for lower permeability and vice 
versa in terms of total tumor cell exposure. Increasing blood 
flow or the MVD (thereby increasing interfacial surface area) 
is also predicted to positively affect tumor cell exposure. The 
release rate of drug in the various compartments may also 
have a modest effect, although increased drug release will 
be countered by the faster clearance of free drug relative to 
liposomal drug. Cellular parameters such as the rate of fluid-
phase uptake have a modest effect. As expected, increased 
drug efflux also had a potent effect on decreasing overall 
exposure. The sensitivity to transvascular flux of free doxo-
rubicin differed between mice and humans. These results 
prompted further investigation into the role of the transvascu-
lar flux of doxorubicin and PLD (tvf_in_dox and tvf_in_lipo).

Conventional vs. liposomal doxorubicin
Using the mouse model, we simulated 3 mg/kg of either dox-
orubicin or PLD across a grid of tvf_in_dox and tvf_in_lipo 
values and calculated the area under the curve of DNA-
bound doxorubicin. The relative doxorubicin delivery of PLD 
vs. doxorubicin was calculated (Figure 5a). The estimates of 
tvf_in_dox and tvf_in_lipo define a rectangle of physiologi-
cally meaningful parameter space. For the majority of the 
possible scenarios, liposomes outperform free drug in the 
mouse tumor. This is consistent with preclinical results show-
ing dramatically improved efficacy in mice for liposomal vs. 
conventional delivery for equivalent doxorubicin doses.4,5

We next performed a similar analysis using the human 
model using 60 mg/m2 of doxorubicin every 3 weeks or 
50 mg/m2 of PLD every 4 weeks, mimicking the clinical 
study of O’Brien et al.3 The relative area under the curves of  

Figure 3 Model training with literature data. (a,b) Doxorubicin and pharmacokinetic (PK) and tumor deposition data in mice were gathered 
from the literature (Supplementary References online), normalized to percent injected dose per ml and is shown in panels a and b (circles). 
Doxorubicin doses ranged from 0.5 to 20 mg/kg. In all studies, doxorubicin was quantified via high-performance liquid chromatography (HPLC). 
Tumor models included HepG2, Li-7, BT-474, 4T1, and NCI-N87. Similarly, tumor deposition data for conventional doxorubicin and pegylated 
liposomal doxorubicin (PLD) were extracted from the literature, normalized to percent injected dose/g of tumor tissue is shown in d and e (circles). 
Liposome data were restricted to pegylated liposomes, ~100 nm in diameter and containing doxorubicin. Liposome doses ranged from 3 to 20 
mg/kg (equivalent doxorubicin dose). Xenograft models included BT-474, NCI-N87, KB, A375, B16F10, HepG2, Li-7, 4T1, and M190-FR (data 
not shown). Multiple detection methods were used for tracking liposomes: encapsulated doxorubicin (measured by HPLC) or radiolabeled lipids 
(3H, 67Ga, 111In, or 125I). The kinetic model from Figure 1 was fit to each set of data in panels a,b, d, and e (solid lines), as described in Methods 
section. Individual parameter estimates for doxorubicin (red) and PLD (blue) elimination from the central compartment (kel_dox and kel_lipo, 
respectively) are shown as a histogram in c. Individual parameter estimates for conventional doxorubicin (dashed lines) and PLD (solid lines) 
transvascular flux (tvf_in_dox and tvf_in_lipo respectively) from capillary to interstitial space in the tumor are shown as a histogram in f. (g) Human 
plasma PK data were compiled from the literature and as normalized to percent injected dose/ml (circles). Doxorubicin PK parameters (k12_dox, 
k21_dox, kel_dox) were fit to the data with the mean fit to the data shown in red. (h) Representative PLD plasma PK data from Harrington et al.8 is 
shown with the corresponding model fit, estimating kel_lipo, shown in red. A single data set is shown for clarity, due to the varying need for one vs. 
two-compartment models to describe human liposome PK. (i) The variability in estimated elimination rates for doxorubicin and PLD (kel_dox and 
kel_lipo), is shown. (j) A representative fit of the human model, fitting tvf_out_dox, to conventional doxorubicin tumor deposition data for 10 mg/
m2 doxorubicin is shown from a patient with Kaposi sarcoma from the study of Northfelt et al.21 (k) A representative fit of the human model (fitting 
tvf_in_lipo) to PLD tumor deposition data is shown for a patient with breast cancer from the study of Harrington et al.8 treated with 111In-labeled 
PLD. (j,k) Representative fits for clarity of presentation, the PLD tumor deposition data are also shown in Supplementary Figure S1b online. (l) 
A summary of the variability of doxorubicin and PLD deposition parameters (tvf_in_dox and tvf_in_lipo) for human patients is shown. tvf_in_dox 
values were estimated from dynamic contrast enhanced-magnetic resonance imaging data in human tumors, as described in Results section. 
tvf_in_lipo values were estimated from patients with various tumor types from the study of Harrington et al. and Northfelt et al.8,21
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Table 1 Complete parameter descriptions and their values

Name Value Units Description Ref.

Doxorubicin parameters

k12_dox 0.74 1/min Rate constant of doxorubicin transport from central to peripheral compartment Fit; SR

k21_dox 0.0055 1/min Rate constant of doxorubicin transport from peripheral to central compartment Fit; SR

kel_dox 0.36 1/min Rate constant of doxorubicin elimination from central compartment Fit; SR

doxpartitioncoefficient 40,000 Doxorubicin partition coefficient between aqueous and cell membrane phases 20,41

kf_ol 3.30E-05 cm/min Mass transfer coefficient for doxorubicin between medium or cytoplasm and cell 
membrane

Fit

kflippase_in 1 1/min Rate constant of inward flippase activity 20

kflippase_out 0.37 1/min Rate constant of outward flippase activity Fit

Kd_DNA 1.00E03 nmol/l Dissociation rate constant for doxorubicin-DNA binding 14, 
35–39,42

kr_DNA 1200 1/min Dissociation rate constant for doxorubicin from doxorubicin-DNA complex 43,44

nucleotides_per_cell_tumor 4.58E+07 #/cell “Effective” number of nucleotides per cell in the tumor 40

bindingsites_per_nucleotide 0.18 Number of binding sites per nucleotide 14,35, 
37,39,45

tvf_in_dox 2.96E-04 cm/min Transvascular flux per surface area for doxorubicin from capillary to interstitial space Fit; SR

tvf_out_dox 1.18E-03 cm/min Transvascular flux per surface area for doxorubicin from interstitial space to capillary Fit; SR

Liposome parameters

doxperliposome 20,000 #/Liposome Number of doxorubicin molecules per liposome In-house

liposomeradius 50 nm Liposome radius 7

kel_lipo 1.14E-03 1/min Liposome elimination rate from central compartment Fit; SR

krel_plasma 5.47E-05 1/min Release rate of doxorubicin from liposomes in the plasma 31

krel_tumor 1.77E-04 1/min Release rate of doxorubicin from liposomes in the tumor interstitium 31

krel_cell 9.6E-04 1/min Release rate of doxorubicin from liposomes inside a cell Data not 
shown

tvf_in_lipo 2.64E-06 cm/min Transvascular flux per surface area for liposomes from capillary to interstitial space Fit; SR

tvf_out_lipo 7.14E-06 cm/min Transvascular flux per surface area for liposomes from interstitial space to capillary Fit; SR

Mouse and tumor parameters

mouseweight 0.02 kg Typical mouse weight 46

bloodvolume 0.06 l/kg Typical mouse blood volume 47

tissuedensity 1 kg/l Tissue density 48

tumorweight 8.60E-05 kg Typical tumor weight 49

Qtumor 0.212 l/min/kg Blood flow rate into tumor 48

Ltumor 0 l/min/kg Lymph flow rate out from tumor 48

tumor_frxnvascularvol 0.070 Fractional vascular volume 48

tumor_cell2interstitium_ratio 0.412 Volume ratio of cellular to interstitial space 48

capillaryradius_tumor 5 um Capillary radius in tumor 50

MVD_tumor 250 #/mm2 MVD in tumor 17

cellradius_tumor 8.5 um Cell radius of tumor cell 17

frxnvol_outerleaflet 0.00005 Fractional volume of outer leaflet of cell membrane (relative to cell volume) 20

frxnvol_innerleaflet 0.00005 Fractional volume of outer leaflet of cell membrane (relative to cell volume) 20

ke_fluidphase 4E-14 l/min/cell Rate of fluid-phase uptake of liposomes 32

Human parameters

k12_dox 0.0475 1/min Rate constant for doxorubicin transport from central to peripheral compartment Fit; SR

k21_dox 0.00125 1/min Rate constant for doxorubicin transport of peripheral to central compartment Fit; SR

kel_dox 0.0820 1/min Rate constant for doxorubicin elimination from central compartment Fit; SR

kel_lipo 1.67E-04 1/min Rate constant for elimination of liposomes from central compartment 8

Qtumor 2.82E-02 l/min/kg Blood flow rate into tumor 16,48

tvf_in_dox 3.63-03 cm/min Transvascular flux per surface area for doxorubicin from capillary to interstitial space 22–24

tvf_out_dox 8.45E-03 cm/min Transvascular flux per surface area for doxorubicin from interstitial to capillary space Fit21

MVD, microvessel density; SR, Supplementary References online.
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DNA-bound doxorubicin upon liposomal vs. free drug treat-
ment were calculated (Figure 5b). Our model predicts that 
for human tumors, there is a significant regimen where equal 
delivery of doxorubicin to its target is achieved by conven-
tional and liposomal delivery.

Other factors influencing liposome performance
To explore the effect of vascular parameters on delivery, 
we simultaneously varied blood flow rate and MVD. At very 
low blood flow rates, there is an optimal MVD for delivery 
 (Figure 6a). At very low MVD, the interfacial surface area 
is greatly reduced and the liposomes do not extravasate; 
whereas at very high MVD, doxorubicin clearance is enhanced 
by increased interfacial surface area.

We also explored the use of the human model for evaluat-
ing parameters that might be liposome specific and possi-
bly used to establish design criteria: liposome PK (kel_lipo), 
cellular uptake (ke_fluidphase), and liposome drug release 
(krel_plasma, krel_tumor, krel_cell). Figure 6b demonstrates 
that enhancing cellular uptake can be compromised if accom-
panied by an increase in liposome clearance. Fi gure 6c 
shows the effect of varied release rates, assuming that 
plasma, tumor, and cellular release rates move in concert. 
At low-release rates, liposomes are cleared from circulation 
before drug can be released, and at very high release rates, 

it behaves like free drug. This demonstrates that the release 
rate from PLD is optimal.

DISCUSSION

In this work, aspects of PK, physiologically based modeling, 
tumor physiology, and cell-level mechanistic modeling were 
combined to construct a model for liposomal drug delivery.

We found variable uptake of doxorubicin at the cellular level 
in vitro, probably due to differences in uptake and/or efflux 
transporter activity as well as varying extents of sequestration 
in subcellular organelles such as lysosomes. Using the litera-
ture data, we demonstrate significant variability for PK and 
tumor deposition of conventional and liposomal doxorubicin.

Variability in tumor deposition of PLD was believed to reflect 
differences in the enhanced permeability and retention effect 
across different models and could be quantified via the trans-
vascular flux parameters. As expected, liposome transport into 
and out of the tumors was significantly slower than that of free 
doxorubicin. Estimated values for tvf_in_dox and tvf_in_lipo 
were compared with values from other work for similarly sized 
agents.25 Of note, the CV for tvf_in_dox was much greater than 
that of tvf_in_lipo (270% vs. 130%), possibly indicative of a 
greater variability of how free drug interacts with biological tis-
sue vs. the encapsulated form. Using a sensitivity analysis, we 

Figure 4 A local sensitivity analysis of the mouse (top panel) and human (bottom panel) model was performed by varying each parameter by 
a small amount and calculating the relative change in the area under the curve of DNA-bound doxorubicin. Positive-sensitivity values indicate 
that an increase in that parameter would result in an increase in doxorubicin exposure at the tumor DNA, whereas negative values predict a 
decrease in exposure.
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identified transvascular flux parameters as key in controlling the 
liposome-mediated delivery of doxorubicin to its target within 
the tumor cell. The transvascular flux parameters, tvf_in_dox 
and tvf_in_lipo, are empirically derived parameters that likely 
exhibit some covariance and are determined by a collection 
of tumor and drug-specific parameters. Liposome deposition 
rates are likely affected by the pore size and distribution in the 
vasculature as well as liposome size, surface composition, and 

charge. In addition, the long-circulating nature of liposome PK 
was also critical in enabling effective drug target exposure. By 
constructing a computational model of the competing kinetic 
processes, we have made an important first step at elucidating 
the complex relationship between tumor transport parameters, 
liposome parameters, and delivery.

In mouse models, liposomal doxorubicin consistently and 
dramatically outperforms conventional doxorubicin;4,5 however, 
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Figure 6 Investigation of the effect of select model parameters on doxorubicin delivery. (a) Simulations of the human 
model were performed following a 40 mg/m2 dose of PLD while systematically varying both the tumor blood flow rate 
(Qtumor) and microvessel density (MVD) (MVD_tumor) 0.1–10x from their nominal value. The area under the curve of   
DNA-bound doxorubicin ((µg doxorubicin)/(g tumor)-min) was calculated and is plotted as a contour plot. (b) Simulations were performed as 
in a, except now varying parameters for liposome clearance (kel_lipo) and cellular uptake (ke_fluidphase) 0.1–10x from their nominal value. 
(c) Simulations were performed as in a except the release rates of drug from liposome (krel_plasma, krel_tumor, krel_cell) was systematically 
varied 0.01–100x from their nominal value. The relative values for the different release rates were fixed and all three parameters varied  
in concert.
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in humans, this has not always been the case.3 Our analysis 
suggests that this may be due to differences in local tumor cell 
delivery that are controlled by PKs and tumor transport proper-
ties. Of note, we demonstrate that some human breast cancer 
tumors may fall in the regimen of equal delivery. This suggests 
that the lack of difference in efficacy between doxorubicin and 
PLD in human breast cancer is quantitatively consistent with 
the hypothesis that there was equal exposure of doxorubicin 
at the level of the tumor cell. The model suggests that there 
may be individual variation in tumor deposition that favors 
enhanced activity with PLD. Sensitivity analyses indicate that 
liposome PK and deposition are the most important param-
eters controlling drug delivery. This is consistent with preclinical 
work in which imaging liposome deposition predicted efficacy 
in a rat model10 and corresponds to the validity of our modeling 
approach. It also suggests PK and deposition as the most effi-
cient means to maximize patient responses to liposomal thera-
peutics. Noninvasive imaging with radiolabeled liposomes may 
provide such an avenue.26–28 The role of nonspecific uptake of 
liposomes, as indicated by ke_fluidphase, also indicates the 
possible advantage of receptor-mediated targeting strategies 
as a means to increase local delivery to tumor cells as well.29

It is important to note some limitations inherent in the lit-
erature studies used. The use of mean data from multiple 
mice probably averages out some of the individual tumor 
heterogeneity. Animal and regional differences in the extrac-
tion efficiency of doxorubicin from the different tumors may 
also affect the ability to precisely quantify permeability. Most 
importantly, these data were used to obtain order-of-magni-
tude estimates of the rate of liposome deposition and identify 
the physiologically relevant range.

As with any large model, validity and parameter identifiabil-
ity are concerns. We addressed model viability by construct-
ing our model based on known physiology and proposed 
mechanism of action derived from a rich body of experimen-
tal literature. Parameter identifiability was addressed by train-
ing the model in a hierarchical fashion and minimizing the 
number of parameters to be estimated. The cellular transport 
model was trained first, followed by the larger systemic model 
for doxorubicin, and finally PLD.

An important model limitation is the assumption of a well-
mixed tumor. This assumption enabled direct comparison with 
available experimental data, but PLD has transport limitations 
and does not distribute evenly throughout the tumor tissue. 
Relationships between vascularity, tumor size, liposome size, 
and penetration would be logical areas for future refinement. 
Relatedly, the presence of necrotic cores, as may occur in 
larger tumors, could skew some of the estimated values on 
a per cell basis. Incorporating a spatial component into the 
model would address this issue; however, significantly more 
complex experimental data would be required.

This work has also been extended to examine liposome 
deposition in cardiac tissue to study the effect of liposome 
encapsulation on doxorubicin delivery to cardiomyocyte 
nuclei,30 the key dose-limiting organ for doxorubicin. Together, 
these create a model for the therapeutic index of doxorubicin 
delivery. Comparison of parameter values for the tumor vs. 
the heart indicate that transvascular flux of liposomes in the 
tumor is 10-fold greater than that of the heart, whereas simi-
lar rates were obtained for doxorubicin transvascular flux. To 

generalize this work to other systems, it may be necessary to 
expand to include other organs such as the spleen, liver, or 
bone marrow that may be involved in dose-limiting toxicities. 
In these cases, we anticipate that the model structure can be 
re-used and only its parameterization altered.

Finally, we demonstrated the use of this model optimizing 
liposome design parameters, such as PK, release rate, and 
cellular uptake. We showed that there are optimal tumor and 
liposome properties for maximizing delivery that could be 
used for designing related liposomes. How the optimal kinetic 
parameters relate to physicochemical liposome properties, 
such as size or ζ potential, may require further investigation 
in order to translate into practice. One could also study the 
PK and transport behavior of small molecules to identify opti-
mal candidates for liposomal encapsulation.

METHODS

Doxorubicin cellular uptake. Cells were obtained from Ameri-
can Type Culture Collection and handled according to the 
manufacturer’s instructions. Cells were treated with doxoru-
bicin (Sigma-Aldrich, St. Louis, MO) in RPMI as indicated. 
Total cell-associated doxorubicin was quantified by high-
 performance liquid chromatography following washing, as 
previously described.30

Combined PK model. The PKs of doxorubicin were captured 
with a two-compartment model and the PK of PLD with a 
one-compartment model (Figure 1). To allow superposition 
of the two models, they were constrained to share a com-
mon central compartment. The central compartment volume 
was set to the blood volume to give it physiological meaning 
(consistent with the volume of distribution of liposomes). Fol-
lowing intravenous dosing, doxorubicin is transported from 
the central to the peripheral compartment and back again at 
rates k12_dox and k21_dox. Doxorubicin is eliminated from 
the central compartment in a first-order manner, at rate kel_
dox. Similarly, PLD is dosed intravenously and eliminated at 
rate kel_lipo.

The two PK models are linked via the release of doxorubi-
cin from the liposomes (stoichiometry = 20,000:1). Doxoru-
bicin release was estimated from data tracking the relative 
distribution of radiolabeled liposomes and doxorubicin,31 
exhibiting first-order kinetics and rates of 5.47e-5 min−1 and 
1.77e-4 min−1 in the plasma and capillary (krel_plasma) and 
tumor (krel_tumor), respectively. These estimates may incor-
porate release mediated by liposome breakdown that is cata-
lyzed by multiple mechanisms, including nonspecific uptake 
by macrophages.

Tumor deposition model. Doxorubicin and liposome transport 
in the tumor model is linked to the PK model via tumor blood 
flow, Qtumor (Figure 1). The tumor compartment is comprised 
of capillary, interstitial, and cellular space, characterized by 
a fractional vascular volume (frxn_vascularvolume) and the 
remaining cellular and interstitial space characterized by their 
volume ratio (cell2interstitium_ratio). The interfacial area for 
drug transport from capillary to interstitium was estimated from 
MVD and capillary radius in the tumor (MVD_tumor and capil-
laryradius_tumor, respectively), assuming cylindrical capillaries. 
The number of tumor cells was estimated based on spherical 
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cells with radius, cellradius_tumor. The tumor is assumed to be 
“well mixed” and lymphatic drainage (L) negligible.

The rate of transport of doxorubicin from capillary to inter-
stitium and vice versa was described as a transvascular 
flux per unit surface area (are tvf_in_dox and tvf_out_dox, 
respectively). The transvascular flux is a combination of dif-
fusive and convective transport. For small molecules like 
doxorubicin, diffusive transport dominates whereas for larger 
species, such as liposomes, convective transport dominates. 
The use of two different rates for transport into and out of the 
interstitial space was required to account for multiple poorly 
characterized mechanisms of retention in the tissue. The 
transport of liposomes was modeled in an analogous man-
ner with parameters, tvf_in_lipo and tvf_out_lipo.

Pegylation of liposomes greatly reduces their nonspe-
cific uptake by multiple cell types, including macrophages.32 
K oning et al.32 showed the rate of uptake of pegylated lipo-
somes to be roughly linear with dose, consistent with a non-
specific fluid-phase uptake mechanism. The rate of uptake of 
liposomes (ke_fluidphase) was estimated to be 4e-4 l/min/cell 
and is implemented in the model.33,34 We conservatively esti-
mated the half-life of intracellular doxorubicin release to be 12 
h (release rate, krel_cell = 9.6e-4 1/min) (data not shown).

Doxorubicin cellular transport model. The kinetics of doxo-
rubicin transport into and out of cells was described with 
a modified version of the model from Eytan and Kuchel20 
 (Figure 1b).

Doxorubicin in the external environment reversibly parti-
tions into the outer leaflet of the cell membrane, character-
ized by a mass transfer coefficient (kf_ol), cell surface area 
(assuming spherical cells), and a partition coefficient (parti-
tioncoefficient). Flippases within the cell membrane shuttle 
doxorubicin between the inner and outer leaflets. Because 
transport across the membrane is relatively fast, it is the ratio 
of inward to outward flippase activity (kflippase_in and kflip-
pase_out) that plays a key role in the transport. The parameter 
kflippase_in was set using the value from Eytan and Kuchel20 
and kflippase_out was estimated. P-glycoprotein activity was 
not explicitly represented in the model because of insufficient 
data to uniquely identify parameters. Doxorubicin transport 
between the inner leaflet of the membrane and the cytosol is 
characterized similarly by kf_ol.

Cytosolic doxorubicin reversibly binds DNA, characterized 
by dissociation rate constant, Kd_DNA and off-rate, kr_DNA, 
with roughly 0.18 binding sites per nucleotide.14,35–39 On the 
basis of the measurements of the total nuclear doxorubicin, 
one can estimate the “effective” number of nucleotides avail-
able for doxorubicin binding in the cell to be 4.6 × 107 1/cell.40 
This is less than the total nucleotides within a mammalian cell, 
probably due to higher order DNA structure that obscures 
binding sites. The cellular model for doxorubicin transport was 
implemented separately for quantifying the uptake into cell 
lines and within the cellular compartment of the tumor model.

Human scale-up. The model was scaled to human by adjust-
ing the PK parameters for free and liposomal doxorubicin 
derived from clinical data. Parameters specific to human 
physiology—blood volume, body weight, tumor flow rate, 
and drug dose—were adjusted. All other parameters were 

held fixed. The PK data from Harrington et al.8 was ade-
quately described with a one-compartment model although a  
two-compartment model was required to capture data from 
Northfelt et al.21 consistent with other work.7

Implementation. The model was implemented in SimBiology 
(The Mathworks, Natick, MA) and parameter estimation was 
performed using the Optimization Toolbox (The Mathworks, 
Natick, MA).
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