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A B S T R A C T

Chemophototherapy (CPT) merges photodynamic therapy with chemotherapy and can substantially enhance
drug delivery. Using a singular liposomal formulation for CPT, we describe a semi-mechanistic pharmacokinetic-
pharmacodynamic (PK/PD) model to investigate observed antitumor effects. Long-circulating, sterically-stabi-
lized liposomes loaded with doxorubicin (Dox) stably incorporate small amounts of a porphyrin-phospholipid
(PoP) photosensitizer in the bilayer. These were administered intravenously to mice bearing low-passage, pa-
tient-derived pancreatic cancer xenografts (PDX). Dox PK was described with a two-compartment model and
tumor drug disposition kinetics were modeled with first-order influx and efflux rates. Tumor irradiation with
665 nm laser light (200 J/cm2) 1 h after liposome administration increased tumor vascular permeabilization and
drug accumulation, which was accounted for in the PK/PD model with increased tumor influx and efflux rates by
approximately 12- and 4- fold, respectively. This modeling approach provided an overall 7-fold increase in Dox
area under the curve in the tumor, matching experimental data (7.4-fold). A signal transduction model based on
nonlinear direct cell killing accounted for observed tumor growth patterns. This PK/PD model adequately de-
scribes the CPT anti-PDX tumor response based on enhanced drug delivery at the short drug-light interval used.

1. Introduction

Late-stage pancreatic cancer is typically a lethal disease with poor
treatment options [1,2]. Insufficient drug delivery to tumor sites is
often a major contributing factor for the poor survival. Pancreatic
ductal adenocarcinoma (PDAC) is characterized by low vascular den-
sity, perfusion, and permeability as well as amplification of tumor as-
sociated stromal tissue (desmoplasia), which together prevent sufficient
delivery of chemotherapeutics [3]. Enzymatic degradation of hyalur-
onan, a major component of stroma, is a promising approach for en-
hancing drug delivery in PDAC [4] and approaches that reduce hya-
luronan density have been shown to enhance liposomal delivery to
tumor models [5,6]. Depletion of tumor stromal tissue by inhibition of
sonic hedgehog cellular signaling pathway can increase tumor micro-
vessel density and perfusion and enhance delivery of chemother-
apeutics and nanotherapeutics [7,8].

Long circulating liposomal chemotherapy can be an effective tumor
treatment compared to the free drug [9]. Liposomal irinotecan has re-
cently been approved as a second-line treatment in late-stage pancreatic
cancer after favorable phase III trials results in which it was combined

with fluorouracil and folinic acid [10,11]. Prior clinical studies in
pancreatic cancer with long-circulating liposomal doxorubicin (DOXIL)
did not show objective responses when used as a monotherapy [12]. To
improve outcomes, numerous approaches have aimed to improve li-
posomal drug delivery including targeting [13,14], microenvironment-
triggered drug release [15], and external stimuli-enhanced delivery
[16].

Chemophototherapy (CPT) incorporates two cancer therapy mod-
alities: chemotherapy and phototherapy [17]. Photodynamic therapy
has been approved to treat several tumor types [18]. When photo-
sensitizers are circulating in the blood, photodynamic therapy (PDT) is
able to permeabilize tumor vasculature and enhance delivery of na-
notherapeutics, likely by damaging tumor endothelial cells and aug-
menting endothelial intercellular gaps [19–21]. By stably incorporating
a small amount of porphyrin-phospholipid (PoP) into the bilayer of li-
posomes, we developed photoactivatable doxorubicin (Dox) en-
capsulated in PoP liposomes that can be triggered by near infrared light
(NIR) and deliver actively-loaded [22–24] or passively-loaded [25]
drugs into irradiated tumors. We previously established a long-circu-
lating formulation of Dox in PoP liposomes (termed LC-Dox-PoP) that
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includes 2mol% PoP in a DOXIL-like liposome formulation [26]. This
work uses the same LC-Dox-PoP formulation. As light has limited tissue
penetration, our proposed treatment with LC-Dox-PoP liposomes with
laser treatment could be carried out relatively non-invasively using
optical fibers that are inserted into large or deep tumors.

Several nanoparticle- and host-related factors impact liposome
pharmacokinetics and pharmacodynamics (PK/PD) [27]. PK/PD
models of sterically-stabilized Dox liposomes have been reported pre-
viously [28], and heat-triggered liposomal Dox release from thermo-
sensitive liposomes has been modeled [29]. However, tumor PK and
PK/PD modeling of LC-Dox-PoP liposomes, or other single-agent CPT
systems, have not been explored yet.

We assessed LC-Dox-PoP liposomes in a patient-derived xenograft
(PDX) PDAC model heterozygous for the G12D KRAS mutation (Fig. S1)
and that recapitulates the tumor drug delivery barriers in pancreatic
cancer. PDX models are valuable tools for assessing cancer therapeutics
[30]. We develop a semi-mechanistic PK/PD model for quantitative
analysis of observed PDT-induced vascular permeabilization and the
resulting improvement in anti-tumor efficacy.

2. Materials and methods

2.1. Liposome preparation

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC; # LP-R4–076),
cholesterol (CHOL; # CH-0355), 1,2-Distearoyl-phosphatidylethanola-
mine-methyl-polyethyleneglycol conjugate-2000 (PEG-lipid; # LP-
R4–039) were ordered from Corden Pharma. NVP-LDE225 (Sonidegib)
was from Chemietek. The porphyrin-phospholipid (PoP) used was sn-1-
palmitoyl, sn-2-pyropheophorbide phosphatidylcholine and was syn-
thesized as previously reported [22]. PoP liposomes [DSPC:PoP:-
CHOL:PEG-lipid; 53:2:40:5 mol%] were prepared by a modified hot
ethanol injection method followed by high pressure extrusion, as pre-
viously described [31]. To generate 10mL PoP liposomes (20mg/mL
total lipids), lipids were first fully dissolved in 2mL of hot ethanol,
followed by direct injection into 8mL of 250mM ammonium sulfate
(pH 5.5) buffer at 60 °C. The lipid solution was then passed 10 times at
60 °C through sequentially stacked polycarbonate membranes of 0.2,
0.1, and 0.08 μm pore size using a 10mL LIPEX nitrogen pressurized
extruder (Northern Lipids). Liposomes were then dialyzed with buffer
containing 10% sucrose and 10mM histidine (pH 6.5) to remove free
ammonium sulfate. Dox (LC Labs #D-4000) was actively loaded into
liposomes via the ammonium sulfate gradient [32] by adding 20mg/
mL Dox solution to the liposomes at a drug to lipid ratio of 1:6
(mol:mol) and incubated at 60 °C for 1 h. Loading efficiency was typi-
cally over 95%.

2.2. Tumor model

Animal studies were approved by the Institutional Animal Care and
Use Committees of Roswell Park Cancer Institute (RPCI) and the
University at Buffalo. Pancreatic adenocarcinoma PDX #18269, was
established in SCID mice at RPCI and maintained as described, without
dissociation or in vitro culture at any point [33]. Briefly, subcutaneous
tumors (passage<7) were harvested from donor mice, cut into
2× 2×2 mm blocks under cold RPMI-1640 medium, and implanted
subcutaneously on the abdominal wall of anesthetized 18 to 20 g C·B-
Igh-1b/IcrTac-Prkdc SCID mice. Treatment was initiated 4 to 6 weeks
after implantation, when tumors were ~100 to 300mm3. For phar-
macokinetic studies, mice were implanted with tumors on the right and
left abdominal walls. To probe the KRAS gene of the PDX model, DNA
primers were used (forward: 5-GGTGGAGTATTTGATAGTGTATTAACC
and reverse: 5-AGAATGGTCCTGCACCAGTAA) to obtain and sequence
the human KRAS amplicon, starting with tumor DNA isolated in con-
ventional fashion. The PDX model was found to be heterozygous for the
G12D mutation and wildtype for G13 (Fig. S1).

2.3. Pharmacokinetics

SCID mice bearing dual PDX tumors were injected via tail vein with
LC-Dox-PoP liposomes at 4mg/kg Dox (7 groups, n=6 mice per
group). One hr post injection, the tumor on one side of the mouse was
irradiated (200mW/cm2 for 16.7min, 200 J/cm2). Mice were sacrificed
at 30min, 4, 10, 24, 48, 72, and 120 h post laser treatment, and blood,
tumors, and key organs were collected. Blood was centrifuged at 1500 g
for 15min. Serum was collected in capillary tubes (Microvette CB 300Z)
and diluted in extraction buffer (0.075 N HCL, 90% isopropanol).
Samples were then stored at −20 °C overnight. For analysis, samples
were centrifuged at 10,000 g for 15min, and supernatants were col-
lected and analyzed for Dox fluorescence in a 96 well plate reader. Dox
concentration was determined fluorometrically from a standard curve
[34,35]. Pharmacokinetics of an additional dose, 10mg/kg LC-Dox-
PoP, was also studied in SCID mice bearing PDX for the serum PK
model.

To quantify tumor drug uptake, SCID mice bearing PDX tumors
were intravenously injected with 4 or 7mg/kg Dox-loaded PoP lipo-
somes and sacrificed 24 h post injection. Tumors and key organs were
collected and washed in PBS. Approx. 100mg of tissue were weighed
and homogenized in 450 μL nuclear lysis buffer [250mM sucrose, 5 mM
Tris-HCl, 1 mM MgSO4, 1mM CaCl2 (pH 7.6)] with a Bullet Blender
Storm homogenizer. Dox was extracted by mixing 900 μL of 0.075 N
HCI in 90% isopropanol with 100 μL of homogenate and storing at
−20 °C overnight. Samples were then centrifuged at 10,000 g for
15min. The supernatant was collected and the concentrations of Dox
(480 nm excitation, 590 nm emission) and PoP (420 nm excitation,
670 nm emission) were determined fluorometrically.

2.4. Fluorescence microscope imaging of drug distribution in tumor

Tumor-bearing SCID mice were administered 10mg/kg Dox-loaded
PoP liposomes intravenously. One hr after intravenous injection, one
group of mice was treated with laser for 16.7 min at 200mW/cm2

(665 nm, 200 J/cm2). After 8 h, mice were sacrificed and tumors col-
lected and immediately embedded in OCT embedding compound (VWR
#25608–930) in embedding molds, snap frozen in liquid nitrogen and
stored at −80 °C prior to use. Tumors were sectioned in a cryostat at
−20 °C at 15 μm thickness. Fluorescence microscopy for Dox and PoP
was carried out with an EVOS FL Auto microscope with a 20× objective
lens. Dox was imaged with filter cubes with 470 nm excitation and
593 nm emission. PoP was imaged with a filter cube with 400 nm ex-
citation and 679 nm emission. 4 regions of interest were imaged with
Dox, PoP, and phase channels. Images were analyzed using the particle
analysis function in imageJ after 8-bit conversion and threshold ad-
justment. The distribution of PoP and Dox was quantified by counting
the number of particles.

2.5. Tumor growth inhibition

When tumors reached volumes of 90–200mm3, mice were rando-
mized into 4 groups, with 5 mice per group, and were injected via tail
vein with: (1) Untreated control; (2) Empty PoP liposomes with laser;
(3) LC-Dox-PoP liposomes without laser; (4) LC-Dox-PoP liposomes
with laser. Liposomal Dox (4mg/kg Dox, 0.59mg/kg PoP) or an
equivalent amount of empty PoP liposomes (0.59 mg/kg PoP was ad-
ministered in 200 μL. Laser irradiation was initiated 1 h post injection
for 16.7 min at 200mW/cm2 (665 nm, 200 J/cm2) while mice were
anesthetized and placed on a heating pad to maintain body temperature
(approx. 35 °C). The entire tumor was irradiated on its surface with a
uniform circular laser spot with a 1mm margin around the tumor.
Tumor volumes were calculated using the ellipsoid formula:

=
∗ ∗Volume π L W

6

2
, where L and W are the length and width of the tumor.

Body weights of the mice were monitored for 3 weeks. Mice were
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sacrificed when tumor volumes exceeded 10 times the initial volume
and never exceeded 2000mm3. For immunohistochemistry, mice
bearing PDX tumors were injected with 4mg/kg Dox-PoP liposomes or
equivalent empty-PoP liposomes. One hour post injection the mice were
treated with a 665 nm laser at a fluence rate of 200mW/cm2 for
16.7 min (total fluence 200 J/cm2). At 48 h post laser treatment the
mice were sacrificed, and tumors were surgically removed and placed
in formalin. Mouse CD31 staining was conducted by Roswell Park
Cancer Institute Histology Facility. Slices were imaged with a 10×
objective.

2.6. Pharmacokinetic and pharmacodynamic (PK/PD) analysis

A two-compartment model was used to describe the PK of liposomal
Dox. The PK parameters were estimated as shown in Table 1. Equations
of the PK model and initial conditions (IC) describing the model are as
follows.

The PK of LC-Dox-PoP liposomes in serum was described as:

= − ⋅ + ⋅ − ⋅ =V
dC
dt

Q C Q C Cl C IC Dose,p
p

p t p (1)

= ⋅ − ⋅ =Vt dC
dt

Q C Q C IC, 0t
p t (2)

where Cp and Ct are the concentrations of Dox in serum (central
compartment Vp) and tissue (second compartment Vt), CL is clearance
from the central compartment, and Q is distribution to second com-
partment. The PK of liposomal Dox in tumor prior to laser treatment
was described as:

= ⋅ − ⋅ =
dX
dt

k X k X IC, 0tu
p tu1 2 (3)

After the tumors were treated with laser, the PK of liposomal Dox in
tumor was described as:

= ⋅ ⋅ − ⋅ ⋅ =
dXtu

dt
v k Xp v k Xtu IC, 01 1 2 2 (4)

where Xtu represents the mass of Dox in tumor, k1 is the influx rate of
Dox into tumor without laser, and k2 is tumor efflux rate without laser
treatment, v1 is the vascular permeabilization factor on the influx rate
due to the laser treatment, and v2 is the vascular permeabilization
factor on the tumor efflux rate due to the laser treatment. Laser treat-
ment increases both k1 and k2 but to different degrees. The amount of
Dox in the tumor is presented rather than the concentration because the
tumor volumes were decreased 5 days after treatment. The same ap-
proach was reported previously to describe the altered tumor vascular
permeability after repetitive administration of sterically stabilized Dox-
containing liposomes in a rat brain tumor model [36].

The growth of unperturbed tumor (TV1) is modeled as exponential
growth, where kng is the first order rate constant of the net tumor
growth rate.

= ⋅ =
dTV

dt
k TV IC mm, 111ng

1
1

3
(5)

A nonlinear, direct-effect tumor cell killing model was used to de-
scribe the drug-induced tumor shrinkage for both laser-treated and non-
laser treated groups [37]. A signal distribution model was used to de-
scribe the time delay of the cytotoxic effect of Dox [38]. A nonlinear
function of Dox cell kill, which is dependent on the concentration of
Dox in the tumor, was used, with Kmax as the maximal cell kill rate and
a Michaelis-Menten constant KC50. For the tumors that were treated
with LC-Dox-PoP liposomes, tumor volume with/without laser treat-
ment TV2 was modeled as:

= ⋅ − ⋅ =
dTV

dt
kng TV K TV IC mm, 1152

2 4 2
3

(6)

= ⋅ − =
dK
dt τ

K K IC1 ( ), 01
1 (7)

= ⋅ − =
dK
dt τ

K K IC1 ( ), 02
1 2 (8)

= ⋅ − =
dK
dt τ

K K IC1 ( ), 03
2 3 (9)

= ⋅ − =
dK
dt τ

K K IC1 ( ), 04
3 4 (10)

=

⋅

+

K
K

KC

max
X
TV

X
TV50

tu

tu
2

2 (11)

Ki represents a series of transit compartments (ie, K1-K4). τ is the
mean transit time in each transit compartment. There were 4 transit
compartments employed with 1 parameter τ.

No tumor growth inhibition was observed for empty-PoP liposomes
with laser treatment. Therefore the tumor growth TV3 for empty PoP
liposomes with laser treatment is described as:

= ⋅ =
dTV

dt
kpdt TV IC mm, 1153

3
3

(12)

2.7. Data analysis

Differences were considered statistically significant at p<0.05.
ADAPT 5 software was used for all data fitting and simulation [39]. The
maximum likelihood method was used for fitting the data. Replicate
data from animals at each time point in each experiment were naïve-
pooled, and serum PK, tumor PK, and tumor growth inhibition for both
laser-treated and non-laser treated tumors were fitted sequentially. The
goodness of fit was assessed by system convergence, visual inspection of
the fitting curves, objective function values such as the Akaike In-
formation Criterion (AIC), improved likelihood, and precision (CV
%=S.D./mean*100) of the estimated parameters. The following var-
iance model was used for the model fitting:

= = + ⋅V V θ σ t σ σ Y θ t( , , ) [( 1 2 ( , )]i i
2 (13)

where V(θ,σ, t) is the variance for the ith point, Y(θ, ti) is the ith model-
predicted value, θ represents the estimated structural parameters, and
σ1 and σ2 are the variance parameters that were estimated. Non-
compartmental analysis was performed in PKsolver [40] with the log
linear trapezoidal method.

3. Results

3.1. Enhanced Dox uptake via LC-Dox-PoP liposome chemophototherapy

Laser treatment induced drastic enhancement in Dox deposition.
Thirty minutes following laser treatment, there was ~5 fold greater Dox
deposition in irradiated tumors compared to non-irradiated ones.

Table 1
Fitted pharmacokinetics parameters of LC-Dox-PoP liposomes.

Parameter Definition Estimate CV %

CL (mL/h/kg) Clearance 1.58 2.7
Vp (mL/kg) Volume of central compartment 42.6 6.2
Vt (mL/kg) Volume of secondary compartment 11.3 28
Q (mL/h/kg) Distribution to second compartment 2.15 66
k1 (1/h/kg) Drug influx rate to tumor without laser 1.01E-5 11
k2 (1/h) Drug efflux rate from tumor without laser 0.0258 16
v1 CPT-induced influx enhancement factor

(applied to k1)
12.4 18

v2 CPT-induced efflux enhancement factor
(applied to k2)

3.66 23

CV=Coefficient of variation.
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Twenty-four hr post laser treatment, the drug concentration in the
laser-irradiated tumors was nearly 10 fold greater than non-irradiated
tumors (Fig. 1A). Dox deposition in key organs was quantified, and the
quantity of Dox was high in the spleen and liver, reflecting the removal
of circulating nanoparticulates by the reticuloendothelial system (RES)
(Fig. 1B). Similar to Dox, PoP liposomes were also mainly deposited in
the liver 24 h after drug administration and have very small amount in
other organs such as kidney, heart and lung (Fig. 1C). The good
agreement of Dox and PoP distribution in key organs suggested that the
majority of liposomes were intact with Dox encapsulated.

Unexpectedly, at a dose of 7mg/kg Dox, SCID mice exhibited sub-
stantial body weight loss 12 days after a single intravenous adminis-
tration, which recovered within a week (Fig. S2A). This likely relates to
a pronounced sensitivity of SCID mice to Dox, as this dose is less than
half of the maximum tolerated dose for immunocompetent mice [8,41].
No weight loss was observed with LC-Dox-PoP at a 4mg/kg Dox dose
(Fig. S2A), and laser treatment also did not induce weight loss at that
dose (Fig. S2B). Because tumor-bearing SCID mice tolerated LC-Dox-
PoP liposomes at 4mg/kg Dox, this dose was used for further in-
vestigation.

3.2. PK/PD model

PK/PD modeling approaches were developed to describe quantita-
tively the enhanced tumor drug delivery process, and a schematic of the
final model is shown in Fig. 2. The fitted parameters are shown in

Table 1 and Table 2 and discussed below. The Methods section de-
scribes the model and associated equations in detail.

3.3. Dox blood and tumor kinetics

We assessed Dox kinetics in the tumor and serum of PDX-bearing
mice to provide necessary data for the PK/PD analysis. A dose of 4mg/
kg Dox was administered and tumor laser treatment (665 nm laser light,
200mW/cm2 for 16.7min, 200 J/cm2) was provided using a 1 h drug-
light interval (DLI). Laser treatment of the tumor had negligible impact
on drug concentrations in blood due to the relatively small blood vo-
lume within the tumor vasculature (Fig. S3). A two-compartment model
best described the observed serum concentration of LC-Dox-PoP lipo-
somes (Fig. 3A). LC-Dox-PoP liposome PK is characterized by a short α
phase and long β phase. Noncompartmental analysis revealed that the
PK of liposomal Dox is dose-proportional, with a circulating half-life of
18–19 h and a clearance of ~0.05mL/h (Table S1).

PoP, which stably embeds in liposomal bilayers, is a photosensitizer,
so with laser treatment it can induce PDT effects that permeabilize the
tumor vasculature and enhance accumulation of LC-Dox-PoP liposomes.
Light-triggered drug release also occurs. The observed data show that
Dox tumor concentrations reached a maximum at 4–10 h post laser
treatment, and the amount of Dox in laser-treated tumors was up to
nearly 11-fold greater than non-laser treated tumors. For a quantitative
understanding of the enhanced tumor drug delivery, a tumor drug
disposition model was built to analyze the accumulation kinetics of Dox
in the tumor, assuming a first-order influx and efflux rates k1 and k2.
Since the tumor volume is small compared to the total body mass, de-
position of Dox in the tumor was assumed to have negligible effect on
the serum PK of liposomal Dox. The observed serum PK confirmed the
long circulating nature of LC-Dox-PoP in laser-treated mice. The PK/PD
model described tumor Dox kinetics well for the tumors that were not
irradiated (Fig. 3A). The model also adequately described the Dox
tumor deposition profile for the laser-treated tumors, which was fitted
by multiplying permeabilization enhancement factors that were applied
to the tumor influx and efflux rates. The model estimated that laser
treatment increased the influx rate v1 of Dox by 12.4-fold and increased
the efflux rate v2 by 3.7-fold (Table 1). The estimated ratio of areas
under the curve of tumor Dox concentration over time for laser-treated
and non-laser treated tumors, +

+

AUC laser
AUC laser

( )
( )

, was 7.0-fold, matching the

Fig. 1. Enhanced drug uptake by LC-Dox-PoP liposomes following tumor laser treatment. SCID mice bearing dual PDX tumors were administered 7mg/kg LC-Dox-
PoP liposomes intravenously 1 h before laser treatment. (A) Tumor accumulation of Dox was measured 30min or 24 h after laser treatment (250mW/cm2 for 20min,
300 J/cm2 Distribution of Dox (B) or PoP (C) in other key organs 30min or 24 h following administration and laser treatment. Data represent mean ± S.D. for n=5
animals per group.

Fig. 2. Pharmacokinetic-Pharmacodynamic (PK/PD) model of LC-Dox-PoP li-
posomes. Cp and Ct are the concentrations of Dox in serum (central compart-
ment Vp) and tissue (second compartment Vt). CL is clearance from the central
compartment, and Q is distribution to second compartment. Xtu is the mass of
Dox in the tumor. k1 and k2 represent the influx and efflux rate of Dox in the
tumor without laser treatment. v1 and v2 represent the vascular permeabiliza-
tion factor on the tumor influx and efflux rate, respectively. Laser treatment
increases both k1 and k2 but to different degrees. See additional symbol defi-
nitions in the Methods, Table 1, and Table 2.

Table 2
Fitted pharmacodynamic parameters of LC-Dox-PoP liposomes and CPT re-
sponse.

Parameter Definition Estimate CV %

KC50 (μg/g) Dox concentration for 50% tumor cell killing 14.6 35
Kmax (1/h) Maximum tumor cell killing by Dox 0.978 29
τ (hr) Mean transit time in each transit compartment 332 11
kng(1/h) Growth rate of tumor cells 0.00187 2.7
kpdt(1/h) Growth rate of PDT-treated tumor cells 0.00191 2.7

CV=Coefficient of variation.
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experimental ratio of 7.4 using a linear-up log-down method. At the
final time point (120 h), the laser-treated tumors had somewhat greater
Dox retention than predicted by the model. A gradual return toward
baseline in the treatment-enhanced vascular permeability could result
in declining efflux rates and a greater quantity of tumor-retained drug.
Although this study did not account for the temporal dynamics of the
treatment-mediated vascular permeability changes, the modeling
strategy captured the observed data well.

Similar to Dox, PoP concentrations also have significant increase
after laser treatment (Fig. 3B), reaching ~14-fold increase 4 h post laser
treatment (Fig. 3C). This suggest that the increase of Dox in the tumor is
largely due to the increase of intact liposome uptake rather than free
Dox. 0.5 after laser treatment, +/− ratio was higher for Dox compared
to PoP. The reason for this lower PoP +/− ratio is due to photo
bleaching of PoP during laser treatment, as ~30% of photobleaching
was seen in vitro after irradiation at 200mW/cm2 for 16min 40 s (Fig.
S4). The impact of direct light-triggered release in increasing tumor
drug concentration was negligible, as a PDT alone control (empty PoP
liposomes plus laser treatment) with Doxil-like liposomes can lead to
similar improvement in drug delivery (Fig. S5). Thus, the enhanced
tumor drug uptake can be attributed to PDT-induced vascular per-
meabilization effect. Although light-triggered release didn't directly
increase the total drug tumor uptake, leakage of Dox-PoP liposomes
after laser treatment will likely increase as in vitro 200mW/cm2 light
exposure for only 12.5 s would increase the drug leakage to ~45% in
1.5 h while the drug leakage for non-irradiated LC-Dox-PoP is< 1% in
1.5 h (Fig. S6).

3.4. Tumor growth inhibition

Tumor growth inhibition was investigated for a single dose of 4mg/
kg LC-Dox-PoP liposomes in mice bearing a single PDX tumor, using the
same drug-light interval and laser irradiation conditions as above.
Tumor volume progression in untreated control animals was ex-
ponential, with a growth rate of 0.0018/h (Fig. 4A). PDT treatment
(empty PoP liposomes with laser treatment) did not inhibit the tumor
growth compared to the untreated group (Fig. 4B), and the tumor
growth rate was also 0.0018/h. Although PDT itself is a tumor ablation
modality, PDT with empty PoP liposomes exerted no anti-tumor effi-
cacy in these PDAC PDX tumors, possibly owing to drug delivery bar-
riers in the tumor model. Drug-loaded LC-Dox-PoP liposomes without
laser treatment were somewhat effective in inhibiting the tumor
growth, as the tumor volumes were significantly smaller than untreated
control group (*p < .05, one-way ANOVA and Tukey’ test) on day 52.
CPT treatment (LC-Dox-PoP liposomes with laser) also significantly
reduced tumor volumes on day 52 compared to untreated control

(**p < .05, t-test). There was no significant body weight loss from this
treatment (Fig. S2C).

To investigate whether the enhanced efficacy of LC-Dox-PoP lipo-
somes with laser treatment was proportional to the increased Dox ac-
cumulation, a PK/PD model was developed to describe treatment-
mediated changes in tumor volume progression. A signal transduction
model (Fig. 2) was employed to take account of the delayed tumor
shrinkage mediated by cytotoxic Dox in both the laser-treated and non-
laser treated LC-Dox-PoP liposome groups (Fig. 4C and D). With an
assumption in the model that the tumor cell killing effect results only
from the cytotoxic effect of tumor-associated Dox, a nonlinear cell
killing model estimated a KC50 of 14.6 μg/g and Kmax of 0.98/h for
both the laser-treated and non-laser treated LC-Dox-PoP liposome
groups (Fig. 4C and D; Table 2). Thus, this semi-mechanistic PK/PD
model can adequately describe the treatment-mediated tumor volume
changes for both groups, and suggests that the improved efficacy ob-
served for the LC-Dox-PoP+laser group can be attributed to the en-
hanced tumor drug accumulation. For the laser treated LC-Dox-PoP li-
posome group, the model has some overestimation of tumor volumes
for the first 13 days (Fig. 4D), possibly due to effects from some released
Dox not accounted for by the model. A further limitation of this model
is that it does not consider the relationship between free and liposomal
doxorubicin, which has recently been assessed in vitro with PK/PD
models [42].

3.5. Tumor distribution of LC-Dox-PoP liposomes

Due to its intrinsic fluorescence, Dox can be imaged using fluores-
cence microscopy of tumor slices. PDX tumor #18269 exhibits stromal
amplification and moderately-differentiated pancreatic structures.
Without laser treatment, there was limited Dox deposition in tumor
(Fig. 5). Laser treatment 1 h after LC-Dox-PoP liposome administration
significantly increased the delivery of Dox into the tumor, consistent
with the quantification of tumor Dox. Dox and PoP fluorescence ex-
hibited well co-localization. The glandular structures shown the phase
micrographs are likely the mucinous vacuoles that typically lined by the
adenocarcinoma cells. PoP signal is typically a good indicator of tumor
vessels and since Dox pattern is similar to PoP signal, we concluded that
LC-Dox-PoP liposomes have limited diffusion from the overlay image.

3.6. Chemophototherapy with longer drug-light intervals

In PDT, the DLI is an important parameter and modulates efficacy
and outcomes [43,44]. The PK/PD model described above was used
with short DLIs in which vascular permeability enhances drug uptake.
Using the developed PK/PD model which is based on simply on

Fig. 3. Observed and modeled Dox serum and tumor kinetics. SCID mice bearing dual PDX tumors were administered LC-Dox-PoP (4mg/kg) intravenously and 1 h
later, only one of the tumors was laser-irradiated (200mW/cm2 for 16.7 min, 200 J/cm2). (A) Observed (symbols) and PK/PD model-predicted profiles (solid or
dashed lines) of Dox serum concentration and Dox tumor kinetics with or without tumor laser treatment (in the same animal). (B) Observed PoP concentration
kinetics in tumors with or without laser treatment (in the same animal). (C) Ratio of Dox and PoP uptake in tumors with or without laser treatment (in the same
animal) at various time post laser treatment. Experimental data represents mean ± S.D. for n=6 mice per group.
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enhanced vascular permeability, shorter DLIs predict greater tumoral
drug uptake (Fig. S7). To investigate the effect of DLI on anti-tumor
efficacy, laser irradiation (200mW/cm2 for 16.7 min, 200 J/cm2) was
applied at 1, 6, or 24 h post drug administration. Mice treated with a
longer DLI appeared to show greater tumor inhibition during the first
month. However, no statistical difference in tumor growth occurred
(Fig. 6). Thus, additional factors beyond increased drug delivery to the
tumor are likely occurring. Further studies with lower Dox doses might
be useful to better examine the role of the DLI, since all treatment
groups exhibited strong anti-tumor efficacy with these conditions. One
explanation was that longer DLIs could enhance efficacy by stronger
PDT effects, as more PoP would reside close to the tumor endothelial
cells at longer DLI. Tumoral blood flow changes during laser treatment
were assessed to gain an insight on the extent of PDT vascular disrup-
tion (Fig. 6B). With a 1 h DLI the relative blood flow dropped below
60% of the original blood flow rate immediately after laser application.
The blood flow then gradually recovered to ~80% of the initial flow.
Laser treatment with a 6 h DLI led to a blood flow decrease to ~40% of
the initial blood flow and rebound to ~80% of its initial rate. With a
24 h DLI, tumor blood flow dropped to just 20% of the initial flow and
recovered to only ~40% of its initial blood flow. This phenomenon
indicates that laser applied at longer DLI (24 h) has a stronger PDT
vasculature shutdown effect, reducing blood flow during laser treat-
ment. Additional tumor fluorescence images with 24 h DLI shows
greater dispersion of Dox in the tumor (Fig. S8), suggesting an increased
portion of Dox released by laser treatment which may contribute to the

efficacy of treatment with longer DLI.
Taken together, despite that the simulation results show that a

shorter DLI leads to greater drug accumulation of LC-Dox-PoP lipo-
somes, the comparable anti-tumor efficacy of three DLIs at the ex-
amined dose may be due to stronger vascular PDT effects and greater
amount of intratumoral drug release by laser treatment with longer
DLIs. We recently found that in a different xenograft tumor model (MIA
PaCa-2), with lower Dox dosing (2mg/kg) that short DLIs produced
stronger anti-tumor effects [45]. That is in contrast to this study in
which varying DLIs produced similar anti-tumor efficacy. Although the
reason for this discrepancy is unknown, this result underscores the
complex mechanisms of CPT, especially when longer DLIs are used.

4. Discussion and conclusions

Pancreatic cancer is characterized by desmoplasia and poor vascu-
larization, which constitute a drug delivery barrier that limits the ef-
ficacy of chemotherapy. Therefore, strategies to compromise the drug
delivery barrier warrant investigation. The hypovascular PDX tumor
model provides an interesting framework to investigate CPT with long-
circulating LC-Dox-PoP liposomes. CPT induced a striking increase in
Dox accumulation in laser-treated tumors. One caveat of the PDX model
is that it necessitates immunocompromised mice, and therefore im-
mune responses induced by the treatment are omitted and combining
the treatment with immune checkpoint blockade or other im-
munotherapies is not possible.

Fig. 4. Observed and modeled tumor growth. Symbols represent observed data and solid lines are the PK/PD model-fitted profiles. (A) Tumor growth in untreated
control mice. (B) Tumor growth in mice administered PDT (empty PoP liposomes and treated with laser). Laser treatment was applied 1 h after dosing (0.59mg/kg
PoP). PDT was ineffective under these conditions and the tumor growth rate estimated by the PK/PD model was the same for A and B. (C) Tumor growth in mice
given 4mg/kg LC-Dox-PoP liposomes intravenously but without laser treatment. (D) Tumor growth in mice given 4mg/kg LC-Dox-PoP liposomes intravenously with
laser treatment (200mW/cm2 for 16.7 min, 200 J/cm2) applied 1 h post dosing. Data show mean ± S.D. for N=5 per group.

Fig. 5. Fluorescence microscopy of LC-Dox-PoP liposome deposition in tumor slices. Two groups of mice were intravenously administered LC-Dox-PoP liposomes
(10mg/kg Dox). Tumors of one group were laser-irradiated 1 h after liposome administration, using the conditions described (Methods), and sacrificed 8 h later.
Selected area of tumors were imaged with or without laser treatment. Purple signal indicates Dox, and yellow indicates PoP. Scale bars are 400 μm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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PK/PD modeling was used to provide a quantitative, semi-me-
chanistic description of LC-Dox-PoP liposome accumulation in tumors
following phototreatment. The PK of LC-Dox-PoP liposomes was char-
acterized by a two compartment model, with rapid distribution within
the central compartment and slow clearance by the liver and other RES
tissues. A tumor drug disposition model with first-order influx and ef-
flux rates were used to describe the deposition of Dox in the tumor.
Phototreatment enhanced vascular permeability and the observed Dox
kinetics in tumor could largely be accounted for by assuming changes in
the influx and efflux rate enhancement factors. To account for tumor
growth patterns, the PK/PD model incorporated nonlinear direct cell
killing, and a signal transduction model accounted for the delay in drug
effects. The model captured the observed data, and suggested that the
improved efficacy is directly related to increased tumor drug con-
centrations (Fig. 4C, D). Additional tumor growth inhibition studies
using different Dox doses will be required for more accurate estimation
of parameters such as Kmax and KC50 (Table 2). The spatial drug dis-
tribution of drug within tumor by fluorescence microscopy further
verified the enhanced drug deposition after laser treatment.

To characterize the light treatment regimen further, three different
DLI were studied. Simulation with the PK/PD model predicted that
shorter DLI would provide greater drug accumulation, assuming that
the vascular permeabilization factors were unchanged with different
DLI (Fig. S7). Additional studies are required for better understanding
of vascular permeabilization and drug deposition processes with dif-
ferent DLIs. At earlier times in the efficacy study with different DLI,
tumors treated with the longer DLI showed more pronounced swelling
and growth inhibition, suggesting a stronger vascular effect of the PDT
component of the mechanism of action. However, the three different
DLIs appears to provide similar efficacy at the end of this study.

With a 1 h DLI, no delay in tumor growth was observed with PoP
liposomes lacking Dox when laser treatment was applied (Fig. 4B).
However, it is known that under appropriate conditions, PDT alone can
inhibit tumor growth. There was little liposome deposition in tumors at
the early phototreatment time point, especially considering the low
perfusion/permeability of the tumor used in this study, which is typical
of PDAC [8]. Consequently, a limited PDT effect is not surprising.

It was found that the contribution from intratumor light-triggered
release to the total drug increase was negligible and the enhanced
tumor drug uptake can be attributed to PDT-induced vascular per-
meabilization (Fig. S6). Although laser treatment did not directly in-
crease tumor drug disposition, drug leakage for the laser exposed LC-
Dox-PoP liposomes will likely increase during the first 2 h after laser
treatment (Fig. S7). However, since most drug accumulation occurred
after laser treatment, the increased fraction of free drug concentration
would be low after 2 h. Our model uses total tumor drug concentration

and did not take into account the fraction of drug released 2 h after
laser treatment, which is a limitation of this model. With a DLI of 24 h,
tumor fluorescence image shows more dispersed microdistribution of
Dox signal, suggesting that there may be more free Dox available with
24 h DLI due to light-triggered release (Fig. S8). No difference in tumor
vessel microdensity was obviously observed following CPT treatment
with a short DLI compared to PDT alone or chemotherapy alone (Fig.
S9).

Ongoing human clinical trials of PDT in locally advanced pancreatic
cancer have created some optimism for phototherapy [46,47]. However
phototherapy and other ablative modalities must avoid damaging cri-
tical vessels that are frequently encroached by the tumor in many in-
operable patients [48]. Of course, the murine PDX model used in this
study was too small to address this and other phototherapy issues such
as light penetration depth, which rapidly attenuates in tissue. For-
tunately, interstitial fiber optic probes can be inserted into deep and
large tumors to facilitate treatment of large tumors [49].

In conclusion, we demonstrated the impact of enhanced vascular
permeabilization by laser treatment in increasing the tumor drug ac-
cumulation of CPT using LC-Dox-PoP liposomes in a low permeability/
perfusion PDAC PDX model. A simple, semi-mechanistic PK/PD model
was developed to account quantitatively for observed CPT results. The
model estimates that laser treatment induced a ~12 fold increase in the
tumor influx rate of LC-Dox-PoP liposomes and a ~4 fold increase in
tumor efflux rate, resulting in an overall Dox AUC increase in tumor of
7.4-fold. Further work is required to refine the PK/PD model, test its
suitability in other tumor types, and to identify and incorporate addi-
tional anti-tumor mechanisms that are more prominent when longer
drug-light intervals are used.

Acknowledgements

This work was supported by the National Institutes of Health
(R01EB017270, DP5OD017898, R01CA198096, and R01GM024211),
the National Science Foundation (1555220), and utilized Roswell Park
Cancer Inst. core facilities supported by NIH/NCIP30CA016056. This
research was supported in part by a Graduate Student Fellowship
Award for DL from the American Association of Pharmaceutical
Scientists Foundation. We acknowledge for the assistance of Dr.
Prashant K. Singh for assistance in tumor DNA sequencing.

Appendix A. Supplementary data

Supporting information is available online. It includes: DNA se-
quencing of the KRAS G12D mutation (Fig. S1); mouse body weight
after treatment with different doses of LC-Dox-PoP liposomes (Fig. S2);

Fig. 6. LC-Dox-PoP liposome efficacy and tumor blood flow during laser treatment with longer DLI. (A) Observed tumor growth in mice treated with various DLIs. LC-
Dox-PoP liposomes were administered intravenously (4 mg/kg) and laser treatment (200mW/cm2 for 16.7 min, 200 J/cm2) was applied 1 h, 6 h, or 24 h later. Data
show mean ± s.d. for n=5 per group. No statistical difference between each laser treated group was found at any time (One-way ANOVA followed by Tukey's test).
(B) Relative moral blood flow during laser treatments shown in B. Laser was initiated at time 0 and ends at 1000s. Data show mean ± s.d. for N=3 per group.
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Pharmacokinetics of LC-Dox-PoP liposomes after laser treatment com-
pared to non-laser treatment (Fig. S3); Photobleaching of PoP and Dox
fluorescence during laser treatment (Fig. S4); Enhanced tumor uptake
by Doxil-like+ empty PoP liposomes with laser treatment (Fig. S5);
Simulation of tumor Dox deposition with 1, 6, or 24 h drug-light in-
tervals (Fig. S6); Dox leakage after laser irradiation (Fig. S7).
Fluorescence microscopy of LC-Dox-PoP in tumor slices (Fig. S8). CD31
vessel staining of PDX tumor slices following different treatments (Fig.
S9). Non-compartmental analysis of LC-Dox-PoP liposome PK (Table
S1). Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2019.01.030.
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