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ABSTRACT: Chemophototherapy (CPT) is an emerging tumor
treatment that combines phototherapy and chemotherapy. Long-
circulating (LC) liposomes can stably incorporate 2 mol % porphyrin-
phospholipid (PoP) in the bilayer and load doxorubicin (Dox) to
generate LC-Dox-PoP liposomes, for single-agent CPT. Following
intravenous administration to mice, LC-Dox-PoP liposomes (2 mg/kg
Dox) circulated with similar blood concentration ranges produced by a
typical human clinical dose of DOXIL (50 mg/m2 Dox). This dosing
approach aims to achieve physiologically relevant Dox and PoP
concentrations as well as CPT vascular responses in mice bearing
subcutaneous human pancreatic MIA PaCa-2 xenografts. Phototreat-
ment with 2 mg/kg LC-Dox-PoP induced vascular permeabilization, leading to a 12.5-fold increase in Dox tumor influx estimated
by a pharmacokinetic model, based on experimental data. Shorter drug−light intervals (0.5−3 h) led to greater tumoral drug
deposition and improved treatment outcomes, compared to longer drug−light intervals. At 2 mg/kg Dox, CPT with LC-Dox-
PoP liposomes induced tumor regression and growth inhibition, whereas chemotherapy using several other formulations of Dox
did not. LC-Dox-PoP liposomes were well tolerated at the 2 mg/kg dose.
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■ INTRODUCTION

Chemophototherapy (CPT) is an emerging tumor treatment
that aims to synergistically combine chemotherapy and
phototherapy.1,2 Numerous approaches have been described
to load various drugs into novel nanocarriers and trigger their
release using light.3−10 Porphyrin-phospholipid (PoP) can
stably be incorporated into the bilayer of liposomes and, when
subjected to near-infrared (NIR) light, trigger the release of
diverse types of encapsulated cargos.11−16 We recently
described the composition of a long-circulating, photoactivat-
able, doxorubicin (Dox) encapsulated PoP liposome (LC-Dox-
PoP liposome) that has a similar composition to FDA-approved
DOXIL, but contains 2 mol % PoP in the bilayer.17

In this study, we use LC-Dox-PoP to examine the impact of
the drug−light interval (DLI) for single-agent CPT. We
previously demonstrated that when LC-Dox-PoP liposomes
(5−10 mg/kg Dox) are irradiated with near-infrared light
(NIR) up to 1 h after intravenous administration (i.e., a 1 h
DLI), up to 7-fold increase in drug accumulation is observed in
the tumor 24 h after laser treatment, due to PDT induced
vascular permeabilization.14,17,18 Other groups have also
demonstrated that PDT can augment nanoparticle accumu-
lation with two agent systems (i.e., a separate photosensitizer
and nanoparticle).19−22

In photodynamic therapy (PDT), the duration between
photosensitizer administration and light administration impacts
antitumor outcomes, so the DLI is an important consid-
eration.23,24 Some photosensitizers such as Photofrin are

administered days prior to light treatment, to allow for good
deposition of the photosensitizer to the target site, while also
improving the ratio of photosensitizer in the tumor compared
to the skin.25 However, other photosensitizers such as
temoporfin,23,24,26 hypericin,27 and mono-L-aspartyl chlorin
e628 can use shorter DLIs, relying on vascular PDT damage
rather than direct tumor cell kill. Several studies have suggested
that the amount of photosensitizer in the plasma at the time of
irradiation influences therapeutic outcomes.23,24,27,28 To our
knowledge, the impact of DLI has not yet been addressed with
single-agent CPT.

■ METHODS AND MATERIALS

Liposome Preparation. The porphyrin-phospholipid
(PoP) used was sn-1-palmitoyl, sn-2-pyropheophorbide phos-
phtatidylcholine and was synthesized as previously reported.14

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC; #LP-R4-
076), cholesterol (#CH-0355), 1,2-distearoyl-phosphatidyletha-
nolamine-methyl-polyethylene glycol conjugate-2000 (DSPE-
2000-PEG; #LP-R4-039) were from Corden Pharma. Long-
circulating PoP liposomes [DSPC:PoP:cholesterol:DSPE-2000-
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PEG] [53:2:40:5, molar ratio] were prepared by a modified hot
ethanol injection method followed by high pressure extrusion
as previously described.17,29 To generate 10 mL of PoP
liposomes (20 mg/mL total lipids), 114.1 mg of DSPC, 42.2
mg of cholesterol and 38.2 mg of DSPE-2000-PEG, and 5.52
mg of PoP were fully dissolved in 2 mL of hot ethanol, followed
by direct injection into 8 mL of 250 mM ammonium sulfate
(pH 5.5) buffer at 60 °C. Lipid solution was passed 10 times
through sequentially stacked 0.2, 0.1, and 0.08 μm polycar-
bonate membranes using a 10 mL LIPEX nitrogen pressurized
extruder (Northern Lipids) at 60 °C. To remove free
ammonium sulfate, liposome solutions were then dialyzed
with buffer containing 10% sucrose and 10 mM histidine (pH
6.5) with three buffer exchanges. Doxorubicin (LC Laboratories
#D-4000) was actively loaded by adding a 20 mg/mL Dox
solution to the liposomes at a drug to lipid molar ratio of 1:6
and incubating at 60 °C for 1 h. Drug loading efficacy was
generally over 95% and size ∼90 nm with good homogeneity.17

Preparation of DOXIL-like liposomes [HSPC:cholester-
ol:DSPE-2000-PEG] [56:39:5, molar ratio]30(Dox to lipid
molar ratio 1:6) was the same as that of PoP liposomes
described above. Likewise, preparation of Myocet-like lip-
osomes [egg PC:cholesterol] [55:45, molar ratio] (Dox to lipid
molar ratio 1:8) was the same as that of LC-Dox-PoP
liposomes except the active loading buffer was sodium citrate
(300 mM, pH 4.0).30

Pharmacokinetics. Animal studies were approved by the
Institutional Animal Care and Use Committees of University at
Buffalo. For pharmacokinetics (PK) studies, BALB/c mice
(female, 18−20 g, Charles River) were intravenously injected
via tail vein with LC-Dox-PoP liposomes at 1, 2, or 5 mg/kg (n
= 3 mice per group). Small blood volumes were sampled from
either saphenous, submandibular, or retroorbital locations at
0.5, 2, 4, 9, 24, and 48 h post drug administration. Blood was
collected with a serum capillary tube (Sarstedt Microvette CB
300 Z) centrifuged at 1500g for 15 min, and diluted in
extraction buffer (0.075 N HCL, 90% isopropanol). Samples
were then stored at −20 °C overnight followed by
centrifugation at 10000g for 15 min. Supernatants were
collected and analyzed by fluorescence (480 nm excitation,
590 nm emission) in a 96 well plate reader, and concentration
was determined from a standard curve. Noncompartmental
analysis was performed in Phoenix WinNonlin (version 7.0,
Pharsight) with linear-log trapezoidal method.
A two-compartment model was used to describe the PK of

liposomal doxorubicin (Figure 1A). The PK parameters were
estimated, as shown in Table 1. Equations of PK model and an
initial conditions (IC) describing the model are as follows.
The PK of LC-Dox-PoP liposomes in serum was described as
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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 compartment. The PK of liposomal Dox
in tumor prior to laser treatment was described as

= · − · =
X

t
k X k X

d
d

IC 0tu
1 p 2 tu (3)

After the tumors were treated with laser, the PK of liposomal
Dox in tumor was described as
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where Xtu represents the mass of Dox in tumor, Xp is the mass
of Dox in serum, k1 is the tumor influx rate constant of Dox
without CPT laser treatment, and v1 is the vascular
permeabilization factor on k1 due to the laser treatment. k2 is
the tumor efflux rate constant of Dox without laser, and v2 is
the vascular permeabilization factor on k2 due to the laser
treatment. Since the final time point of analysis was 24 h
following laser treatment, tumor efflux parameter could not be
estimated, so a constant efflux rate constant from other work
with LC-Dox-PoP was assumed.31 The approach of modulating
baseline tumor influx/efflux rate using a coefficient has been
used previously to describe the improved liposome uptake in
tumor models.32

Tumoral Drug Uptake. Female athymic nude mice (5
weeks old, Jackson Laboratories, #007850) were inoculated
with 5 × 106 MIA Paca-2 cells contralaterally on both flanks.
When tumor sizes reached 6−8 mm, mice were randomly
grouped into 6 groups (n = 4 mice per group). All mice were

Figure 1. Pharmacokinetics of LC-Dox-PoP liposomes. Mice were
administered LC-Dox-PoP liposomes via tail vein (1, 2, or 5 mg/kg
Dox), and serum Dox concentrations were measured. (A) Human
Doxil data (*adapted from ref 38) compared to LC-Dox-PoP. The
gray highlighting shows the 2 mg/kg LC-Dox-PoP blood concen-
tration range. Data represent mean ± SD for n = 3. (B) 2-
Compartment plasma PK model and tumoral drug disposition model.
(C) Observed data and plasma PK model of LC-Dox-PoP liposomes.
Each line is from model fitting, and observed data are shown as
symbols.
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intravenously injected via tail vein with LC-Dox-PoP liposomes
(2 mg/kg Dox). Tumors on one flank of the mice were
irradiated (150 mW/cm2 for 27.7 min, 250 J/cm2, with a 665
nm laser diode) 0.5, 3, 6, 9, or 12 h after drug administration.
Tumors on the other flank of the mice were not irradiated. All
mice were sacrificed 24 h post drug administration. Tumors and
key organs were collected and Dox and PoP were determined
as previously described.17 Briefly, tumors and key organs were
washed in PBS. ∼100 mg of tissue was weighed and
homogenized in 450 μL of nuclear lysis buffer [250 mM
sucrose, 5 mM Tris-HCl, 1 mM MgSO4,1 mM CaCl2 (pH 7.6)]
with a homogenizer (Bullet Blender Storm). 100 μL of
homogenate was extracted with 900 μL of 0.075 N HCI 90%
isopropanol and storage at −20 °C overnight. Samples were
removed and centrifuged at 10000g for 15 min. Supernatants
were collected, and the concentrations of Dox (480 nm
excitation, 590 nm emission) and PoP (420 nm excitation, 670
nm emission) were determined fluorometrically based on a
standard curve.
Tumor Growth Inhibition. When subcutaneous MIA

PaCa-2 tumor diameters reached 5−8 mm, mice were
randomly grouped into 10 groups, 6 mice per group: (1) LC-
Dox-PoP liposomes with 1 h DLI; (2) LC-Dox-PoP liposomes
with 3 h DLI; (3) LC-Dox-PoP liposomes with 6 h DLI; (4)
LC-Dox-PoP liposomes with 24 h DLI; (5) untreated control;
(6) empty PoP liposomes with 3 h DLI; (7) LC-Dox-PoP
liposomes without laser treatment; (8) Doxil-like liposomal
Dox + 3 h DLI; (9) Myocet-like liposomal Dox; and (10) free
Dox. All treatments that contained Dox were dosed at 2 mg/kg
Dox. 200 μL of liposomal Dox (2 mg/kg Dox, 0.29 mg/kg
PoP) or equivalent empty PoP liposomes (0.29 mg/kg PoP)
were intravenously injected via tail vein. Laser irradiation was
initiated with the indicated drug−light intervals (150 mW/cm2

for 44.4 min, 400 J/cm2). During this period, mice were
anesthetized and placed on a heating pad to maintain body
temperature around 35 °C. Tumor volumes were calculated

using the ellipsoid formula, π= · ·Lvolume W
6

2

, where L and W

are the length and width of the tumor, respectively. Body
weights of the mice were monitored for 3 weeks. Mice were
sacrificed when tumor volumes exceeded 10 times the initial
volumes or at the end of this study (80 days). For the
calculation of the delay for tumor doubling time, 80 days was
used for the mice that were cured.
Data Analysis. GraphPad Prism (Version 5.01) software

was used for data analysis. Difference was considered significant
at p < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). The ADAPT
5 software was used for all data fitting and simulation.33 The
maximum likelihood method was used for fitting the data.
Replicate data at each time point from animals in each
experiment were naive-pooled, and plasma PK and tumoral PK
for both laser treated and non laser treated were fitted
simultaneously. Visual inspection of the fitting curves, objection

function values such as Akaike information criterion (AIC),
improved likelihood, and precision (CV %) of the estimated
parameters were used to evaluate the goodness of fit and model
selection. The following variance model was used for the model
fitting:

θ σ σ σ θ= = + ·V V t Y t( , , ) [( ( , )]i i1 2
2

(5)

where V(θ, σ, t) is the variance for the ith point, θ represents
the estimated structural parameters, Y(θ, ti) is the ith model-
predicted value, and σ1 and σ2 are the variance parameters that
were estimated.

Toxicity Study. ICR mice were intravenously administered
LC-Dox-PoP liposomes (2 mg/kg Dox) or PBS (n = 5 for each
group). Two weeks later, blood was collected. Complete blood
count and serum chemistry profile were analyzed with VetScan
HM5. Blood count parameters and their units include white
blood cell count (WBC, 109/L), lymphocytes (LYM, 109/L),
monocyte (MON, 109/L), neutrophil(NEU, 109/L), eosinophil
(EOS, 109/L), basophils (BAS, 109/L), lymphocyte percentage
(LY, %), monocyte percentage (MO, %), neutrophil percentage
(%), eosinophil percentage (%), basophil percentage (BA, %),
red blood cell count (RB, C%), hemoglobin (HGB, 1012/L),
hematocrit (HCT, %), mean corpuscular volume (MCV, fL),
mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin count (MCHC g/dL), red blood cell distribution
width (RDWc, %), platelet count(PLT, 109/L), platelet
percentage (PCT, %), mean platelet volume (MPV, fL), and
platelet distribution width (PDWc, %). Serum chemistry
parameters include albumin (ALB, g/dL), alkaline phosphatase
(ALKP, U/L), alanine transaminase (ALT, U/L), amylase
(AMYL, U/L), calcium (Ca, mg/dL), cholesterol (CHOL, mg/
dL), creatinine (CREA, mg/dL), glucose (GLU, mg/dL),
phosphorus (PHOS, mg/dL), total bilirubin (TBIL, mg/dL),
total protein (TP, g/dL), blood urea nitrogen (BUN, mg/dL),
and globulin (GLOB, g/dL). Histology was performed by
standard procedure. Briefly, key organs (heart, liver, spleen,
lung, and kidney) were collected and fixed in 10% formalin for
24 h followed by immersion in 70% ethanol for 24 h. Formalin-
fixed paraffin sections were cut at 4 μm. Slides were dewaxed
through xylenes and graded alcohols, transferred to water for 3
min, hematoxylin for 3 min, water for 3 min, 1% acid alcohol
for 1 min, water for 3 min, 0.2% ammonium hydroxide for 3
min, water for 4 min, 95% ethanol for 3 min, Eosin for 30 s,
then dehydrated through graded alcohols, cleared, mounted
and coverslipped with xylene mount.

■ RESULTS AND DISCUSSION
Physiologically Relevant LC-Dox-PoP Liposome Dos-

ing. The pharmacokinetics (PK) of LC-Dox-PoP liposomes
were evaluated in mice at Dox doses of 1, 2, or 5 mg/kg with
intravenous injection. The composition of LC-Dox-PoP
liposome is similar to that of Doxil,17 an FDA-approved,
PEGylated, long circulating formulation of Dox. Doxil is

Table 1. Noncompartmental Analysis of PK of LC-Dox-PoP Liposomes

dose T(1/2) (h) Cmax (μg/mL) AUC(0−t) (μg/mL·h) AUC(0−inf) (μg/mL·h) CL (mL/h) VSS (mL)

1 mg/kg 9.8 19.1 223 231 0.087 1.26
2 mg/kg 16.6 40.9 667 768 0.052 1.23
5 mg/kg 25.0 95.2 1677 2207 0.045 1.52
Doxil 25 mg/m2 a 45.2b 12.6 609 80 4100
Doxil 50 mg/m2 a 45.9b 21.2 902 90 5900

aHuman Doxil PK data was reproduced from ref 38. bSecond T(1/2).
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typically dosed at 50 mg/m2 every 4 weeks in metastatic
ovarian and breast cancer patients.34,35 For a 60 kg patient, this
works out to approximately 1.35 mg/kg.36 The blood
concentration of Doxil in humans at 50 mg/m2 (Cmax 21.2
μg/mL vs 40.3 μg/mL, Table 1, gray box in Figure 1A37,38) was
comparable to the observed Dox blood concentration with 2
mg/kg LC-Dox-PoP in mice. Since the blood concentration of
photosensitizer is a critical factor in a vascular PDT response, it
is possible to directly study the vascular response of LC-Dox-
PoP liposomes in the range of clinically relevant concentrations
in mice. In other words, the plasma concentration of PoP in
human at 50 mg/m2 LC-Dox-PoP liposomes would be in a
reasonably similar range to that in mice at 2 mg/kg dosage.
The PK of LC-Dox-PoP liposomes was dose-disproportional,

with higher clearance at 1 mg/kg Dox compared to 2 mg/kg or
5 mg/kg (0.087 mg/L vs 0.052 mL/h and 0.045 mL/h, Table
1). This is likely due to saturation of the reticuloendothelial
system at a higher dose.39 The half-life of LC-Dox-PoP
liposomes increased from 9.8 h at 1 mg/kg to 16.6 h at 2 mg/
kg. A 2-compartment model adequately described the PK of
LC-Dox-PoP liposomes (Figure 1B, Table 2). The model may

have some overestimation of Dox concentration at the 1 mg/kg
dose due to the faster observed clearance at lower drug dose.
The estimated clearance 0.051 mL/h from the 2-compartment
model is close to the results from the NCA analysis (Table 1,
Table 2). Overall, the PK model matched well with
experimental data (Figure 1C).
Drug Accumulation with Various Drug−Light Inter-

vals. Using a 2 mg/kg intravenous dose of LC-Dox-PoP
liposomes, tumor-bearing mice were irradiated on the tumor
with a 0.5, 3, 6, 9, or 12 h DLI following drug administration.
Dox concentration in the tumor was assessed 24 h after drug
injection. With a 0.5 h DLI, tumoral Dox concentration
increased by 10.9-fold compared to nonirradiated tumors.
Shorter DLIs led to higher amounts of Dox accumulation 24 h
post drug administration. Despite this trend, laser-treated
tumoral Dox concentrations between the 0.5 h DLI and DLIs
of 3, 6, and 9 h were not statistically different (one-way
ANOVA and Tukey’s test). However, tumoral Dox concen-
tration with a 0.5 h DLI was significantly greater than with a 12
h DLI (*p < 0.05) and no laser control (**p < 0.01). The
enhanced Dox uptake with shorter DLIs is likely due to the
higher blood concentration of LC-Dox-PoP at the time of
irradiation, which consequently leads to greater drug
accumulation into permeabilized vasculature. A pharmacoki-
netic model with a first order tumoral Dox influx rate k1 and
efflux rate k2 was developed to account for the tumoral Dox
concentration after laser treatment, assuming that the tumoral
influx rate and efflux rates remain the same for different DLIs
(Figure 2A, Table 3). The model adequately described the
tumoral Dox concentration 24 h post dosing for most DLIs
except for the 0.5 h DLI (Figure 2B). The underestimation of
tumoral Dox concentration at DLI 0.5 h may be due to greater

initial tumor influx rate increase than the estimated 12.5-fold
increase (Table 3).

Tumor Growth Inhibition. The antitumor efficacy of LC-
Dox-PoP liposomes irradiated with different DLIs was assessed.
As shown in Figure 3A, mice treated with LC-Dox-PoP
liposomes with a 1 or 3 h DLI had significantly better tumor
regression compared to those treated with a 24 h DLI, when
comparing tumor volumes on day 31 (**p < 0.01, *p < 0.05
respectively). Two out of 6 mice were cured in the 1 h DLI
group (33.3% cure rate), and 1 out of 6 mice was cured in the 3
h DLI group (16.7% cure rate). Tumor volumes were not
statistically significant different between 1 and 3 h DLI on day
31 (p > 0.05). Mice treated with a 1 h DLI had delayed tumor
growth for a significantly longer period than those treated with
a 6 or 24 h DLI (*p < 0.05, **p < 0.01 respectively). Mice
treated with a 3 h DLI had better tumor growth inhibition than
the 24 h DLI group (*p < 0.05). The time for tumor volume
doubling was faster with longer DLIs (Figure 3B), which is in
accordance with the Dox accumulation trend in Figure 2,
suggesting that the enhanced efficacy at shorter DLIs is related
to the higher drug accumulation in the tumors. The impact of

Table 2. Two-Compartment Model Parameter Estimates

parameter definition estimate CV %

CL (mL/h) clearance 0.048 7.5
Vp (mL) vol of central compartment 0.96 6.9
Vt (mL) vol of second compartment 0.6 28.3
Q (mL/h) distribution to second compartment 0.073 38.5

Figure 2. Shorter DLIs led to greater tumoral Dox exposure in MIA
PaCa-2 xenografts. (A) PK modeling of tumoral doxorubicin
concentration kinetics after phototreatment with varying DLIs. (B)
Observed and modeled tumoral Dox accumulation 24 h after drug
administration (2 mg/kg LC-Dox-PoP) with indicated DLI.
Experimental data are presented as mean ± SD for n = 4. Significance
relative to the 0.5 h DLI group is based on one-way ANOVA followed
by post hoc Tukey’s test: *p < 0.5; **p < 0.01; N.S., not significant.

Table 3. Tumoral PK Parameters

parameter definition estimate CV %

k1 (h
−1) influx rate to tumors 0.000173 9.2

k2 (h
−1) efflux rate to tumors 0.0197 fixeda

v1 CPT-induced influx enhancement factor 12.51 11.7
v2 CPT-induced efflux enhancement factor 3.10 fixeda

aEfflux parameters were obtained from ref 31.
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vascular PDT effects at different DLIs still needs to be further
studied.
Tumor-bearing mice that received LC-Dox-PoP liposomes

with laser treatment had significant tumor growth inhibition
compared to the untreated control group (Figure 3C). The
efficacy of LC-Dox-PoP liposomes with laser treatment is a
combination of chemotherapy and PDT effect. Chemotherapy
with LC-Dox-PoP liposomes alone without laser treatment was
able to delay the tumor doubling times by 3 (±2) days, while
PDT with empty PoP liposomes with laser treatment delayed
the tumor doubling time by 11 (±9) days (Figure 3D). LC-
Dox-PoP liposomes with laser treatment (3 h DLI) delayed the
tumor volume doubling for a significantly longer period (36 ±
19 days) compared to no laser treatment (Figure 3D, **p <
0.01, 3 ± 2 days) and empty PoP + laser groups (*p < 0.01, 11
± 9 days). The combined delay in tumor volume doubling
induced by chemotherapy alone and photodynamic therapy
alone (14 days) was smaller than that induced by CPT (36
days), suggesting a synergistic effect between the chemotherapy
and PDT contributions of CPT, in accordance with our
previous findings.2,40

Doxil, Myocet, and free Dox are three alternative
formulations of Dox that are clinically available for chemo-
therapy. Doxil and Myocet are liposomes, and we generated
formulations similar in composition to these. Mice were treated
with these Dox formulations at a dose of 2 mg/kg Dox. Only in
mice that received LC-Dox-PoP liposomes with laser treatment
were tumor volumes significantly smaller than in the untreated
control group (**p < 0.01, Figure 3E). The other three Dox
formulations had minimal impact on tumor growth delay, and
there was not a significant difference with the untreated group
(p > 0.05). There was no significant difference between Doxil-
like with laser treatment, Myocet-like, and free Dox groups.
Doxil-like with laser treatment, Myocet-like, or free Dox at 2

mg/kg Dox only delayed tumor volume doubling for 2−4 days,
whereas LC-Dox-PoP liposomes with laser treatment (3 h DLI)
delayed the tumor doubling time for over 35 days (Figure 3F).
LC-Dox-PoP liposomes with laser treatment inhibited the
tumor growth for a longer period than Doxil-like + laser
treatment (3 h DLI), Myocet-like, and free Dox (***p < 0.001,
***p < 0.001, ***p < 0.001 respectively). Altogether, at 2 mg/
kg Dox, LC-Dox-PoP liposomes with CPT clearly induced
tumor regression and inhibited tumor growth, whereas Doxil-
like liposomes with laser treatment, Myocet-like liposomes, or
free Dox had minimal efficacy.

Toxicity. To assess the potential toxicity of LC-Dox-PoP
liposomes, mice were treated with 2 mg/kg LC-Dox-PoP
liposomes. The absolute Dox concentration in organs after
administration of 2 mg/kg LC-Dox-PoP liposomes was
relatively low, suggesting low toxicity to key organs (Figure
S1A). Mice remained healthy over a two-week period after
intravenous dosing with 2 mg/kg LC-Dox-PoP liposomes, as
demonstrated by a lack of weight loss or behavior changes
(Figure S1B). At the two-week time point, mice were
euthanized and blood tests were carried out and compared to
untreated mice. Liver function tests indicated that hepatic
function of the mice was normal, with no obvious change in bile
acids and alanine transferase (Figure 4A). There was some
increase of calcium (*p < 0.05). There was some increase in
creatinine, however, it is still in the typical range, indicating that
the kidney function was normal. A complete blood count test
indicated that there was some minor increase of white blood
cells (WBC, *p < 0.05), lymphocytes (LYM, *p < 0.05), and
neutrophils (NEU,*p < 0.05), implying that LC-Dox-PoP
liposomes at a low dose of 2 mg/kg can stimulate immune
responses (Figure 4B). Altogether, no obvious toxicity was
found for LC-Dox-PoP liposomes at 2 mg/kg, and some mild
immune stimulatory effects were observed. Potential cytotox-

Figure 3. Antitumor efficacy of LC-Dox-PoP liposomes. (A) MIA Paca-2 tumor growth in mice treated with LC-Dox-PoP liposomes and a DLI of 1,
3, 6, or 24 h. Asterisks indicate significant differences in the day 29 tumor volume compared to the 24 h DLI group. (B) Tumor volume doubling
delay. (C) Tumor growth after treatment with LC-Dox-PoP liposomes treated with laser (3 h DLI), empty PoP liposomes + laser (1 h DLI), LC-
Dox-PoP liposomes without laser, or untreated control. Asterisks indicate significance differences in the day 29 tumor volume compared to the
untreated control group. (D) Tumor volume doubling delay. (E) Tumor growth after treatment with LC-Dox-PoP liposomes + laser (1 h DLI),
Doxil-like liposomes + laser (3 h DLI), free doxorubicin, Myocet-like liposomes, or untreated control. All groups except the control group received 2
mg/kg Dox. Asterisks indicate significant differences in the day 29 tumor volume compared to the untreated control group. (F) Tumor volume
doubling delay. Data show mean ± SD for n = 6 mice per group. Statistical tests were performed with one-way ANOVA followed by post hoc
Tukey’s test: *p < 0.5; **p < 0.01; ***p < 0.001; N.S., not significant.
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icity to key organs was examined by H&E staining. No obvious
cytotoxicity was found to the heart, kidney, liver, lung, and
spleen after intravenous administration of 2 mg/kg LC-Dox-
PoP liposomes (Figure 4C).

■ CONCLUSION
In mice, LC-Dox-PoP at a 2 mg/kg intravenous Dox dose
provided for comparable serum concentrations and pharmaco-
kinetics of Dox as human clinical dosing with 50 mg/m2

DOXIL. This enables the mimicking of the photosensitizer
and Dox concentrations (and thus photo-vascular phenomena)
that are anticipated to be encountered in translation of this
approach to human studies. At a dose of 2 mg/kg, which is low
for murine studies involving Dox, LC-Dox-PoP liposomes
substantially (12.5-fold increase of tumor influx rate) increased
tumoral drug accumulation. Shorter drug−light intervals led to
greater tumoral drug accumulation. Improved antitumor
efficacy was also observed for LC-Dox-PoP liposomes when
treated at short DLIs. CPT with LC-Dox-PoP liposomes
induced tumor regression and growth inhibition, whereas
alternative Dox formulations for chemotherapy had minimal
efficacy when applied at the same dose. Preliminary toxicity
studies did not reveal any LC-Dox-PoP toxicity at the
functional dose. Together, these data show that CPT with
LC-Dox-PoP at physiologically relevant concentrations is an
effective tumor treatment modality, and short drug−light
intervals may be preferable. These studies were based on a

single xenograft murine tumor model (MIA PaCa-2), so
additional testing in other and larger tumor models is
warranted.
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