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A B S T R A C T

Photodynamic therapy (PDT) involves light activation of the photosensitizer to generate reactive molecular
species that induce cell modulation or death. Based on earlier findings showing that the photosensitizer ben-
zoporphyrin derivative (BPD) is a breast cancer resistance protein (ABCG2) substrate, we investigated the ability
of the P-glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1) to transport BPD. In a panel of
breast cancer cell lines overexpressing P-gp, MRP1, or ABCG2, BPD transport occurs only in cells overexpressing
P-gp and ABCG2. Intracellular BPD fluorescence is not affected by MRP1, as determined by flow cytometry. To
bypass P-gp- and ABCG2-mediated efflux of BPD, we introduce a lipidation strategy to create BPD derivatives
that are no longer P-gp and ABCG2 substrates. The phospholipid-conjugated BPD and its nanoliposomal for-
mulation evade both P-gp- and ABCG2-mediated transport. In cytotoxicity assays, lipidated BPD and its nano-
liposomal formulation abrogate P-gp- and ABCG2-mediated PDT resistance. We verify that P-gp, like ABCG2,
plays a role in BPD transport and BPD-PDT resistance. Furthermore, we introduce porphyrin-lipid nanovesicles
as a new strategy to escape P-gp and ABCG2-mediated efflux of BPD for improved PDT outcomes in two breast
cancer cell lines.

1. Introduction

One of the major problems encountered in cancer treatment is the
development of multidrug resistance, a process mediated by the ATP-
binding cassette (ABC) transmembrane transporters that utilize energy
from ATP hydrolysis to actively pump anti-cancer agents and pro-tu-
morigenic molecules out of cells [1]. Among the 48 human ABC
transporters identified, multidrug resistance protein 1 (MDR1, also
known as P-glycoprotein or P-gp; encoded by ABCB1), breast cancer
resistance protein (BCRP; encoded by ABCG2), and multidrug re-
sistance-associated protein 1 (MRP1, encoded by ABCC1) are known to
export hundreds of chemically unrelated anti-cancer compounds [2–4].
Over the past 30 years, the focus on developing transporter inhibitors to
reverse multidrug resistance has provided little to no benefits to cancer
patients [5,6]. Some transporter inhibitors are simply too toxic, while
others induce pharmacokinetic changes owing to drug-drug interac-
tions [7]. In addition, different ABC transporters are co-expressed in
tumors and show high interpatient and intertumor variability with only

a subset of resistant cancers expressing these transporters [6,8]. With
new analytical, optical, and nanotechnology tools being developed for
advancing personalized medicine, there is a surge of research interest
towards the development of therapeutic agents that are poor substrates
for these efflux transporter proteins [6]. This paradigm-shifting ap-
proach may result in the discovery of new agents that overcome ABC
transporter-mediated resistance entirely.

Photodynamic therapy (PDT) is a mechanistically-distinct, cytotoxic
modality that is effective on chemo- and radio-resistant tumors [9].
PDT uses near-infrared (NIR) light to excite a light-absorbing molecule
called photosensitizer [10,11]. Upon activation, the photosensitizer
induces the production of highly reactive molecular species (RMS; e.g.,
1O2, H2O2, O2•-, •OH) that confer toxicity to nearby targets [10,11]. PDT
is used clinically as a salvage therapy to treat a wide range of cancers,
including metastatic breast [12], esophageal [13], lung [14], basal cell
[15], gastric [16], cervical [17], prostate [18], head and neck [19],
brain [20], and pancreatic carcinoma [21,22]. Light delivery to con-
fined areas such as the chest, abdomen, and brain can be done intra-
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operatively or laparoscopically [22–25]. Cytotoxicity from PDT is
governed by intracellular photosensitizer accumulation, subcellular
localization of the photosensitizer, spatial confinement of light, and the
short distances over which the RMS remain active [9–11]. Combination
of targeted delivery of photosensitizer and confined light exposure
often lead to a significant improvement in therapeutic efficacy [26,27].
It is well established that ABCG2 expression can limit the intracellular
retention of a number of clinically used photosensitizing agents, i.e., the
benzoporphyrin derivative (BPD), chlorin-based drugs, aminolevulinic
acid (ALA)-induced protoporphyrin IX (PpIX), as well as 2-(1-hexylox-
yethyl)-2-devinyl pyropheophorbide-a (HPPH) [28]. While it has been
confirmed that chlorin e6, PpIX, and HPPH are not substrates for P-gp
and MRP1 [28], the role of P-gp and MRP1 in BPD transport remains
unclear.

Since the discovery of P-gp over four decades ago in drug resistant
cells [29–31], a number of strategies have been explored to target ABC
transporters and overcome PDT resistance. Ample preclinical studies
have shown that using tyrosine kinase inhibitors (TKIs; e.g., imatinib
mesylate, gefitinib, and erlotinib) to block drug efflux by ABC trans-
porters could augment photosensitizer retention in cancer cells and
increase PDT cytotoxicity [32–35]. Studies by Sun et al. provide evi-
dence that gefitinib could decrease the mRNA and protein expression of
ABCG2, thereby enhancing intracellular PpIX levels in a dose-depen-
dent manner, yielding superior PDT toxicity against human glioma cell
lines [33]. However, oral administration of gefitinib at 100mg/kg was
not adequate to inhibit the activity of ABCG2 in a xenograft model. This
is possibly due to suboptimal experimental conditions, as well as PpIX's
high affinity to human ABCG2 [32]. Using endothelial cells, Gallagher-
Colombo et al. show that pretreatment with erlotinib, a potent ABCG2
inhibitor, significantly increases the intracellular BPD level and the
cytotoxic effect of PDT [34]. Liu et al. suggest that imatinib mesylate
increased accumulation of HPPH, PpIX, and BPD in ABCG2-over-
expressing cancer cells (i.e., Colo 26, RIF-1, BCC-1), but not in ABCG2
negative cells, and enhanced PDT efficacy in vitro [35]. A combination
of imatinib mesylate and HPPH-PDT prolonged the survival of C3H/
HeJCr mice bearing RIF-1 tumors compared to monotherapies. Despite
convincing laboratory data showing that photosensitizer transport can
be inhibited by TKIs, the clinical translatability of the TKI approach has
yet to be confirmed.

As it is still unclear whether FDA-approved BPD is a substrate of P-
gp and MRP1 or is a substrate of neither, we investigated the effect of P-
gp and MRP1 on the intracellular accumulation of BPD in human breast
cancer cell lines. Our results suggest that P-gp, like ABCG2, impairs the
effectiveness of PDT in breast cancer cells by decreasing intracellular

levels of BPD. While continued efforts are needed to analyze the
structure-activity relationships between photosensitizers and ABC
transporters, several studies indicate that the variation in photo-
sensitizer transport correlates with the chemical structure of the pho-
tosensitizer [28,36]. Thus, we hypothesize that a tetrapyrrole-type
photosensitizer with a more complex biomolecular structure will be less
effectively effluxed by a variety of ABC transporters. Here, we introduce
a TKI-free lipidation strategy—by conjugating photosensitizer (BPD) to
lysophosphocholine (16:0)LysoPC—to escape ABCG2-and P-gp-medi-
ated photosensitizer efflux in cancer cells. The ability of (16:0)LysoPC-
BPD assemblies and its nanoformulation to improve the effectiveness of
PDT is also examined in two human breast cancer cell lines.

2. Materials and methods

2.1. Cell culture

Four human breast cancer cell lines including the MCF-7 parental
cell line, P-gp-overexpressing MCF-7 TX400 subline (selected in
400 ng/ml paclitaxel), ABCG2-overexpressing MCF-7 MX100 subline
(selected in 100 nM mitoxantrone), and MRP1-overexpressing MCF-7/
VP subline (selected in 4 μM etoposide) were maintained in Eagle's
Minimum Essential Medium (EMEM) growth medium (Cellgro) sup-
plemented with 10% (v/v) fetal bovine serum (FBS; Gibco), 100 U/mL
penicillin and 100 μg/mL streptomycin (Lonza), and 0.01mg/ml insulin
(Sigma). All cell lines were characterized previously [28,36], confirmed
to be free of mycoplasma, and cultured in 5% CO2 and at 37 °C.

2.2. Western blot

Protein expression was analyzed using western blots. Briefly, 20 μg
of cell lysates were separated on 4–12% precast Bis-Tris protein gels
(NuPage) and transferred onto polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher). After blocking with 5% bovine serum
albumin (BSA)-containing tris-buffered saline and Polysorbate 20 so-
lution, proteins were detected using antibodies against ABCG2 (1:500,
Kamiya BioMedical MC-177), MRP1 (1:500, Kamiya BioMedical MC-
162), and P-gp (1:500, ThermoFisher MA1-26528). Anti β-actin anti-
bodies (1:5000, Cell Signaling 3700) were used for loading control.
Visualization of protein bands was developed by chemiluminescence
(SuperSignal, ThermoFisher) with exposure to a Gel Imager (FluorChem
E System, ProteinSimple).

Abbreviations

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(16:0)LysoPC 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
HPPH 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide
DMAP 4-(dimethylamino) pyridine
ABC ATP-binding cassette
BPD Benzoporphyrin derivative
BSA Bovine serum albumin
BCRP; encoded by ABCG2 Breast cancer resistance protein
DMSO Dimethyl sulfoxide
DOTAP Dioleoyltrimethylammoniumpropane
DPPC Dipalmitoylphosphatidylcholine
DSPE-PEG Distearoylphosphatidylethanolamine-methoxy poly-

ethylene glycol
EMEM Eagle's minimum essential medium
FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum
FTC Fumitremorgin C
IC50 Half maximal inhibitory concentration
MRP1 Multidrug resistance-associated protein 1
DIPEA N,N-diisopropylethylamine
L-LysoPC-BPD Nanoliposomal (16:0)Lyso-BPD
L-BPD Nanoliposomal BPD
NIH National Institutes of Health
NIR Near-infrared
P-gp P-glycoprotein (also known as Multidrug Resistance

Protein 1, MDR1)
PBS Phosphate-buffered saline
PDT Photodynamic therapy
PdI Polydispersity index
PVDF Polyvinylidene difluoride
PpIX Protoporphyrin IX
RMS Reactive molecular species
TKI Tyrosine kinase inhibitor
FDA U.S. Food and Drug Administration
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2.3. Preparation and characterization of (16:0)LysoPC-BPD conjugates

The (16:0)LysoPC-BPD conjugate was synthesized by crosslinking
the carboxylic acid group of BPD (U.S. Pharmacopeial Convention) to
the hydroxyl functional group of (16:0)LysoPC via the esterification
reaction. Briefly, 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
((16:0)LysoPC), BPD, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), 4-(dimethylamino) pyridine (DMAP), and N,N-diisopropylethy-
lamine (DIPEA) were mixed in dichloromethane at a fixed molar ratio
of 1:5:50:25:60 for 24 h at room temperature. Dichloromethane was
removed via rotary evaporation, and the residue was subjected to
Sephadex® LH-20 gel chromatography column purification in methanol,
following which methanol was removed via rotary evaporation and the
purified (16:0)LysoPC-BPD was stored at −20 °C. The purified (16:0)
LysoPC-BPD conjugates were analyzed using matrix-assisted laser des-
orption ionization-time of flight mass spectrometry (MALDI-TOF MS;
Bruker).

2.4. Synthesis and purification of nanoliposomal formulations of BPD (L-
BPD) and (16:0)LysoPC-BPD (L-LysoPC-BPD)

The two types of nanoliposomes: (1) L-BPD; and (2) L-LysoPC-BPD
were prepared by following our established protocol [37,38]. Briefly,
dipalmitoylphosphatidylcholine (DPPC), cholesterol, distearoylpho-
sphatidylethanolamine-methoxy polyethylene glycol (DSPE-PEG), and
dioleoyltrimethylammoniumpropane (DOTAP) (Avanti Polar Lipids)
were mixed in chloroform at a fixed molar ratio of 20:10:1:2.5. For the
L-BPD formulation, 50 nmoles of BPD were co-dissolved with lipids at
BPD-to-total lipid ratio of ∼0.6mol%. For L-LysoPC-BPD formulation,
50 nmoles of (16:0)LysoPC-BPD was co-dissolved with lipids. Chloro-
form was removed by rotary evaporation overnight to generate a thin
lipid film. The resulting lipid film was rehydrated with 1mL of phos-
phate-buffered saline (PBS) at 45 °C, and then subjected to freeze-thaw
cycles (4°C-45 °C) for 2 h. The dispersion was then extruded ten times
through two stacked polycarbonate membranes (0.1 μm pore size; Nu-
clepore, Whatman) at 45 °C using a mini-extruder system (Avanti Polar
Lipids) to form unilamellar vesicles. Un-encapsulated photosensitizers
or drugs were removed by dialysis (Spectra/Por, MWCO 300kD, Spec-
trum Laboratories) against PBS. Zetasizer NanoZS (Malvern Instru-
ments) was used to measure the size of nanoliposomes. Concentration
of BPD was determined by UV–Vis spectroscopy with an appropriate
standard curve (ε=34,895M−1 cm−1, at 687 nm in dimethyl sulf-
oxide, DMSO).

2.5. Flow cytometry

Flow cytometry studies were performed by adapting the procedure
described previously [28,36]. Briefly, cells (MCF-7, MCF-7 MX100,
MCF-7/VP, or MCF-7 TX400; 300k per 35-mm dish) were incubated
with desired photosensitizing agents (i.e., free BPD, (16:0)LysoPC-BPD,
L-BPD or L-LysoPC-BPD; 0.25 and 1 μM) or known ABC transporter
substrates (BODIPY-prazosin, Calcein AM, or Rhodamine 123; Table S1)
for 1 h at 37 °C in 5% CO2. Subsequently, cells were washed with cold
PBS and then incubated with photosensitizer-free complete medium
with or without known ABC transporter inhibitors (Fumitremorgin C or
FTC, MK571, or valspodar; Table S1) for 1 h at 37 °C. Trypsinized cells
were subsequently washed with cold PBS prior to flow cytometry
analyses. Functional ABCG2 expression was confirmed by incubating
MCF-7 MX100 cells in 0.25 μM BODIPY-prazosin with or without
10 μMABCG2 inhibitor FTC. Functional MRP1 expression was de-
termined by incubating MCF-7/VP cells in 3 μg/mL calcein-AM with or
without 25 μM MRP1 inhibitor MK571. Functional P-gp was confirmed
by incubating MCF-7 TX400 cells in 1 μg/ml Rhodamine 123 with or
without 3 μg/mL of the P-gp inhibitor valspodar (Table S1). Samples
were analyzed on a fluorescence-activated cell sorting (FACS) flow
cytometer (BD FACScanto II). Calcein (Ex/Em: 494/517 nm) and

Rhodamine 123 (Ex/Em: 488/515 nm) fluorescence were detected with
a 488 nm laser and an AmCyan filter (525/50 nm). BODIPY-prazosin
(Ex/Em: 503/512 nm) was detected using a 488 nm laser and a FITC
filter (530/30 nm). BPD (Ex/Em: 435/690 nm) fluorescence was de-
tected with a 405 nm laser and a PerCP-Cy5-5 filter (LP670 nm). At
least 50,000 events were collected for all of the flow cytometry studies.
The gated single cell populations were analyzed using Flowjo V10.

2.6. Photodynamic therapy (PDT) of MCF-7 parental and sub lines

Cells cultured overnight in 35-mm Petri dishes (300k cells per dish)
were incubated with photosensitizing agents (i.e., free BPD or (16:0)
LysoPC-BPD; 0.25 μM) for 4 h. Subsequently, cells were washed three
times with PBS and then incubated with photosensitizer-free complete
medium for different periods of time (1, 16, or 24 h) prior to light ac-
tivation. Photosensitizer uptake in cancer cells was determined using
extraction methods as described previously [26]. PDT was performed
by exposing the cells to near-infrared light (690 nm, 0–20 J/cm2, 10W/
cm2, bottom illumination; Modulight). Cell viability was determined by
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay at 24 h after PDT following the vendor's protocol.

3. Results

3.1. BPD is an ABCG2-and P-gp-specific substrate

To determine the effects of ABC transporters on the intracellular
retention of BPD photosensitizers, efflux studies were performed on a
panel of human breast cancer cell lines overexpressing ABCG2, MRP1,
or P-gp. Immunoblotting was used to verify high levels of ABCG2,
MRP1, and P-gp in MCF-7 MX100, MCF-7/VP, and MCF-7 TX400 cell
lines, respectively, compared to their parental MCF-7 cell line (Fig. 1).
Cells were incubated with BPD photosensitizers or known substrates of
ABC transporters (0.25 μM BODIPY-prazosin for ABCG2; 3 μg/mL Cal-
cein AM for MRP1; 1 μg/mL Rhodamine 123 for P-gp; Table S1) for 1 h,
washed with PBS, then incubated for 1 h in photosensitizer-free or
substrate-free media with or without known transporter inhibitors
(10 μM FTC for ABCG2; 25 μM MK571 for MRP1; 3 μg/mL valspodar for
P-gp; Table S1). The intracellular fluorescence of photosensitizers or
substrates were determined by flow cytometry. In ABCG2-over-
expressing MCF-7 MX100 cells, the addition of ABCG2 inhibitor FTC
increased both the intracellular fluorescence of BPD (Fig. 2A) and
ABCG2 substrate BODIPY-prazosin (Fig. S2A). When MRP1-over-
expressing MCF-7/VP cells were incubated in medium containing MRP1
substrate calcein AM with or without MRP1 inhibitor MK571, high

Fig. 1. Western blot analysis of ABCG2, MRP1, and P-gp expression in MCF-7,
MCF-7 MX100, MCF-7/VP, and MCF-7 TX400 cells. β-Actin was used as a
loading control. Whole cell extracts (20 μg) were loaded in each lane.
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levels of MK571-inhibitable calcein AM efflux were observed (Fig. S2B).
However, when MCF-7/VP cells were incubated with BPD in the pre-
sence or absence of MK571, no change in the intracellular levels of BPD
was observed (Fig. 2B). The P-gp-overexpressing MCF-TX400 cells

demonstrated high levels of valspodar-inhibitable BPD efflux (Fig. 2C)
and valspodar-inhibitable Rhodamine 123 efflux (Fig. S2C). In the MCF-
7 parent cell line, FTC-inhibitable BPD efflux, MK571-inhibitable BPD
efflux, and valspodar-inhibitable BPD efflux were not detected

(caption on next page)
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(Fig. 2D–F). These results suggest that BPD is a substrate of ABCG2 and
P-gp, but not MRP1.

3.2. Lipidation of BPD affects the transport of BPD by ABCG2 and P-gp

Covalent conjugation or non-covalent association of photo-
sensitizers and phospholipids is an expedient strategy to improve the
photoactivity of photosensitizers under biologically relevant conditions
and in clinical settings. Next, we investigated whether a more complex
lipid-photosensitizer structure would be less effectively transported by
ABCG2 and P-gp. The phospholipid-photosensitizer conjugate, (16:0)
LysoPC-BPD, was synthesized by an esterification reaction between the
carboxyl groups of BPD photosensitizer and the alcohol groups of (16:0)
LysoPC phospholipids (Fig. S2 and Fig. S3). To evaluate the specificity
of (16:0)LysoPC-BPD for ABCG2, MRP1, and P-gp, flow cytometry
studies were performed on MCF-7 MX100, MCF-7/VP, and MCF-7
TX400 cells, respectively (Fig. 2G–L). When MCF-7 MX100 cells were
incubated in (16:0)LysoPC-BPD with or without the ABCG2 inhibitor
FTC, no FTC-inhibitable (16:0)LysoPC-BPD efflux was observed
(Fig. 2G). Similarly, in MCF-7/VP cells incubated in (16:0)LysoPC-BPD
with or without MRP1 inhibitor MK571, no MK571-inhibitable (16:0)
LysoPC-BPD efflux was observed (Fig. 2H). When MCF-7/VP cells were
incubated in (16:0)LysoPC-BPD with or without P-gp inhibitor val-
spodar, only minimal valspodar-inhibitable (16:0)LysoPC-BPD efflux
was seen (Fig. 2I). This data indicates that (16:0)LysoPC-BPD is not an
ABCG2 or MRP1 substrate, but remains a P-gp substrate.

We then compared the intracellular levels of BPD and (16:0)LysoPC-
BPD with or without ABC transporter inhibitors in the selected cell lines
(Fig. 2J–L). In MCF-7 MX100 cells, the addition of FTC resulted in an
approximately 3.6 ± 0.9 fold increase in intracellular fluorescence of
BPD, but no change in the intracellular fluorescence of (16:0)LysoPC-
BPD was observed in the presence of FTC (Fig. 2J). In MCF-7/VP cells,
the addition of MK571 did not alter the intracellular fluorescence of
BPD or (16:0)LysoPC-BPD (Fig. 2K). In MCF-7 TX400 cells, the addition
of valspodar resulted in a 3.0 ± 0.3 fold increase in the intracellular
fluorescence of BPD. Interestingly, a significantly less pronounced
2.0 ± 0.5 fold increase in intracellular fluorescence of (16:0)LysoPC-
BPD was observed in the presence of valspodar. This observation im-
plies that (16:0)LysoPC-BPD could be a weaker P-gp substrate com-
pared to BPD (Fig. 2L). We further confirmed that the escape of (16:0)

LysoPC-BPD from P-gp and ABCG2-mediated efflux relies on the suc-
cessful click chemistry coupling between (16:0)LysoPC and BPD (Fig.
S4). Using mixtures of unconjugated (16:0)LysoPC and BPD, we showed
that BPD remains a substrate of P-gp and ABCG2 (Fig. S4).

3.3. Design, preparation, and characterization of L-BPD and L-LysoPC-BPD

Hydrophobic BPD photosensitizers benefit from nanoliposomal
formulation through an improvement in their pharmacokinetic profile
and PDT efficacy in the clinic. Here, we prepared two nanoliposomal
formulations stably entrapping BPD or (16:0)Lyso-BPD. Nanoliposomal
BPD (L-BPD) and nanoliposomal (16:0)Lyso-BPD (L-LysoPC-BPD)
(Fig. 3) were reproducibly synthesized via the freeze-thaw extrusion
method as described previously [37,38]. Both L-BPD and L-LysoPC-BPD
were grafted with ∼3mol% of PEG and formed in the size range of
140–150 nm with a narrow size distribution (polydispersity index,
PdI≤ 0.1) (Fig. 3A). The entrapment efficiency and the loading capa-
city of BPD or (16:0)Lyso-BPD in the nanoliposomes were determined
by UV–visible spectroscopy after complete dissolution of the nanoli-
posomes in DMSO (Fig. 3B). Conjugation of BPD to (16:0)LysoPC did
not alter the Q band (690 nm) or the Soret peak (435 nm) of BPD, as
lipidation does not reduce the number of double bonds in the pyrrole
rings of BPD (Fig. 3B) [39]. For L-BPD, BPD molecules were embedded
within the liposomal lipid-bilayer via hydrophobic and ionic interac-
tions at an entrapment efficiency of 78.4 ± 0.8%. In the case of L-
LysoPC-BPD, BPD was covalently anchored onto (16:0)LysoPC, which
serves as a lipid component in the liposome formation with entrapment
efficiency of 92.7 ± 1.5%. This corresponded to approximately
267 ± 14 BPD molecules per liposome for L-BPD, and 273 ± 5 (16:0)
LysoPC-BPD molecules per liposome for L-LysoPC-BPD. The liposomal
formulation facilitated the monomerization of the photosensitizers and
maintained the fluorescence emission signal of BPD molecules in phy-
siologically relevant environments (Fig. 3C).

3.4. Porphyrin-lipid nanovesicle L-LysoPC-BPD escapes efflux by P-gp and
ABCG2

As little data is available on the impact of nanoliposomal formula-
tion on the efflux of photosensitizers, we next compared BPD efflux
using L-BPD and L-LysoPC-BPD nanoformulations in the selected cell

Fig. 2. BPD is transported by ABCG2 and P-gp, but not MRP1. Selected cell lines overexpressing (A) ABCG2 (MCF-7 MX100), (B) MRP1 (MCF-7/VP), or (C) P-gp
(MCF-7 TX400), and (D–F) parental MCF-7 cells were incubated with 0.25 μM BPD for 1 h at 37 °C. Subsequently, cells were washed and incubated in BPD-free
complete medium with or without the desired inhibitor (10 μM FTC for ABCG2, 25 μM MK571 for MRP1, or 3 μg/ml valspodar for P-gp) for 1 h at 37 °C. Intracellular
fluorescence of BPD was determined using a flow cytometer equipped with the appropriate filter. Representative data from at least three independent experiments are
shown. NT: not treated, control. (16:0)LysoPC-BPD is not transported by ABCG2 and MRP1, and becomes a weaker substrate of P-gp compared to BPD. Selected cell
lines overexpressing (G) ABCG2 (MCF-7 MX100), (H) MRP1 (MCF-7/VP), or (I) P-gp (MCF-7 TX400) were incubated with (16:0)LysoPC-BPD for 1 h at 37 °C.
Subsequently, cells were washed and incubated in (16:0)LysoPC-BPD-free complete medium with or without the desired inhibitor (10 μM FTC for ABCG2, 25 μM
MK571 for MRP1, or 3 μg/ml valspodar for P-gp) for 1 h at 37 °C. Intracellular fluorescence of BPD was determined using a flow cytometer equipped with appropriate
filter. (J–L) The mean intracellular fluorescence signal of BPD and (16:0)LysoPC-BPD with or without ABC transporter inhibitors in MCF-7 MX100, MCF-7/VP and
MCF-7 TX400 cell lines. (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, n.s.: nonsignificant, two-tailed t-test). NT: not treated, control.

Fig. 3. Photophysical characterization of
nanoliposomal BPD (L-BPD) and nanolipo-
somal (16:0)LysoPC-BPD (L-LysoPC-BPD).
(A) Nanoliposomes synthesized via bilayer
encapsulation BPD or (16:0)LysoPC-BPD
resulted in formation of monodispersed na-
noliposomes around 150 nm (PdI≤ 0.1)
and 140 nm (PdI < 0.1) respectively
(n=3). (B) Representative absorbance
spectra of L-BPD and L-LysoPC-BPD in
DMSO. Q band of BPD (690 nm, wavelength
for light activation) was not altered in ei-
ther nano-formulation. (C) Fluorescence
spectra of L-BPD and L-LysoPC-BPD in
phosphate-buffered saline.
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lines (Fig. 4). In MCF-7 MX100 cells overexpressing ABCG2, incubation
of FTC increased the intracellular fluorescence of L-BPD by 5.3 ± 1.3
fold (Fig. 4A); however, no significant change in the intracellular
fluorescence of L-LysoPC-BPD was observed in the presence of FTC
(Fig. 4B and C). In MCF-7/VP cells overexpressing MRP1, the addition

of MK571 did not alter the intracellular fluorescence of L-BPD (Fig. 4D)
or L-LysoPC-BPD (Fig. 4E and F). In MCF-7 TX400 cells overexpressing
P-gp, the addition of valspodar led to a 3.0 ± 1.3-fold increase in in-
tracellular fluorescence of L-BPD (Fig. 4G). On the other hand, only a
modest 1.6 ± 0.1-fold increase in the intracellular fluorescence of L-

Fig. 4. Transport of nanoliposomal BPD (L-BPD) and nanoliposomal (16:0)LysoPC-BPD (L-LysoPC-BPD) by breast cancer cell lines overexpressing (A–C) ABCG2
(MCF-7 MX100), (D–F) MRP1 (MCF-7/VP), or (G–I) P-gp (MCF-7 TX400). Cells were incubated with 1 μM L-BPD or L-LysoPC-BPD for 1 h at 37 °C. Subsequently, cells
were washed and incubated in BPD-free complete medium with or without the desired inhibitor (10 μM FTC for ABCG2, 25 μM MK571 for MRP1, or 3 μg/ml
valspodar for P-gp) for 1 h at 37 °C. Intracellular fluorescence of BPD or (16:0)LysoPC-BPD were determined using a flow cytometer equipped with the appropriate
filter. (A, B, D, E, G, H) Representative data are shown. The mean intracellular fluorescence signal of BPD and (16:0)LysoPC-BPD with or without ABC transporter
inhibitors in (C) MCF-7 MX100, (F) MCF-7/VP, and (I) MCF-7 TX400 cell lines. NT: not treated, control. (n = 3, *P < 0.05, **P < 0.01, ***P < 0.001, n.s.:
nonsignificant, two-tailed t-test).
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LysoPC-BPD was observed in the presence of valspodar (Fig. 4H and I).
We observed that although L-LysoPC-BPD evades efflux by ABCG2, it
only partially evades P-gp.

3.5. L-LysoPC-BPD overcomes ABCG2 and P-gp-mediated PDT resistance

The flow cytometry studies above revealed that BPD is a substrate
for P-gp and ABCG2, whereas (16:0)LysoPC-BPD is no longer a sub-
strate for ABCG2 and becomes a weaker substrate for P-gp. We subse-
quently quantified the longitudinal accumulation of BPD and (16:0)
LysoPC-BPD photosensitizers in MCF-7 MX100 cells expressing ABCG2
and MCF-7 TX400 cells expressing P-gp to study ABCG2-mediated and
P-gp-mediated PDT resistance. In MCF-7 MX100 cells treated with BPD,
we observed a dramatic 97% decrease in intracellular BPD concentra-
tion from 57.9 ± 6.8 fmoles of BPD per mg of protein (fmole/mg) at
1 h post-incubation, to 3.6 ± 0.6 and 1.6 ± 0.6 fmol/mg at 16 and
24 h post-incubation, respectively (Fig. 5A). In contrast, the in-
tracellular level of (16:0)LysoPC-BPD was maintained at
13.4 ± 6.8 fmol/mg for up to 24 h in MCF-7 MX100 cells (Fig. 5A).
Similarly, up to 98% reduction of intracellular BPD concentration to
2.0 ± 0.9 fmol/mg was seen in MCF-7 TX400 cells at 24 h (Fig. 5B).
The intracellular (16:0)LysoPC-BPD level was maintained for up to 16 h
at 10.3 ± 1.0 fmol/mg for up to 16 h in MCF-7 TX400 cells (Fig. 5B). In
both MCF-7 MX100 and MCF-7 TX400 cell lines, the intracellular levels
of (16:0)LysoPC-BPD were significantly higher than that of BPD at 16
and 24 h post-incubation (Fig. 5A and B).

To determine if the improved retention of (16:0)LysoPC-BPD in
cancer cells would result in an enhanced PDT outcome, we performed
cytotoxicity assays on MCF-7 MX100 and MCF-7 TX400 treated with
(16:0)LysoPC-BPD, free BPD, or their liposomal formulations at 24 h
after light irradiation (Fig. 5C and D). Both MCF-7 MX100 and MCF-7
TX400 cell lines showed resistance to PDT using BPD and L-BPD with
less than 20% killing at light fluences of 5, 10 and 20 J/cm2. Resistance
to PDT was abrogated when using (16:0)LysoPC-BPD or L-LysoPC-BPD
at the same incubation conditions. In MCF-7 MX100 and MCF-7
TX400 cell lines, a light-dose dependent reduction of cell viability by
approximately 40%, 50%, and 70% was observed at 5, 10, and 20 J/

cm2, respectively. The half maximal inhibitory concentration (IC50)
values for MCF-7 MX100 and MCF-7 TX400 cells were determined to be
similar at ∼2.5 μM ✕ J/cm2 for (16:0)LysoPC-BPD and ∼5 μM ✕ J/cm2

for L-LysoPC-BPD. The higher IC50 value for L-LysoPC-BPD in com-
parison to the IC50 value for (16:0)LysoPC-BPD is presumably due to the
stealth properties of PEG (∼3mol%) grafted on L-LysoPC-BPD that
limits photosensitizer uptake [40]. We did not determine the IC50 of
BPD and L-BPD in MCF-7 MX100 and MCF-7 TX400 cells, due to their
strong resistance to PDT and minimal cell killing.

4. Discussion

Benzoporphyrin derivative (BPD) liposome injection (Visudyne®)
has been approved by the U.S. Food and Drug Administration (FDA) for
the treatment of patients with wet (neovascular/exudative) age-related
macular degeneration [41], and it is currently being tested in a Phase II
clinical trial for PDT of metastatic breast cancer for which curative
treatments are unavailable (NCT02939274). Data from The Cancer
Genome Atlas (TCGA) database indicate that multiple ABC transporters
(i.e., ABCG2 and P-gp) are co-expressed in breast tumors and several
other cancer types [6]. It has been shown that there is a positive cor-
relation with the number of co-expressed ABC transporters and reduced
relapse-free survival time in cancer patients [8]. Unfortunately, the lack
of clinical success with small-molecule ABC transporter inhibitors over
the past 40 years has led to a serious setback for the field [6]. This is a
testimony to the desperate need for a conceptual shift to a new strategy
that has the potential to overcome multidrug resistance in cancer cells.
This study demonstrates that phospholipid-conjugated photosensitizing
drugs can escape efflux by multiple ABC transporters and might be a
way to circumvent PDT resistance.

We first examined the effect of ABCG2, P-gp, or MRP1 expression on
the efflux of BPD photosensitizer using a panel of well-characterized
breast cancer cell lines. The selective ABCG2 inhibitor (FTC) and P-gp
inhibitor (valspodar) increased the intracellular fluorescence of BPD in
cancer cells overexpressing ABCG2 and P-gp, respectively. On the other
hand, in the presence of an MRP1 inhibitor (MK571), cells expressing
high levels of MRP1 did not show increased intracellular fluorescence of

Fig. 5. Photosensitizer efflux and resistance to photo-
dynamic therapy (PDT) were mitigated when using
(16:0)LysoPC-BPD and its nanoliposomal formulation (L-
LysoPC-BPD). Selected cell lines overexpressing (A)
ABCG2 (MCF-7 MX100), or (B) P-gp (MCF-7 TX400) were
incubated with 1 μM BPD or (16:0)LysoPC-BPD for 4 h at
37 °C. Subsequently, cells were washed and incubated in
fresh medium to allow for photosensitizer efflux for 1, 16,
or 24 h at 37 °C. Intracellular BPD concentration was de-
termined using extraction methods with appropriate
standard curves. Cytotoxicity assays were performed as
described in the Materials and Methods section with BPD,
L-BPD, (16:0)LysoPC-BPD, and L-LysoPC-BPD on (C)
MCF-7 MX100 cells or (D) MCF-7 TX400 cells. (n = 3,
*P < 0.05, **P < 0.01, ***P < 0.001, n.s.: non-
significant, two-tailed t-test).
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BPD, as measured by flow cytometry. While our observation that BPD is
an ABCG2 substrate agrees with previous findings [34,35,38], this
study provides new knowledge that BPD is indeed a P-gp substrate, but
not an MRP1 substrate.

Visudyne® is a lyophilized mixture composed of BPD, unsaturated
egg phosphatidylglycerol, and dimyristoyl phosphatidyl choline, which
needs to be reconstituted with aqueous buffer to form polydispersed
liposomal vesicles of BPD (200 nm–1 μm in diameter) prior to admin-
istration [42]. Based on this information, we compared the effect of
ABCG2, P-gp, or MRP1 expression on the efflux of ‘phospholipid-mixed’
BPD and our ‘phospholipid-conjugated’ BPD. We show that simply
mixing phospholipids and BPD does not mitigate the efflux of BPD by
ABCG2 and P-gp in breast cancer cells. In contrast, covalent conjugation
of phospholipid was necessary to evade the ABCG2-and P-gp-mediated
transport of the phospholipid-BPD conjugates, verifying our hypothesis
that photosensitizers with a more complex biomolecular structure will
be effluxed in a less effective manner by a variety of ABC transporters.
Our findings are in agreement with the study by Liu et al. showing that
attachment of galactose to HPPH also reduced the HPPH efflux by
∼50% in the RIF-1 murine radiation-induced fibrosarcoma cell line
[35]. Discovery and development of bioconjugation-based photo-
sensitizers that are poor substrates for ABC efflux pumps remains an
understudied area that should be further explored.

Monodispersed nanoscopic liposomes (i.e., 100–200 nm) have
proven to be valuable and flexible photosensitizer delivery vehicles that
allow light-triggered release of enclosed materials that home in or ac-
cumulate at desired sites preferentially to reduce the side effects of the
treatment [27,43]. Nanoliposomal delivery of ‘unconjugated, free-form’
porphyrins and phthalocyanines to tumors was first demonstrated by
Jori et al. in the 80–90's [44–46]. Pioneered by Zheng, Lovell, and
colleagues, porphysomes are nanoliposomes containing ‘lipid-anchored’
porphyrins that can be light activated for in vivo photothermal or
photodynamic tumor ablation [47–49]. Recognizing these advances, we
develop monodispersed nanoliposomes (PdI≤ 0.1) containing ‘un-
conjugated, free-form’ BPD, or ‘lipid-anchored’ BPD and compare their
transport by ABCG2 and P-gp in cancer cells. Nanoliposomes containing
‘lipid-anchored’ BPD (i.e., porphysomes) evaded photosensitizer efflux
by ABCG2 and P-gp in breast cancer cells, and maintained BPD con-
centration in cells for at least 24 h post-incubation for effective PDT
outcomes. On the other hand, ‘unconjugated, free-form’ BPD in nano-
liposomes remained a substrate of ABCG2 and P-gp. Similarly, up to
98% of the intracellular BPD was removed from ABCG2-and P-gp-
overexpressing cells at 24 h post-incubation, resulting in pronounced
resistance to PDT.

In addition to PDT of cancer cells, the fluorescence signal generated
from the relaxation of excited-state photosensitizers can be used for
fluorescence imaging and image-guided resection of disseminated tu-
mors [26,50]. Our data indicates that, in tumors expressing ABCG2 and
P-gp, intracellular photosensitizers levels could be maintained when
using ‘lipid-anchored’ BPD and its liposomal formation. Thus, fluores-
cence imaging of tumors with lipid-anchored’ BPD and porphysomes
could potentially be more effective for tumors which express ABCG2
and P-gp, compared to using free BPD and its liposomal formation.

In conclusion, we show that BPD photosensitizers are readily
transported by P-gp and ABCG2, but not MRP1. ABCG2 and P-gp pro-
tect cancer cells from PDT with BPD. Lipidation camouflages BPD to
mitigate P-gp and ABCG2-mediated efflux and improves intracellular
BPD retention for enhanced PDT efficiency. Porphyrin-lipid nanove-
sicles also overcome ABC transporter-mediated resistance to PDT in
cancer cells. Further studies to confirm whether or not these formula-
tions are indeed poor substrates for efflux pumps and whether they
could improve tumor photosensitivity and imaging in vivo are war-
ranted.
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