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C
hemotherapy is a leading treatment
for many types and different stages
of cancers. However, cancer cells

often develop drug resistance and stop
responding to chemotherapeutics after re-
peated sessions of chemotherapy.1,2 New
treatment strategies are needed in order to
more effectively eradicate cancer. Combin-
ing multiple conventional cancer treatment
modalities such as chemotherapy andphoto-
dynamic therapy (PDT) can potentially over-
come drug resistance through different me-
chanisms of actions to achieve enhanced
anticancer efficacy.3�5

PDT is an effective anticancer procedure
that involves the administration of a tumor-
localizing photosensitizer (PS) followed by
light activation to generate highly cytotoxic
reactive oxygen species (ROS), particularly
singlet oxygen (1O2), which trigger cell
apoptosis and necrosis.6�9 By localizing
both the PS and the light exposure to tumor
regions, PDT can selectively kill tumor cells

while preserving local tissues.6,10,11 PDT has
been used to successfully treat patients of
many different cancers.12�18 The use of
PDT for treating cancers in the head and
neck region is particularly advantageous
over traditional treatment modalities (e.g.,
surgery and irradiation) as PDT causes less
destruction of surrounding tissues and re-
duces aesthetic and functional impair-
ments.19,20 Porphyrin molecules such as
Photofrin, Verteporfin, Foscan, Photochlor,
and Talaporfin are among the most com-
monly used PSs for PDT.11,21,22 Although
they have efficient photochemistry for ROS
generation, their suboptimal tumor accu-
mulation after systemic administration lim-
its the efficacy of PDT in the clinic.
Nanoparticulate systems can enhance

the delivery of small molecule drugs and
biologics to tumor sites via the enhanced
permeability and retention (EPR) effect by
taking advantage of leaky blood vascula-
tures and reduced lymphatic drainage in
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ABSTRACT Combination therapy enhances anticancer efficacy of

both drugs via synergistic effects. We report here nanoscale coordina-

tion polymer (NCP)-based core�shell nanoparticles carrying high

payloads of cisplatin and the photosensitizer pyrolipid, NCP@pyrolipid,

for combined chemotherapy and photodynamic therapy (PDT).

NCP@pyrolipid releases cisplatin and pyrolipid in a triggered manner

to synergistically induce cancer cell apoptosis and necrosis. In vivo

pharmacokinetic and biodistribution studies in mice show prolonged

blood circulation times, low uptake in normal organs, and high tumor

accumulation of cisplatin and pyrolipid. Compared to monotherapy, NCP@pyrolipid shows superior potency and efficacy in tumor regression (83% reduction

in tumor volume) at low drug doses in the cisplatin-resistant human head and neck cancer SQ20B xenograft murine model. We elucidated the in vitro/vivo

fate of the lipid layer and its implications on the mechanisms of actions. This study suggests multifunctional NCP core�shell nanoparticles as a versatile

and effective drug delivery system for potential translation to the clinic.

KEYWORDS: nanoscale coordination polymer . core�shell nanostructure .
combination of chemotherapy and photodynamic therapy . tumor regression
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tumors.23�27 Nanoparticles can in principle be used to
increase the accumulation of PSs at tumor sites to
enhance the PDT efficacy without overly relying on
high-precision light delivery.10,24,28�30 An effective PS
nanocarrier must not only have a high payload but also
release the agent in a controlled manner to afford a
high PS concentration during the typically short dura-
tion of light activation (ca. 30 min).31 In addition, the
PS agent must have suitable molecular properties to
localize inside cancer cells and to minimize self-
quenching of their photochemical excited states in
order to efficiently generate ROS for selective killing of
cancer cells. Because of these stringent requirements,
an effective nanocarrier for PDT agents has yet to be
developed for clinical use.
We have pioneered the development of nanoscale

coordination polymers (NCPs) as a versatile nanoparti-
cle platform for cancer imaging and therapy,32�43 and
recently reported a self-assembled, lipid-coated NCP
system for the selective delivery of platinum-based
anticancer drugs to a variety of tumors.32 The NCP core
is constructed by linking platinum-based prodrugs
with zinc metal ions via coordination bonds and then
coated with an asymmetric lipid bilayer containing an
outer polyethylene glycol (PEG) shell. For example, the
NCP particles that carry a cisplatin prodrug have a
prolonged blood circulation half-life (∼16.4 h) after
intravenous injection and the ability to trigger cisplatin
release inside cancer cells, leading to enhanced anti-
cancer potency in multiple murine xenograft tumor
models.32 We hypothesize that the NCP particles pro-
vide an excellent foundation for constructing multi-
functional core�shell hybrid nanoparticles that can
selectively deliver and trigger release chemotherapeu-
tic and PDT agents inside cancer cells to enable highly
synergistic and effective combination chemotherapy
and PDT.
Zheng and Lovell reported the self-assembly of

phospholipid-porphyrin (pyrolipid) into porphysomes,
a liposome-type of nanoparticles, for PDT in xenograft
mousemodels.44�47 In the present study, we construct
a novel NCP@pyrolipid core�shell nanoparticle with a
cisplatin prodrug in the core and pyrolipid in the shell
to enable combination PDT and chemotherapy with a
single delivery system. NCP@pyrolipid maintains struc-
tural integrity extracellularly but releases cisplatin and
pyrolipid in a triggered manner intracellularly to allow
for time- and site-specific cytotoxicity. Synergistic ac-
tions of chemotherapy from cisplatin and PDT from
pyrolipid and light activation by NCP@pyrolipid afford
much enhanced anticancer efficacy in head and neck
cancer cells and in a xenograft mouse model after
intravenous administration when compared to free
drugs and monotherapy particles. More importantly,
the distinct optical absorption and fluorescence char-
acteristics of pyrolipid and NCP@pyrolipid allow us to
elucidate the in vitro and in vivo fates of the lipid layer

of the core�shell nanoparticle and their implications
on the mechanisms of actions for combination
therapy.

RESULTS

Self-Assembly and Characterization of NCP@Pyrolipid. NCP
particles containing a cisplatin prodrug were prepared
as previously reported by us.32 Briefly, a mixture of
Zn(NO3)2 and a cisplatin prodrug, cis,cis,trans-[Pt(NH3)2-
Cl2(OCONHP(O)(OH)2)2], with 1,2-dioleoyl-sn-glycero-3-
phosphate sodium salt (DOPA) in the Triton X-100/
1-hexanol/cyclohexane/water reverse microemulsion
was vigorously stirred at room temperature for 30 min
to afford spherical DOPA-coated NCP particles of
20 nm in diameter by transmission electron micro-
scopy (TEM, Figure S1, Supporting Information) and
54.1 nm in diameter by dynamic light scattering (DLS,
Figure S2). NCP has a cisplatin loading of 25( 2wt% as
determined by inductively coupled plasma-mass spec-
trometry (ICP-MS). NCP was coated with pyrolipid and
pegylated to afford NCP@pyrolipid by stirring a tetra-
hydrofuran (THF) solution (80 μL) of pyrolipid, choles-
terol, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC,
pyrolipid/cholesterol/DSPC = 1:1:2 in molar ratios),
20 mol % DSPE-PEG2k, and DOPA-capped NCP in
500 μL of 30% (v/v) ethanol/water at 60 �C for 1 min.
The THF and ethanol in the nanoparticle suspension
was completely evaporated before subsequent use in
in vitro and in vivo experiments. NCP@pyrolipid con-
tains a self-assembled and asymmetric lipid bilayer,
with pyrolipid as a PS for PDT, DSPC as a lipid compo-
nent to form lipid bilayer, cholesterol as a lipid exci-
pient to order, condense and stabilize the lipid bilayer
structure,48 and DSPE-PEG2k to endow “stealth” and
long circulation properties (Figure 1a).49,50 The NCP
cores were synthesized in the presence of DOPA and
afforded nanoparticles with a monolayer of DOPA
coating via Zn-phosphate interactions between NCPs
and DOPA molecules and hydrophobic�hydrophobic
interactions among DOPA molecules. DOPA-coated
NCPs were further coated with DSPC, cholesterol,
DSPE-PEG2k, and pyrolipid to yield self-assembled
and asymmetric lipid bilayers via hydrophobic/hydro-
phobic interactions between DOPA molecules and the
other lipid components.

TEM images of NCP@pyrolipid demonstrated the
formation of uniform spherical nanoparticles without
aggregation (Figure 1b) and the maintenance of the
NCP core structure after lipid coating (Figure S3). DLS
measurements gave a Z-average diameter, polydisper-
sity index (PDI), and zeta potential of 108.0 ( 0.2 nm,
0.136 ( 0.012, and �2.3 mV for NCP@pyrolipid dis-
persed in phosphate buffered saline (PBS), respectively
(Figure S4). The small sizes and near neutral surface
charge of NCP@pyrolipid suggested their potential in
in vivo applications. NCP@pyrolipid also exhibited favor-
able structural stability in physiological environment
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as evidenced by the unaltered particle size and PDI
observed by incubating the particles in PBS containing
5 mg/mL BSA for up to 24 h (Figure S5).

When dissolved in THF or PBS, pyrolipid showed a
broad Soret band around 400nmand a distinct Q-band
at 669 nm (Figure 1c and Figure S6). DOPA-cappedNCP
particles had no absorption at 669 nm (Figure 1c). After
lipid coating, NCP@pyrolipid was centrifuged and the
pyrolipid amounts in both the supernatant and pre-
cipitate were determined by measuring the Q-band
absorption at 669 nm. About 265.6 μg of pyrolipid was
coated on the surface of each mg of NCP, correspond-
ing to a pyrolipid to cisplatin weight ratio of ∼1:1 (a
molar ratioof∼1:3) forNCP@pyrolipid (FigureS7, TableS1).
Porphysome was prepared by following the procedure
reported by Zheng and co-workers (Figure S8).44,46

Photochemistry. Pyrolipid was incorporated into
the highly oriented and asymmetric lipid bilayer on
the surface of NCP@pyrolipid. At sufficiently high
pyrolipid loadings, the fluorescence of pyrolipid mol-
eculeswill self-quench owing to their proximity to each
other. Indeed, >96% of the pyrolipid fluorescence of
NCP@pyrolipid was quenched when its lipid layer was
intact (Figure S9). After addition of Triton X-100, a
detergent that can disrupt the lipid bilayer,44 pyrolipid
from the disrupted NCP@pyrolipid regained its fluo-
rescence (Figure S9). As the pyrolipid excited states in
intact NCP@pyrolipid are highly quenched, no energy
transfer to triplet oxygen was observed, with the
generation of negligible amount of 1O2 as determined
by the singlet oxygen sensor green (SOSG) reagent
(Figure 2a, Figure S10). In contrast, after the disruption

Figure 1. Schematic illustration, TEM image, and absorption spectra of NCP@pyrolipid. (a) Schematic showing the
composition of the self-assembled NCP@pyrolipid core�shell nanoparticle with PEG and pyrolipid in the outer lipid layer.
(b) TEM image of NCP@pyrolipid (drop cast from a PBS dispersion). Bar = 200 nm. (c) UV�vis absorption spectra of pyrolipid
(black), NCP@pyrolipid (red), and NCP (blue) in THF. The black and red curves overlap completely.
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of lipid layer with Triton X-100, NCP@pyrolipid effi-
ciently generated 1O2 (Figure 2a, Figure S10). The 1O2

generation efficiency of NCP@pyrolipid with disrupted
lipid layer was similar to that of porphysome (Figure 2a)
after adding Triton X-100 at the same pyrolipid concen-
tration (Figure 2a, Figure S10). Whether the lipid layer is
intact or not can therefore be exploited as a “switch” to
control the 1O2 generation upon irradiation. It is thus
important to understand the stability of the lipid layer of
NCP@pyrolipid on its journey to tumor sites after sys-
temic administration and upon entering cancer cells. This
understanding will also help us to elucidate themechan-
isms of actions for combined PDT and chemotherapy.

Cellular Uptake Dynamics and Intracellular Lipid Dissociation.
The endocytosis pathway of NCP@pyrolipid was first
studied in human head and neck cancer cell SQ20B.
The cells were preincubated with a series of uptake
inhibitors to block specific internalization pathways,
and then incubatedwith NCP@pyrolipid. The uptake of
NCP@pyrolipid significantly decreased in cells treated
with NaN3, chloropromazine, genistein, and Me-β-CD
(by 81.2 ( 6.0%, 69.3 ( 1.8%, 59.3 ( 1.7%, and 68.4 (
1.1%, respectively) but not wortmannin (by 8.4 ( 4.3%),

suggesting that the cell uptake is energy-dependent,
clathrin/caveolae/lipid raft-mediated endocytosis but
not micropinocytosis (Figure S11).51

The time-dependent cellular uptake of NCP@pyro-
lipid was evaluated in SQ20B cells with an incubation
time of up to 24 h. Free cisplatin, porphysome, and the
original NCP [carrying a cisplatin prodrug and coated
with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol, and DSPE-PEG2k]32 served as comparisons.
As depicted in Figure 2b, the cellular uptake of
NCP@pyrolipid was rapid and completed within 1 h,
as evidenced by the stable uptake amounts of both
cisplatin and pyrolipid over time for up to 24 h. In
addition, the uptake amounts of cisplatin and pyrolipid
for NCP@pyrolipid were almost identical throughout
the 24-h experiment. Considering the weight ratio of
pyrolipid to cisplatin in NCP@pyrolipid is ∼1:1, we
believe that NCP@pyrolipid enters the cells in its intact
form. Except for free cisplatin, cellular uptake of cispla-
tin and pyrolipid remained constant throughout the
24-h experiment. Both cisplatin and pyrolipid uptake
amounts of NCP@pyrolipid were higher than those of
NCP and porphysome.

Figure 2. Singlet oxygen generation and cellular uptake dynamics of NCP@pyrolipid. (a) Time-dependent 1O2 generation by
NCP@pyrolipid and porphysome in PBS reported by the SOSG fluorescence intensity (670 nm, 120 mW/cm2) for intact
particles versus particles with disrupted lipid bilayer. Data expressed as means ( SD (N = 3). (b) Cellular uptake of
NCP@pyrolipid, NCP, free cisplatin, and porphysome in SQ20B cells determined by ICP-MS (cisplatin uptake) and fluorimetry
(pyrolipid uptake). Data expressed as means ( SD (N = 3). (c) Efflux of cisplatin and pyrolipid of NCP@pyrolipid, NCP, free
cisplatin, and porphysome in SQ20B cells. Data expressed asmeans( SD (N= 3). (d) CLSM images showing the internalization
and intracellular distributionof pyrolipid coatedon theNCP in SQ20B cells. Channels are pyrolipid (405nm laser, red) andDIC.
Bar = 20 μm.
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In order to understand the cellular uptake dynamics
of NCP@pyrolipid, we determined the efflux of cisplatin
and pyrolipid in different formulations. SQ20B cells
were incubated with NCP@pyrolipid, NCP, free cispla-
tin, and porphysome for 4 h, and the culture medium
was replaced by fresh medium and further incubated
for 1, 2, 4, and 24 h. The cisplatin or pyrolipid amounts
detected in the culture medium were compared with
the 4-h uptake amounts to give the percent efflux
(Figure 2c). NCP@pyrolipid showed negligible efflux
(<1.5%) of cisplatin and pyrolipid during 24 h incuba-
tion. Porphysome showed as low pyrolipid efflux as
NCP@pyrolipid. Efflux of free cisplatin increased with
time (20.0% at 24 h) and was significantly higher
than NCP@pyrolipid and NCP, which results in the
decreased cellular cisplatin concentration over time.
Efflux of cisplatin for NCP remained at ∼8% over time,
and was higher than that of NCP@pyrolipid (<1.5%).

Confocal scanning laser microscopy (CLSM) ima-
ging and live cell imaging were also utilized to directly
observe the cell internalization and lipid disassociation
of NCP@pyrolipid (Figure 2d and Video S1). A 405 nm
laser was used for visualizing the pyrolipid. Interest-
ingly, no pyrolipid fluorescence was observed in the
first 2-h incubation by CLSM and live cell imaging. The
fluorescence appeared after ∼2 h of incubation and
increased with time. CLSM images also revealed that
some of the pyrolipid was incorporated into cell mem-
branes while the rest was distributed in the cytoplasm.
As demonstrated earlier, NCP@pyrolipid with intact
lipid layer exhibited nearly complete fluorescence
quenching. Combining these results, we conclude that
NCP@pyrolipid enter the cells in its intact form and
maintain structural integrity in the first 2 h followed by
the lipid layer dissociation and intracellular lipid redis-
tribution to the cell membrane and cytoplasm. After
incorporation into the cell membrane, pyrolipid might
change the dynamics, porosity, and permeability of the
cell membrane, which could lead to the reduced efflux
of both cisplatin and pyrolipid for up to 24 h. This
finding indicated that NCP@pyrolipid served as an
efficient delivery vehicle for both cisplatin and pyroli-
pid, making NCP@pyrolipid a promising candidate for
combined chemotherapy and PDT.

Time-dependent CLSM imaging results of doubly
labeled NCPs (Figure S12) confirmed that NCPs adsorb
on the cell membrane and enter the cells as intact
core�shell nanostructures as evidenced by the 97.5(
5.8% colocalization of the core (red fluorescence com-
ing fromChlorin e6) and shell (green fluorescence from
FITC) fluorescence at 10 min. Upon entering the cells,
the lipid layers gradually disassociated from the core
with the colocalization of red and green fluorescence
decreasing to 26.7( 4.2% after 1 h and maintaining at
the similar level after 2 h (24.1 ( 4.7%). Some green
fluorescence from the lipid appeared in the cell mem-
brane while the rest was distributed in the cytoplasm.

In contrast, the red fluorescence from the NCP core
mostly resided in the cytoplasm.

Cytotoxicity of NCP@pyrolipid via combined chemotherapy
and PDT. Cisplatin causes cytotoxicity mainly by indu-
cing apoptosis while PDT causes cytotoxicity via both
apoptosis and necrosis pathways.52,53 By combining
chemotherapy and PDT modalities into a single nano-
particle, NCP@pyrolipid can elicit both apoptosis and
necrosis efficiently upon irradiation. NCP@pyrolipid is
internalized by cells in its intact form and its lipid layer
gradually disassociates from the solid core and is
translocated to cell membrane or distributed in the
cytoplasm. Because of the negligible efflux, cisplatin
effectively induces cell apoptosis by binding to DNA
whereas pyrolipid accumulates in the cells at a high
concentration to efficiently generate 1O2 upon irradia-
tion to cause cell death via both apoptosis and necrosis
(Figure 3a).

The cytotoxicity of NCP@pyrolipid was evaluated
against four human head and neck cancer cells includ-
ing cisplatin-sensitive HNSCC135 and SCC61 as well as
cisplatin-resistant JSQ3 and SQ20B, and was compared
with the cytotoxicity induced by free cisplatin (mono-
chemotherapy), NCP (monochemotherapy) and por-
physome (mono-PDT). Cisplatin IC50 of NCP and free
cisplatin showed no significant difference in cells with
or without irradiation, indicating that light does not
affect the viability of cells treated with formulations
without a PS (Table 1, Figure S13�S16). The cytotoxi-
city of NCP@pyrolipid in cells without irradiation was
similar to those of NCP and free cisplatin, and porphy-
some alone induced no cytotoxicity in cells without
irradiation. These results indicate that pyrolipid does
not exhibit cytotoxicity without light activation. After
irradiation, NCP@pyrolipid exhibited superior cytotoxi-
city to monochemotherapy (NCP) and mono-PDT
(porphysome) as evidenced by its significantly de-
creased cisplatin and pyrolipid IC50 values in all the
four cancer cell lines (Table 1, Figure S13�S16). In
resistant SQ20B and JSQ3 cell lines, the cisplatin IC50
values of NCP@pyrolipid with irradiation decreased by
about an order of magnitude when compared to free
cisplatin, NCP, and NCP@pyrolipid without irradiation.
Upon irradiation, the pyrolipid IC50 values of NCP@pyr-
olipid decreased by 8.0- and 6.2-fold compared with
porphysome in SQ20B and JSQ3 cells, respectively. The
enhanced cytotoxicity of NCP@pyrolipid upon light
activation can be attributed to the synergistic effect
of chemotherapy and PDT as evidenced by combina-
tion index (CI) values of lower than 1 for SQ20B, JSQ3,
and SCC61 cells (Figure S17). These findings were further
supported by the flow cytometry results: NCP@pyrolipid
with irradiation evoked highest level of apoptosis (26.0%)
and necrosis (14.5%) among all of the groups (Figure 3b,
Table S2).

In Vivo Pharmacokinetic and Biodistribution Studies. A phar-
macokinetic (pK) study of NCP@pyrolipid was conducted
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on CT26 tumor bearing mice to determine the blood
circulation time and biodistribution profiles (Figure 4,
Figure S18�20, Table S3). The cisplatin distribution was
quantified by ICP-MS and the pyrolipid amount in the
blood was quantified by UV�vis spectroscopy after
extraction by methanol. Both cisplatin and pyrolipid
concentrations in blood versus time were fitted best by
a one-compartment model with nonlinear elimination
(Figure 4b,d). The cisplatin and pyrolipid concentrations
in blood were similar up to 48 h post intravenous
injection, suggesting the lipid bilayer of NCP@pyrolipid
remained intact in systemic circulation. Blood circulation
half-lives of cisplatin andpyrolipidweredetermined tobe
(9.0 ( 1.8) and (6.7 ( 2.2) h, respectively, and did not
exhibit statistically significant difference (Figure 4c). In
addition to the prolonged blood circulation time, tissue

Pt distribution profiles of NCP@pyrolipid showed its
ability to avoid uptake by the mononuclear phagocyte
system (MPS) as evidenced by the low % ID/g (percent
injected dose/gram tissue) in liver (<9.2 ( 0.1%), spleen
(<16.7( 3.5%), and kidney (<5.6( 0.9%, Figure 4a). The
slowblood clearance and lowMPSuptake led to the high
tumor accumulationof drug,with apeak tumor uptakeof
23.2(2.4% ID/g24hpost administration (Figure 4a). The
exceptionally high tumor uptake of cisplatin for the
NCP@pyrolipid can be partially attributed to the reduced
cisplatin efflux due to the incorporation of pyrolipid into
cell membranes. We also demonstrated that the slightly
different lipid compositions would drastically alter the
in vivo behaviors of NCP@pyrolipid (Figure S21�S23).

Antitumor Activity in SQ20B Xenograft Murine Models. The
cisplatin-resistant SQ20B human head and neck cancer

Figure 3. Proposed cytotoxicity mechanism of NCP@pyrolipid and flow cytometry showing the apoptosis and necrosis
induced by NCP@pyrolipid upon irradiation. (a) Schematic showing endocytosis of NCP@pyrolipid and subsequent
apoptosis/necrosis achieved by combined chemotherapy and photodynamic therapy. (b) Annexin V/PI analysis of
SQ20B cells incubated with PBS (control), free cisplatin, NCP, porphysome, and NCP@pyrolipid with or without irradiation
(60 mW/cm2 for 15 min). The quadrants from lower left to upper left (counter clockwise) represent healthy, early apoptotic,
late apoptotic, and necrotic cells, respectively. The percentage of cells in each quadrantwas shown on the graphs. (þ) and (�)
refer to with and without irradiation, respectively.
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subcutaneous xenograft murine model was employed
to assess the in vivo antitumor activity of NCP@pyroli-
pid. All doses were based on free cisplatin or pyrolipid
equivalents. SQ20B tumor bearing mice were treated
by intravenous injection of (1) PBS, (2) NCP at a cisplatin
dose of 0.5 mg/kg, (3) porphysome at a pyrolipid dose
of 0.5 mg/kg, or (4) and (5) NCP@pyrolipid at a cisplatin
or pyrolipid dose of 0.5 mg/kg once a week for twice.
24 h postinjection, mice in group (1)�(4) were anesthe-
tized with 2% (v/v) isoflurane and tumors were irra-
diated with a 670 nm LED (100mW/cm2) for 30 min. As
shown in Figure 5, only NCP@pyrolipid plus irradiation
showed significant tumor regression in cisplatin resis-
tant SQ20B tumors, with a reduction of tumor volume
by ∼83%. Mice in the other four groups shared
the similar tumor growth pattern, suggesting that
monochemotherapy or mono-PDT was incapable of
inhibiting tumor growth or regression in the cisplatin-
resistant SQ20B tumor model. Mice treated with
NCP@pyrolipid but without irradiation (Group 4)
showed no tumor growth inhibition, indicating that
NCP@pyrolipid achieved anticancer effect in a light-
triggeredmanner. The tumor weight of NCP@pyrolipid
with irradiation was ∼62-fold smaller than that of
control with irradiation group, with a P value of
0.001815 by one-way ANOVA test. We hypothesize
that the superior antitumor effect of NCP@pyrolipid
upon irradiation is due to the synergistic effect
of chemotherapy and PDT. The combination ther-
apy did not cause body weight loss (Figure 5d) or
skin damage in the irradiation region (Figure S24),
indicating the doses of drug and light are safe to
mice.

Histopathology Analysis, In Vivo Apoptosis, and Acute Inflam-
mation. NCP@pyrolipid exhibited exceptional tumor
suppression activity against the cisplatin-resistant
human head and neck cancer SQ20B xenograft
murine model. A histopathology analysis of resected
tumors further confirmed the antitumor potency
of NCP@pyrolipid. Tumors of mice treated with
NCP@pyrolipid and irradiation showed large areas of
apoptosis and necrosis, while mice receiving other

treatments had tumors with large regions of viable
cancer cells and massive vasculature structures
(Figure 6a). PDT eradicates tumors through three main
mechanisms: inducing apoptosis/necrosis, activating
antitumor immunity against cancers, and disrupting
the tumor vasculature structures to deprive the
tumor of oxygen and nutrients.6,11,53 We observed
macrophages (smaller nuclei stained with darker blue)
infiltration and broken blood vessels in the tumors of
mice receiving NCP@pyrolipid and light treatments
(Figure 6a). A TUNEL assay was performed on the
resected tumors to further substantiate and quantify
the in vivo apoptosis. As shown in Figure 6b,c, the
fluorescence intensity of DNA fragmentation and
the relative percentage of apoptotic cells in the
NCP@pyrolipid with irradiation were significantly high-
er than those in the other groups. NCP@pyrolipid with
irradiation induced 74.8 ( 4.9% tumor cell apoptosis
while the other four groups caused <3.5% apoptosis
(Figure 6c). Significant fluorescence coming from dis-
sociated pyrolipid was observed in the tumors of mice
treated with NCP@pyrolipid with irradiation at the end
point of efficacy study, suggesting the long retention
time of pyrolipid in the tumors (Figure S25). Further-
more, no changes in histology were observed for
liver, kidneys, lungs, and spleen in mice receiving
NCP@pyrolipid and irradiation compared to the con-
trol group, suggesting the low toxicity to vital organs
(Figure S26).

In order to evaluate the antitumor immunity
evoked by the combination of chemotherapy and
PDT, mouse blood was collected at the end point and
the serum was separated for the determination of
TNF-R, IL-6, and IFN-γ production by enzyme-linked
immunosorbent assay (ELISA). One of the important
mechanisms of the antitumor immunity caused by PDT
is the cytokine release and acute inflammation.53

No significant difference was observed for the three
pro-inflammatory cytokine levels among control and
monotherapy groups while slightly higher TNF-R
(P = 0.047288 vs control) and IL-6 (P = 0.031826 vs

control) were noted for NCP@pyrolipidwith irradiation,

TABLE 1. Cisplatin and Pyrolipid IC50 Values (μM) in Four Head and Neck Cancer Cell Lines Treated with Various

Formulationsa

irradiationb NCP@pyrolipid NCP free cisplatin porphysomec

HNSCC135
√

1.30 ( 0.05 (0.42 ( 0.02) 2.71 ( 0.13 2.65 ( 0.13 (0.63 ( 0.02)
� 3.25 ( 0.46 (1.05 ( 0.15)d 2.71 ( 0.16 3.37 ( 0.73 N/A

JSQ3
√

1.21 ( 0.03 (0.39 ( 0.01) 14.51 ( 1.40 13.33 ( 2.03 (2.42 ( 0.68)
� 11.39 ( 0.22 (3.67 ( 0.07)d 12.42 ( 0.40 11.31 ( 1.20 N/A

SCC61
√

0.77 ( 0.03 (0.25 ( 0.01) 3.11 ( 0.32 3.69 ( 0.28 (0.50 ( 0.02)
� 3.48 ( 0.64 (1.12 ( 0.21)d 3.10 ( 0.53 3.46 ( 0.08 N/A

SQ20B
√

0.41 ( 0.02 (0.13 ( 0.01) 4.22 ( 0.11 4.18 ( 0.11 (1.04 ( 0.02)
� 3.97 ( 0.38 (1.28 ( 0.12)d 3.93 ( 0.38 3.92 ( 0.15 N/A

a The numbers in parentheses refer to pyrolipid concentrations. b Cells were irradiated with LED light (670 nm) at 60 mW/cm2 for 15 min (equals to 54 J/cm2). c Porphysome
containing no cisplatin served as controls. The amount of pyrolipid in the porphysome was the same as NCP@pyrolipid under the studied concentrations. d The dark cytotoxicity
comes entirely from the action of cisplatin in these formulations.

A
RTIC

LE



HE ET AL. VOL. 9 ’ NO. 1 ’ 991–1003 ’ 2015

www.acsnano.org

998

which might be due to the inflammation evoked by
PDT (Figure 6d).

DISCUSSION

Nanotherapeutics achieve high anticancer efficacy
with reduced side effects owing to enhanced drug
accumulation in tumors.23,54 The NCPs developed in
our lab represent a novel drug delivery platform with
high chemotherapeutic loadings, prolonged blood
circulation half-lives, and superior anticancer efficacy
in multiple murine tumor models.32 However, after
repeated treatments with chemotherapeutic agents,
tumor cells develop strategies to increase their resis-
tance to chemotherapy.55 Combination therapy, such
as the combination of chemotherapy and PDT, can
promote synergism between different treatment mod-
alities, overcome drug resistance through distinct me-
chanisms of actions, and enhance the anticancer
efficacy.56,57 To further enhance the potency of the
NCP platform, we incorporated the efficient photosen-
sitizer pyrolipid46 into NCP carrying cisplatin to afford
NCP@pyrolipid. We surmised that NCP@pyrolipid can
combine the strengths of long blood circulation times
and superior chemotherapeutic efficacy of NCP and
the potent PDT efficacy of pyrolipid in the same plat-
form to afford maximal anticancer efficacy with low
drug doses for the treatment of cisplatin-resistant
tumors.
NCP@pyrolipid showed superior anticancer efficacy

in cisplatin resistant head and neck cancer over mono-
chemotherapy and mono-PDT. The reasons for the
enhanced potency are multifold. First, NCP@pyrolipid

provides high loadings of chemotherapeutics and PSs
and only releases its cargos in a triggered manner at
the site of actions. Second, NCP@pyrolipid possesses
prolonged blood circulation time, enhanced cancer
cell uptake, and negligible efflux of both chemother-
apeutics and PS, allowing for unprecedentedly high
delivery efficiency and tumor accumulation. Third,
NCP@pyrolipid combines chemotherapy and PDT
modalities in one single platform, to synergistically
induce apoptosis/necrosis and antitumor immunity in
cancers.
NCP@pyrolipid nanoparticles self-assemble into

core�shell structures with an asymmetric lipid bilayer
coating and carry 25 wt % cisplatin in the core and
25 wt % pyrolipid on the shell, thus showing a remark-
able capability of delivering large amounts of both
chemotherapeutic agents and PSs. More importantly,
NCP@pyrolipid released its payloads in a triggered
manner in the site of actions. In the extracellular
environment, NCP@pyrolipid maintained its structural
integrity. Upon entering cells, the lipid layer gradually
dissociated from the solid core of NCP@pyrolipid with-
in 2 h with some pyrolipid fused into cell membrane
and the rest remaining in the cytoplasm. After shed-
ding the lipid layer intracellularly, the NCP core became
highly permeable to high concentrations of endogen-
ous reducing agents such as cysteine and glutathione
to trigger release cisplatin via reductive cleavage of the
metal�ligand bonds in NCP.32

Small molecule drugs typically suffer from nonspe-
cific distribution throughout the body, rapid clearance,
and low accumulation at the tumor site when given

Figure 4. Pharmacokinetics and tissue distributions of NCP@pyrolipid. (a) Tissue distributions of Pt at time points of 5min, 1,
3, 8, 24, and 48 h after intravenous injection of NCP@pyrolipid. (b) Observed and fitted time-dependent Pt concentrations in
blood followingNCP@pyrolipid administration by one-compartmentmodel. (c) Time-dependent pyrolipid and cisplatin concentra-
tions in blood after intravenous injection of NCP@pyrolipid. (d) Observed and fitted time-dependent pyrolipid concentrations in
blood following NCP@pyrolipid administration by one-compartment model. Data expressed as means ( SD (N = 3).
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systemically.58 Nanoparticles can enhance tumor up-
take of drugs via the EPR effect.59 After intravenous
injection to tumor bearing mice, NCP@pyrolipid ex-
hibited prolonged blood circulation half-lives for both
of its therapeutic payloads: the t1/2 values for cisplatin
and pyrolipid are (9.0 ( 1.8) h and (6.7 ( 2.2) h,
respectively. This excellent pK can be attributed to
the small particle size (∼100 nm), high PEG coating
(∼20 mol %), and favorable structural stability of
NCP@pyrolipid in extracelluar environments. As a re-
sult, NCP@pyrolipid achieved as high as 23( 2.4 ID%/g
cisplatin accumulation in the tumor 24 h post i.v.
injection, with low uptake by the MPS system and
minimal nonspecific organ distributions.
NCP@pyrolipid not only exhibited efficient and

highly specific tumor deposition, but also showed high
uptake and accumulation in the cancer cells. The
cellular uptake amounts of cisplatin and pyrolipid of
NCP@pyrolipid incubated with SQ20B cells were simi-
lar and stable over the 24-h experiments. Meanwhile,
negligible efflux of cisplatin and pyrolipid was ob-
served for NCP@pyrolipid in SQ20B cells throughout
the 24-h incubation peroid. CLSM images also provided

evidence that pyrolipid was partly incorporated into the
cell membrane and partly retained in the cytoplasm,
instead of being recycled out of the cells after disasso-
ciation from the solid core of NCP@pyrolipid. The
incorporation of pyrolipid into cell membranes could
be partly responsible for the negligible cisplatin efflux
from cancer cells.
Conventional monochemotherapy often causes

drug resistance after cancer patients receive repeated
sessions of chemotherapy. Combination therapy offers
the opportunities to treat the cancers through different
mechanisms of actions, thus leading to enhanced anti-
cancer efficacy via synergistic effects.60 NCP@pyrolipid
combined the superior chemotherapy efficacy of cis-
platin andpotent PDT efficacy of pyrolipid in one single
platform and significantly enhanced the anticancer
efficacy in cisplatin-resistant head and neck cancer
both in vitro and in vivo. This synergistic effect
was substantiated by the following results: (1) signifi-
cantly decreased cisplatin or pyrolipid IC50 values of
NCP@pyrolipid with irradiation when compared to free
cisplatin, NCP, porphysome with or without irradia-
tion and NCP@pyrolipid without irradiation in the four

Figure 5. In vivo antitumor activity ofNCP@pyrolipid. PBS, NCP, porphysome, orNCP@pyrolipidwas intravenously injected to
human head and neck cancer SQ20B subcutaneous xenograft murine models at a cisplatin dose of 0.5 mg/kg or pyrolipid
dose of 0.5mg/kg followedby irradiation (670 nm, 100mW/cm2) for 30min 24 h postinjection. Mice receiving NCP@pyrolipid
without irradiation also served as a control. The drug administration and irradiation were performed once a week for twice
total. (a) Tumor growth inhibition curve. (b) Photograph of excised tumors on Day 12. From top to bottom: PBS with
irradiation, NCP with irradiation, porphysome with irradiation, NCP@pyrolipid without irradiation, NCP@pyrolpid with
irradiation. (c) Weights of excised tumors on Day 12. (d) Body weight evolution curve. Data expressed as means( SD (N = 5).
Black and red arrows in (a) and (d) represent the time of drug administration and irradiation, respectively. “þ” and “�” in the
figure legends refer to with and without irradiation, respectively.
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human head and neck cancer cell lines tested; (2)
no tumor inhibition was observed for SQ20B tumor
bearing mice treated with PBS with irradiation, NCP
with irradiation, porphysome with irradiation, and
NCP@pyrolipid without irradiation while the tumors
of mice receiving NCP@pyrolipid and irradiation
shrank by ∼83% in volume. Besides apoptosis/necro-
sis, PDT also induced pro-inflammatory cytokine re-
lease and inflammation (Figure 6). Various cell types
including malignant cells, tumor endothelial cells, and
tumor-infiltrating macrophages have been shown to
mediate the acute inflammation after PDT.61,62 Since
we used immunodeficient nude mice as the host for
HNSCC xenograft, wewere not able to directly evaluate
the immune response evoked by PDT. However,
this induction of acute inflammation is important
in triggering the immune response since it mimics
the microbial invasion caused host inflammatory
response.53 We are not aware of literature precedents
of significant tumor regression after monotherapy of
cisplatin or PDT via systemic administration in resis-
tant cancers. We have thus demonstrated for the first
time that NCP@pyrolipid shrinks the cisplatin-resis-
tant tumors in mouse xenograft models via intrave-
nous administration of nanoparticles carrying both
cisplatin and a PS.

Dose limiting side effects prevent complete eradica-
tion of most cancers. Untolerably high doses of ther-
apeutics are needed to achieve effective anticancer
efficacy owing to the nonideal biodistribution of most
drugs.63 NCP@pyrolipid possesses superior tumor ac-
cumulation and minimal nonspecific organ distribu-
tions after intravenous injection, thus allowing for
enhanced anticancer efficacy with minimal drug
doses. We have reported the maximum tolerated dose
(MTD) ofg3mg/kg inmice for NCP carrying cisplatin.32

Zheng et al. demonstrated that porphysome formed
with pyrolipid induced minimal acute toxicity in mice
with intravenous doses of 1000 mg/kg.46 For the pres-
ent in vivo anticancer efficacy study, the mice were
intravenously injected with NCP@pyrolipid at a cispla-
tin dose of 0.5mg/kg and a pyrolipid dose of 0.5mg/kg
once a week for twice. As indicated by histopathologi-
cal analysis results, this very low drug dose does not
cause in vivo toxicity that often occurs for PDT. In
comparison, porphysome showed anticancer efficacy
only at a pyrolipid dose g10 mg/kg in mice44,46 and
the clinical dose of commercially available PSs such as
Photofrin is∼3�5mg/kg in human64,65 and∼10�12.5
mg/kg in mice.66,67 Polymeric micelles carrying cispla-
tin are administrated at a cisplatin dose of 4 mg/kg
in mice to inhibit tumor growth.68 Importantly, the

Figure 6. In vivo apoptosis and acute inflammation evoked by NCP@pyrolipid. (a) H&E staining of tumor sections harvested
from mice receiving PBS with irradiation, NCP with irradiation, porphysome with irradiation, NCP@pyrolipid without
irradiation, and NCP@pyrolipid with irradiation (from left to right). Bar = 50 μm. (b) Representative CLSM images of TUNEL
assays of tumor tissues. DNA fragment in apoptotic cells was stained with fluorescein-conjugated deoxynucleotides (green)
and the nuclei were stained with DAPI (blue). From left to right: PBS with irradiation, NCP with irradiation, porphysome with
irradiation, NCP@pyrolipid without irradiation, and NCP@pyrolipid with irradiation. Bar represented 50 μm. (c) The
percentages of TUNEL-positive cells in tumor tissues. (d) Serum TNF-R, IL-6, and IFN-γ productions of mice on Day 12. “þ”
and “�” in the figure legend refer towith irradiation andwithout irradiation, respectively. Data expressed asmeans( SD (N=3).
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energy irradiance and irradiation time for PDT were
100mW/cm2 and 30min, respectively, with a total light
dose of 180 J/cm2, which are comparable to clinical
parameters for PDT. This energy irradiance is 1�2
orders of magnitude lower than previous reported
PDT by porphysome and gold nanoparticles,46,69 lead-
ing to no skin/tissue damage in the irradiated region.
With much lower cisplatin, pyrolipid, and light doses,
highly potent antitumor activity was still observed in
cisplatin-resistant tumor bearingmice. Through a com-
bination of chemotherapy and PDT, NCP@pyrolipid
thus opens awindow for achievingmaximal anticancer
efficacy with minimal drug dose and side effects.

CONCLUSION

In summary, we have developed a novel NCP-based
nanotherapeutic that combines two treatment mod-
alities, chemotherapy and PDT, into one single plat-
form to allow for potent anticancer activity in
cisplatin-resistant cancers. NCP@pyrolipid has several
distinctive capabilities: (a) carrying exceptionally high

loadings of cisplatin and pyrolipid and releasing the
payloads in a triggered manner at the site of actions;
(b) reducing cisplatin and pyrolipid efflux presumably
as a result of cell membranemodification by pyrolipid;
(c) effectively avoiding MPS uptake to lead to pro-
longed systemic circulation after intravenous injec-
tion for enhanced and specific tumor accumulation by
taking advantage of the EPR effect; (d) combining
effective chemotherapy and PDT to exert much en-
hanced anticancer effect in vitro when compared to
monotherapy; and (e) achieving significant tumor
regression in a cisplatin-resistant tumor model at very
low drug doses. The NCP core�shell particles thus
offer a general platform for incorporating multiple
therapeutic agents or/and modalities for treating many
difficult-to-treat cancers, including drug-resistant can-
cers. As the synthesis of NCPs is highly scalablewith little
batch-to-batch variations,32multifunctional NCPs repre-
sent a significant breakthrough in nanomedicine and
offer a versatile and effective drug delivery system for
potential translation to the clinic.

METHODS
Preparation and Characterization of NCP@Pyrolipid. DOPA-capped

NCP nanoparticles were prepared according to our previous
report.32 NCP@pyrolipid was prepared by adding a THF solution
(80 μL) of pyrolipid, cholesterol, DSPC (pyrolipid/cholesterol/
DSPC = 1:1:2 in molar ratios), 20 mol % DSPE-PEG2k, and DOPA-
coated NCP to 500 μL of 30% (v/v) ethanol/water at 60 �C. The
mixture was stirred at 1700 rpm for 1min. THF and ethanol were
completely evaporated and the NCP@pyrolipid solution was
allowed to cool down to room temperature. NCP@pyrolipid was
centrifuged at 13 000 rpm for 30min followed by the removal of
the supernatant and resuspending the particles in phosphate
buffered solution (PBS).

Cytotoxicity. Cytotoxicity of NCP@pyrolipid in head and neck
cancer cells. The cytotoxicity of NCP@pyrolipid was tested in
four head and neck cancer cell lines including cisplatin-resistant
SQ20B and JSQ3 cells and cisplatin-sensitive HNSCC135 and
SCC61 cells. The cells were seeded on 96-well plates at
2500 cells/well. After incubating for 24 h, the cells were treated
with NCP@pyrolipid, porphysome, NCP, and free cisplatin at
various cisplatin concentrations or pyrolipid concentrations.
After 24-h incubation, the cells were irradiated with LED light
(670 nm) at 60mW/cm2 for 15min (equals to 54 J/cm2). The cells
without irradiation treatment served as controls. The cells were
further incubated for 48 h. The cell viability was detected
by (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) assay (Promega, USA) and the
IC50 values were calculated accordingly.

Pharmacokinetics and Tissue Distributions. Mice were subcuta-
neously injected in the right flank with 1 million CT26 cells and
tumors were allowed to grow until 100 mm3 before they
received intravenous administration of NCP@pyrolipid at a
cisplatin dose of 3 mg/kg. Animals were sacrificed (3 per time-
point) at 5 min, 1, 3, 8, 24, and 48 h after drug administration.
After collecting the blood, liver, lung, spleen, kidney, and
bladder were harvested. Organs and blood were digested in
concentrated nitric acid for 24 h, and the Pt concentrationswere
analyzed by ICP-MS. The pyrolipid amounts in the blood
collected at 5 min, 1, 3, 8, 24, and 48 h were determined using
the same extraction and detection method as the recovery
experiment (described in Supporting Information). Briefly, the
blood was centrifuged at 3,000 rpm for 10 min to separate
plasma. Methanol and 0.25% Triton X-100 was added to the

plasma for extracting the pyrolipid and preventing aggregation,
respectively. The pyrolipid concentrations were determined
by UV�vis.

In Vivo Anticancer Efficacy. The PDT efficacy of NCP@pyrolipid
was investigated using the SQ20B subcutaneous xenograft
murine model. Tumor bearing mice were established by sub-
cutaneous inoculation of SQ20B cell suspension (5 � 106 cells
per mouse) into the right flank region of 6-week athymic female
nude mice. Five groups were included for comparison: PBS
with irradiation as control; NCP with irradiation; porphysome
with irradiation; NCP@pyrolipid with irradiation; NCP@pyrolpid
without irradiation. When tumors reached 100 mm3, NCP,
NCP@pyrolipid, and porphysome were i.v. injected to animals
at a cisplatin dose of 0.5 mg/kg (corresponding to a pyrolipid
dose of 0.5 mg/kg). At 24 h postinjection, mice were anesthe-
tized with 2% (v/v) isoflurane and tumors were irradiated with a
670 nm LED for 30 min. The energy irradiance was measured to
be 100 mW/cm2, and the total light dose was 180 J/cm2. Both
injection and PDT were performed once a week for twice total.
To evaluate the therapeutic efficacy, tumor growth and body
weight evolution were monitored. The tumor size was mea-
sured with a digital caliper every day. Tumor volumes were
calculated as follows: (width2 � length)/2. All mice were sacri-
ficed on Day 12, and the excised tumors were photographed
and weighed. The tumors were embedded in optimal cutting
temperature (OCT) medium, sectioned at 5-μm thickness, and
subjected to hematoxylin and eosin (H&E) stain for histopatho-
logical analysis and TdT-mediated dUTP nick end labeling
(TUNEL, Invitrogen, USA) assay for quantifying the in vivo
apoptosis. The frozen tumor tissue slices were also observed
under CLSM using a 405 nm laser to visualize the tumor uptake
of NCP@pyrolipid. Liver, lungs, spleen, and kidneys were also
excised after the mice were sacrificed, and then embedded in
OCTmedium, sectioned at 5-μmthicknes, stainedwithH&E, and
observed for toxicity with light microscopy (Pannoramic Scan
Whole Slide Scanner, PerkinElmer, USA). Blood was collected at
the end point, and the serum TNF-R, IFN-γ, and IL-6 production
was determined by ELISA (R&D Systems, USA).
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