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ABSTRACT The ongoing nanotech revolution has the potential to transform \
diagnostic and therapeutic methods. Stimuli-triggered nanotherapies based on remotely
activated agents have become attractive alternatives to conventional chemotherapy.
Herein, we designed an optimized smart nanoplatform based on dually loaded hybrid
liposomes to achieve enhanced tumor therapy. The aqueous core was highly loaded with
iron oxide nanoparticles, while the lipid bilayer was supplied with a photosensitizer
payload. The double cargo translated into double functionality: generation of singlet
oxygen under laser excitation and heat production under alternating magnetic field
stimulation, coupling photodynamic therapy (PDT) to magnetic hyperthermia (MHT).
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These liposomes address both therapeutic agents within tumor cells, and the combined PDT/MHT therapy resulted in complete cancer cell death in vitro

while total solid-tumor ablation was achieved in an in vivo rodent model.
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cancer combined therapy

urrent treatments for cancer face

long-standing challenging obstacles.

Classical therapeutic regimes can be
ineffective or limited by dose-related toxi-
city and the damage they cause to healthy
bystander tissues. 3 One promising strat-
egy to limit adverse effects of cancer ther-
apy is the use of nanocarrier systems that
convey active drugs to target cells. The
standard “bottom-up” approach consists of
using self-assembled structures (liposomes,
micelles, dendrimers) to obtain a synthetic
nanovector capable of encapsulating, pro-
tecting, transporting, and delivering a ther-
apeutic agent.* Liposomes are particularly
promising for this purpose, being both non-
toxic and biodegradable,® and their surface
coatings with long polymer chains, such as
polyethylene glycol (PEG), make them
stealthier.®” They can be injected intrave-
nously, and their hollow, vesicular structure
is inherently suited to transport a large
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amount of therapeutic agents, being hid-
den and protected, thus avoiding their
degradation and fast elimination by the
immune system. Liposomes can carry both
hydrophilic molecules in their aqueous
compartment and hydrophobic substances
in their lipid bilayer.? Due to their functional
versatility, liposomes thus remain the most
intensively investigated delivery vehicles.?
Besides, liposomes encapsulating antican-
cer active substances such as doxorubicin
and daunorubicin are already approved by
the FDA for use in clinical practice."

In addition to current approaches aiming
to improve the efficacy and tolerability of
drugs, alternative strategies, based on trig-
gerable materials that could be activated by
external stimuli (e.g., light, magnetic field),
are being developed: because they are only
toxic once activated, and their activation
can be restrained to tumor tissue,'’ they
are expected to improve treatment efficacy
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while minimizing damage to healthy tissues. The
agents developed for this purpose include photosen-
sitizers (for photodynamic therapy, PDT, already in
clinical use),'> "> metallic nanoparticles (e.g., gold or
silver for photothermal therapy, PTT),’*"?° and mag-
netic nanoparticles (e.g., iron oxide for magnetic
hyperthermia, MHT).2" 2%

Two recently marketed liposomal formulations
designed for photodynamic therapy (Foslip and its
PEGylated version Fospeg) have already shown their
antitumoral potential.>'?® The development of strate-
gies that would allow magnetic nanoparticles encapsu-
lation within liposomes is in its early stage and has so far
been applied mainly to magnetic resonance imaging
(MRI) tracking®”?® and magnetic targeting.?*3*° The
capacity of magnetic liposomes to induce local thera-
peutic hyperthermia has been rarely demonstrated.3'?

Here we propose a new liposome formulation com-
bining both magnetic nanoparticles and a photosensi-
tizer within the same nanoplatform, with a view to
allow a dual photodynamic and magnetothermal ther-
apy. By a one-pot synthesis method, we encapsulated a
high concentration of magnetic nanoparticles within
the liposome core and introduced a photosensitizer
(m-THPC, already in clinical use under the name of
Foscan>3) into the lipid bilayer, yielding liposomes with
highly satisfactory ratios of the two components. These
multifunctional liposomes were first tested in vitro. We
showed an optimal delivery of both agents to tumor
cells and a therapeutic efficiency for each treatment,
single or combined, with an impressive induced cell
death for the combined approach. These strategies
were then tested in vivo in a mouse model. Tumor
growth was monitored after each treatment, photo-
dynamic therapy and magnetic hyperthermia, inde-
pendently or in combination. Each single treatment
slightly inhibited tumor growth, while their combina-
tion led to a complete tumor regression, reflecting the
synergistic potential of a combined therapy.

RESULTS AND DISCUSSION

Preparation of the Ultramagnetic Photosensitive Liposomes
(UMPL). Figure 1a illustrates the rationale of the ap-
proach: liposomes that could be stimulated both by an
alternating magnetic field, to induce local hyperther-
mia, and by a light source, to generate highly toxic
reactive oxygen species (ROS). We recently adapted a
reverse-phase evaporation method to obtain ultra-
magnetic liposomes (UML) with a high content of iron
per lipids content,® essential for obtaining the local
concentration needed to induce a pronounced
temperature increase by magnetic hyperthermia. The
hydrophobic photosensitizer, m-THPC, was selected to
be enclosed in the lipid bilayer. This drug, first mar-
keted in 2001 (Foscan), is already used in cancer
therapy and is reported to be one of the most effective
photosensitive agents.33 Besides, its near-IR excitation
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profile ensures tissue penetration3* The m-THPC
insertion within UML bilayers was first adjusted by
differential scanning calorimetry (DSC) to ensure an
optimal m-THPC/lipid ratio. For pure dipalmitoylpho-
sphatidylcholine (DPPC) liposomes, we measured a
transition temperature of 40.8 °C (Figure S1, Support-
ing Information). A decrease in peak cooperativity
was observed with increasing m-THPC concentration
(3.2, 6.2, and 9 mol %), demonstrating the photosensi-
tizer insertion in the bilayer. For more than 11.5 mol %
of m-THPC, a second peak appears around 36 °C,
showing a phase separation in the bilayer. For pure
distearoylphosphatidylcholine (DSPC, Figure S2), the
insertion of the photosensitizer did not perturb the
lipid arrangement until a concentration of 14.1 mol %
of m-THPC. This result is not surprising, considering
that DSPC is more hydrophobic than DPPC because of
its longer chains. For the applied lipid composition
(DPPC/DSPC/DSPE-PEG2000 85.5/9.5/5 mol) and at
6.2 mol % of m-THPC, the lipid bilayer structure was
modified, as demonstrated by the shoulder appearing
on the curve (Figure 1b). This shoulder indicated the
beginning of segregation in the lipid arrangement. At
14.1 mol % of m-THPC, the bilayer was strongly mod-
ified as the transition temperature almost disappeared.
For this reason, 14.1 mol % of m-THPC was the max-
imum amount used for the experiments. At the end of
the synthesis, a magnetic sorting was systematically
used to collect all magnetic liposomes. This step allows
the separation between the magnetic liposomes and
free magnetic nanoparticles that are not attracted by
the magnet. The iron/m-THPC concentration ratio after
the sorting step was found to be [m-THPC](«M)/[Fe](M) =
120 £ 15 (average over eight preparations).
Observations by TEM (Figure 1c) of the UMPL thus
obtained demonstrate a spherical structure, with aver-
age diameter of about 150 nm (Figures S3 and S4) and
dense magnetic content. Each liposome was fluores-
cent (observed as single fluorescent spots), with an
emission spectrum typical of the m-THPC molecule
(Figure 1d). The good colloidal stability reflected by the
individual fluorescent spots was confirmed by the
dynamic light scattering (DLS) distribution (Figure 1e),
with a thin peak centered at 200 nm in diameter.
Besides, the fluorescence emitted by m-THPC matched
the liposomes magnetic content, as demonstrated by
magnetophoresis (Figure 1f and Figure S5): when
experiencing a magnetic field gradient, all fluorescent
dots moved toward the magnet. The derived magnetic
velocity directly provides the exact number of mag-
netic nanoparticles per liposome by balancing the
viscous force (provided by the velocity) and the
magnetic force (proportional to the magnetization,
that is, the number of nanoparticles), as detailed in
the Experimental Section. On average, one liposome
contains 6 fg of iron, corresponding to a volume
fraction of 20% (equivalent to 2400 nanoparticles per
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Figure 1. Ultramagnetic photosensitive liposomes. (a) Schematic description of UMPL structure and activation principle. The
two payloads have a different localization: magnetic nanoparticles are confined in the core, whereas the photosensitizing
drug is intercalated in the lipid layer. The applications of alternating magnetic field or laser radiation actuate the therapeutic
effect, respectively, by increasing temperature and production of ROS. (b) DSC curves of liposomes (DPPC/DSPC/DSPE-PEG)
obtained with increasing amount of drug: the higher affinity of the drug to DSPC portion caused a partial segregation of lipid
mixture, highlighted with a red mark. (c) TEM characterization of UMPL. (d) Fluorescence emission profile (1ex = 430 nm) and
confocal microscope analysis (1ex = 405 nm) of UMPL. (e) DLS analysis of UMPL reporting a thin size distribution centered at
200 nm. (f) Magnetophoresis setup (magnetic field gradient of 190 T/m) was used to track the magnetic attraction of
liposomes in the fluorescent channel (m-THPC). It shows the colocalization of magnetic nanoparticles (because it moves
toward the magnet) and photosensitizers (because of the fluorescence). (g) Distribution of the amount of iron (magnetic
content) per liposome, retrieved from the magnetophoresis experiments (400 independent measurements). (h) Evolution of
the magnetic content per liposome, over time or after stimulation (magnetic hyperthermia, with or without photodynamic
excitation): the iron mass per liposome is perfectly constant.

liposome). The distribution of the magnetic content
per liposome (Figure 1g) is an additional conclusive
proof of the stability (standard deviation of 24% among
the liposome population, unambiguously demonstrat-
ing that all liposomes are single entities).

UMPL Stability and m-THPC Release over Time and after
Stimulation. Liposome stability was first investigated in
storage conditions (4 °C). Within 30 days, no differ-
ences were detected in their morphology nor colloidal
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stability, analyzed by TEM and DLS (Figure S4), and the
iron content per liposome remained constant at 6 fg of
iron (Figure 1h and Figure S5). The m-THPC release
from the liposomes was investigated, as well, by
comparing the m-THPC concentration in the super-
natant after liposome centrifugation (13000 rpm for
30 min) to the concentration before centrifugation. At
day 0, 0.05% release was measured, and this extremely
low release increased to only 1% at day 30.
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Second, the impact of magnetic and laser stimula-
tions on liposome integrity and stability was explored.
The iron content per liposome remained constant
after magnetic or laser stimulations (Figure 1h and
Figure S5), demonstrating that the liposomal struc-
ture was not degraded (which would have resulted
in the release of free nanoparticles). This was con-
firmed by TEM (Figure S6): magnetic hyperthermia,
alone or in combination with laser irradiation, did not
impact the liposome morphology. The m-THPC release
was measured after liposome centrifugation (same
as above), and the release detected after magnetic
or laser stimulation was unchanged compared to the
control.

Finally, the stability of the liposomes was also
evaluated by a dialysis experiment. After a small burst
release (about 20%) of drug that occurs in the first 6 h,
no massive additional release was observed during
7 days of analysis (Figure S7).

Uptake by Tumor Cells in Vitro. Liposomes were first
incubated in vitro with ovarian cancer cells for short
periods (1—4 h) and several concentrations, ranging
from 5 x 10° to 5 x 10'° liposomes per mL ([Fe] =
0.5—5 mM). The cellular uptake of iron (measured by
magnetophoresis,®> Figure 2) was already maximal
after 1 h incubation in the presence of about 1 mM
extracellular iron, reaching an iron content of 15—
20 pg per cell.

Cellular localization of the liposomes was then
investigated by confocal microscopy (Figure 3), after
an incubation at [Fe] = 5 mM ([m-THPC] = 0.6 uM),
equivalent to 5 x 10'° liposomes per mL. Lipids from
liposomes were labeled with rhodamine B (green
excitation, red emission, colored in red in Figure 3),
while m-THPC could be tracked by its intrinsic fluores-
cence (UV excitation, dark red emission, colored in
magenta in Figure 3). Besides, cells were postincubated
with LysoTracker Green DND-26 (blue excitation, green
emission, colored in green in Figure 3) in order to label
endosomal compartments and clearly identify the
intracellular planes in Z stacks. First, cells were
observed immediately after a liposome incubation of
10 min (Figure 3a and Figure S8) to image the early
stage of liposome interaction with cells. Spot-like
structures of both rhodamine and positive m-THPC
could be observed surrounding the cells. Such a dual
fluorescent spot pattern demonstrates that lipo-
somes reach the cells as structurally intact entities
carrying the photosensitizer content. When images
were captured at higher Z planes over the cell (where
the LysoTracker staining is very low), fluorescent
spots were clearly localized at the outer cell mem-
brane at the top of the cells. Conversely, fluo-
rescent spots were observed surrounding the cells
at the membrane for images in intracellular planes
(positive to LysoTracker). On Z-view reconstruction,
rhodamine and m-THPC spots are invariably detected
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Figure 2. Quantification of UMPL cell internalization. Eval-
uation of liposome uptake in terms of mass of iron per cell
(single-cell magnetophoresis analysis). Liposomes were
incubated for 1, 2, or 4 h at different concentrations (from
0.5 to 5 mM of iron). Saturation of cell loading was reached
at 2.5 mM extracellular iron.

above the LysoTracker spots for such early time point
observations.

Cells were then observed after 1 h incubation with
the liposomes (followed by overnight postincuba-
tion), and analysis was equally performed to image
liposome and m-THPC final localization (Figure 3b and
Figure S9a). Rhodamine sustained a spot-like staining
pattern, thus directed to intracellular compartments,
as invariably detected in the same planes of the
LysoTracker, with partial colocalization. m-THPC equally
localized intracellularly, as also confirmed by detection
in the same plane of the LysoTracker. Interestingly,
m-THPC localization unambiguously shifted to a dif-
fuse cytoplasmic distribution pattern, quite distinct
from the initial spot-like staining observed at the early
observation time point. Liposomes were thus totally
internalized, although lipids and photosensitizers
diverged to target different intracellular structures.
In order to localize, as well, the magnetic nanoparticles,
a fixation step was performed in the presence of a
horizontal magnetic field (parallel to the plane of the
cells). Chaining (Figure 3c and Figure S9b), indicative of
magnetic alignment, was observed both in the bright
field and in the rhodamine channel, while m-THPC
remained diffuse within the cytoplasm, in the same
pattern observed in the absence of magnetic field
(Figure 3b). Such alignment induced by a magnetic
field shows that the magnetic nanoparticles are
confined within membrane-delimited compartments,
together with the lipids, and not diffused within
the cytoplasm. This was confirmed by TEM observa-
tions, clearly identifying magnetic nanoparticles in
endosomal-like structures (Figure $10).3° Liposomes
thus attain tumor cells as an intact entity, carrying both
the magnetic nanoparticles and the m-THPC photo-
sensitizer. Lipids, nanoparticles, and photosensitizer
then target different intracellular localizations. The
hydrophobic photosensitizer is scattered throughout
the cytoplasm, probably due to its ability to cross
membranes, while lipids and nanoparticles, first enter-
ing by endocytosis, are sequestered inside endosomal-
like intracellular compartments. Remarkably, the
same diffuse m-THPC pattern was obtained when free
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Figure 3. Confocal microscope analysis of the cellular localization of liposomes, m-THPC, and magnetic nanopatrticles. For
each condition, bright-field and three fluorescence images (excitation at 488 nm and emission at 525 nm for the
LysoTracker, colored in green; excitation at 561 nm and emission at 604 nm for the rhodamine lipid, colored in red;
excitation at 405 nm and emission at 685 nm for m-THPC, colored in magenta) were acquired. (a) Early stage of liposome
interaction with cells (10 min incubation at [Fe] = 5 mM). In the cells' basal plane (positive to LysoTracker), the liposomes
localize at the plasma membrane, surrounding the cell, and rhodamine lipids colocalize with m-THPC. At 3 um above, they
are seen on the top of the cells, again at the membrane. This membrane localization is also demonstrated on the Z view
(reconstruction from Z stacks, acquired with a 0.5 um interslice), corresponding to the plane indicated by gray dots. (b) Late
stage of liposome interaction with cells (1 h incubation followed by overnight chasing). Images of the basal plane and
Z-view reconstruction (Z plane of the dotted gray line) demonstrate that rhodamine lipids as well as m-THPC are internalized,
lipids ending within endosomal compartments, while m-THPC is diffuse in the cytoplasm. (c) Late stage of liposome
interaction with cells and magnetic chaining (1 h incubation followed by overnight chasing under the application of a 0.2 T
horizontal magnetic field). Lipids, magnetic nanoparticles, and m-THPC are all intracellular. m-THPC is still dispersed within
the cytoplasm; magnetic nanoparticles are confined inside compartments, which align in the direction of the magnetic field
(as observed in the bright-field image). The chaining is also detected on the rhodamine fluorescence channel, demonstrating
colocalization of the lipids constituting the liposomes and the magnetic nanoparticles. (d) Localization of free m-THPC
(incubated 1 h at [m-THPC] = 0.6 «M followed by overnight chasing). m-THPC is found distributed all through the cytoplasm,
as observed when it was delivered by the liposomes.

m-THPC was incubated with cells for 1 h, at the same con-
centration of [m-THPC] = 0.6 uM (Figure 3d, Figure S9c,
and Figure S11, where an additional nucleus (DAPI)
staining is shown).>® This cytoplasmic redistribution of
m-THPC is very promising for therapeutic applications,
as it allows ROS to be generated closer to their cellular
targets (e.g., mitochondria) and thereby to induce cell
death.

DI CORATO ET AL.

Combined Magneto-phototherapy in Vitro. The lipo-
somes' therapeutic efficacy was first tested in vitro
(Figure 4) on 3D pellets consisting of compact aggre-
gates of a few million tumor cells (20 million cells in
150 ul). These pellets were exposed to magnetic
hyperthermia and photodynamic therapy, alone and
in combination, always starting with the hyperthermia
protocol. Figure 4a shows the effectiveness of each
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Figure 4. Therapeutic efficiency in vitro. (a) Cancer cells loaded with UMPL were subjected to different protocols: no
treatment for control and liposome-doped cells; PDT, with fluencies of 5 or 10 J/cm?, alone or in combination with magnetic
hyperthermia, for unlabeled control cells and liposome-doped cells. Cell viability was assayed just after treatments by Trypan
Blue exclusion assay and after 12 h by Alamar Blue (performed on reseeded treated cells). (b) Expression of some apoptosis-
related proteins was monitored in cellular preparations after treatments. Cell lysates were processed by Proteome Profiler
Array (R&D Systems, Inc.). All tested IAP proteins (inhibitors of apoptosis proteins: clAP-1, c-IAP-2, Livin, Survivin, XIAP) were
down-regulated after treatments, whereas some stress-related proteins (catalase, SMAC, HSP60) were overexpressed.

treatment in terms of cell viability, immediately after
treatment (0 h) and 12 h later. Importantly, the vector
itself was not toxic, as cells' viability remained un-
affected by simple liposome internalization, without
any stimulation. Similarly, neither the magnetic hy-
perthermia nor the photodynamic treatments, nor
both, had any impact on control cells' viability. The
viability measured immediately after treatment was
slightly affected by applied therapies. In contrast, 12 h
after treatment, cell viability was strongly reduced:
only 10% of cells were still alive after magnetic
hyperthermia alone, and only 5 and 1% were still alive
after photodynamic therapy alone, with deposited
light energies of 5 and 10 J, respectively. After dual
treatment, tumor cell viability fell to 0.2% at 5 J and to
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0% at 10 J with the same magnetic field conditions.
Such total tumor cell destruction in vitro is necessary
to ensure potential therapeutic effects in vivo and to
avoid tumor growth that simply resumes a few days
after treatment because of some surviving proliferat-
ing cancer cells. Finally, proteomic analysis of cell
death (Figure 4b) confirmed these results and pro-
vided insights into the underlying mechanisms of the
two treatments. A strong reduction of inhibitor of
apoptosis IAP proteins (XIAP, Livin, Survivin, clAP-1,
and clAP-2) was associated with an evidentincrease in
levels of catalase, SMAC and HSP60. The latter three
proteins are associated with an increase of ROS
and mitochondrial damage, which are considered as
cellular stress symptoms. Therefore, an activation of
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intrinsic apoptosis pathways was shown for both
therapeutic approaches.

Tumor Regression in Vivo. Dual therapy was then
tested on tumor-bearing mice (Figure 5a). For magnetic
hyperthermia alone, the tumor temperature was mon-
itored in real time by an infrared camera, which
indicated an increase of the temperature at the surface
of the skin, adjacent to the tumor, for nearly 10 °C
(Figure 5b, movie M1 in Supporting Information). In
addition, the in vivo distribution of injected liposomes
was monitored by high-resolution MRI, showing that
the majority of injected liposomes remained at the site
of injection (Figure S12). The evolution of tumor
growth is presented in Figure 5c for all conditions.
First, the intratumoral injections of UMPL did not affect
tumor growth if neither the magnetic field nor the laser
were applied, confirming the nontoxicity of the dual
platform, in comparison to the control. Second, neither
the PDT nor the magnetic hyperthermia treatments
impacted the growth of noninjected tumors. As a
stand-alone procedure, magnetic hyperthermia with
ultramagnetic liposomes was sufficient enough to
decrease tumor growth consistently. Photodynamic
therapy alone also reduced tumor growth but to a
smaller extent. However, the combination of both
therapies remarkably led to complete tumor regres-
sion. For this condition, immediately after treatment,
the tumors slightly swelled and the tumoral mass
became softer. On day 3, the tumor volume started
to decrease and a scab started to form on the surface of
the skin adjacent to the tumor (Figure S13). On day 5
after treatment, the tumoral zone completely flattened
and only a scab was visible on the skin.

Histological sections (Figure 6) of the tumors
revealed peripheral liposome accumulation in the
tumor capsula when PDT or MHT treatment was not
applied. Conversely, as soon as both treatments were
applied separately, liposomes penetrated diffusively
into the tumor. In the vicinity of liposome-rich zones,
large necrotic areas were observed when either PDT
or MHT was applied. In the group treated with the
dual therapy, where complete tumor regression was
observed macroscopically, the liposomes were spread
across the scar tissue.

Photosensitive Magnetic Liposomes: A Combined Therapy.
The complete tumor regression achieved with the dual
therapy in vivo is particularly promising. Interestingly,
photodynamic therapy was more effective than mag-
netic hyperthermia in vitro, while the opposite was
observed in vivo. Still, the combination of the two
therapies brought the best results both in vitro and
in vivo.Indeed, PDT may be weakened by a suboptimal
concentration of the therapeutic agent within the
tumor, photobleaching of the photosensitizer upon
light irradiation, and low production of singlet oxy-
gen due to local hypoxia.**"*® New synergistic
approaches combining PDT with other therapeutic
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modalities, involving hyperthermia, may hold the pro-
mise to overcome current limitations of PDT. The
advantages of such a combination may concern the
intrinsic mechanisms related to each modality. In
this context, it has been reported that moderate tem-
perature increase may enhance blood flow and tumor
oxygenation, reducing undesired hypoxia for PDT.3%4°
Additionally, the mechanism of the synergistic interac-
tion may take place at the cellular level since PDT
weakens the heat shock cell defense mechanism.*' In
the survey of such synergistic effects, recent research
efforts have been focused on combining PDT and
PTT.*>~* These approaches involving the combination
of PDT and PTT mainly rely on plasmonic nanoparticles.
For instance, chlorin €6 linked to the surface of gold
nanorods was used to target cancer cells for PDT/PTT,
with a cell viability of about 80% of cells for the PDT
group, 63% for PTT group, and decreasing to 40% in
PDT/PTT group.** This result shows the synergism of
dual treatment, but it is less striking than the in vitro
ones reported herein. In an in vivo approach, gold
vesicles loaded with chlorin e6 were tested for PDT/
PTT in mice bearing tumors. The results pointed out a
synergistic effect of PDT/PTT superior to that of any
single modality treatment applied solely.*? In a related
approach, a complex between gold nanorods and
aluminum phthalocyanine tetrasulfonate was investi-
gated to treat nude mice bearing SCC7 tumors. En-
hanced in vivo therapeutic effect with total tumor
regression was observed for a double-treated group
(PDT/PTT), while only partial regression or growth
slowdown was achieved in single-treated groups.*
All reported approaches concerned gold nanoplat-
forms for PTT, while little attention was given to
magnetic hyperthermia combined to PDT. A few stud-
ies proposed that a PDT could be associated with
magnetic hyperthermia. However, they did not merge
a photosensitizer and magnetic nanoparticles into a
single nanoplatform nor provide proof of a synergic
effect in vivo. For instance, Oliveira and colleagues
investigated the spectroscopic properties of a mixture
of phthalocyanine/magnetic fluid.*® Although they
indicated the potential interest of the mixture for
magnetic hyperthermia combined to PDT, in vitro
and in vivo tests were not performed. In a related
study, another group designed porphyrin—magnetite
nanocomposites with noncovalentionic and hydrogen
bonding interactions between the particle surface and
porphyrin molecules. Although a single entity display-
ing both magnetic and photoresponsiveness was de-
signed, there was no investigation of magnetic
hyperthermia combined to PDT in vitro or in vivo.*’
Oil-in-water nanoemulsions and liposomes incorporat-
ing both a photosensitizer and magnetic nanoparticles
have already been produced. However, they have been
tested only in vitro.***° To the best of our knowledge,
the present study is the first to address the synergic
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Figure 5. Treatment efficacy on tumor-bearing mice. (a) Therapeutic strategy sketch: liposomes were injected intratumorally,
and mice were subsequently subjected to combined treatment with magnetic hyperthermia and laser irradiation. (b) Increase
in local temperature during magnetic hyperthermia treatment was monitored with an infrared thermocamera. The maximum
temperature was reached about 5 min after field application and maintained for the entire treatment cycle (30 min). A movie
of the temperature recording is provided in the Supporting Information. Because of cell rearrangement, nanoparticle
dilution, and aggregation, the heating efficacy decayed after one cycle of treatment, assessing a local temperature increase of
afew degrees during magnetic hyperthermia. It is noteworthy to highlight that the camera measures the surface temperature
of the skin, so the temperature within the tumor is expected to be higher. (c) Tumor growth curves of different control groups
and treatment groups. DO on the graph corresponds to the day of liposome injection, which also corresponds to the first
day of treatment. Descriptive statistical analysis for tumor growth curves is reported in Table S1. In Supporting Information
Figure S14, a Kaplan—Meier plot of complete tumor remission is shown.
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Figure 6. Histological analysis of excised tumors. In each section, hematoxylin/eosin (HE) staining (top panel), Masson's
trichrome staining (middle left and bottom right panels), and Nuclear Red/Perls Prussian Blue staining (bottom left) are reported.
(a) Optical micrographs of control tumors (injected but not exposed to the laser nor to the magnetic field) generally exhibited a
viable core and the majority of the nanoparticles (brown in HE-stained sections and blue after Perls staining) were restrained at
the tumor periphery, which is rich in collagen (green in Masson's trichrome stained sections). Tumor cells in proximity of
nanoparticles remained viable when treatment was not applied. (b) Laser irradiation alone slowed tumor growth and affected
the intratumoral distribution of liposomes, as they penetrated from the tumor capsula, rich in collagen fibers (green after
Masson's staining) into the tumor core. In addition, necrotic zones characterized by lost cell cohesion and immune cell infiltration
were prominent throughout the tissue. The asterisk on the magnified view (HE staining) denotes a large zone of hemorrhagic
necrosis adjacent to the particles. (c) Magnetic hyperthermia alone produced large areas of necrosis (N) in proximity of particles
(P), although some viable tissue (V) was detected distal to particles. In comparison with other groups, thicker areas of fibrous
tissue were detected after Masson's trichrome staining. (d) In sections of the tumors treated with the dual therapy, little, if any,
tumor cells were detected. Particles were mainly localized in the scar tissue, adjacent to adipose tissue. The remaining particles
colocalized with the collagen fibers of the destructured tissue, while the treated tumoral mass was visibly depleted.

effect of PDT coupled to magnetic hyperthermia
in vitro as well as in vivo by means a unique nano-
platform simultaneously integrating a dual magnetic
and photosensitizer loading for ultimate hyperthermia/
PDT combined therapy.

CONCLUSION

In conclusion, we have developed a novel type of
liposome formulation combining magnetic nano-
particles and a photosensitizer. Detailed DSC charac-
terizations were used to optimize the amount of
photosensitizer present in the liposome bilayer. The
antitumoral efficacy of the liposomal nanoplatform
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was first demonstrated in vitro: each treatment alone
produced similar rates of tumor cell death, while
combined treatments led to complete cell destruction,
a prerequisite for in vivo treatment that is rarely
achieved. Analysis of the cell death signatures revealed
that the two treatments acted synergistically by trig-
gering apoptotic signaling pathways. In vivo, each
treatment alone was capable of inhibiting tumor
growth, while combined treatment completely eradi-
cated the tumor. This spectacular efficacy of combined
magnetic therapy and phototherapy endorses the use
of multiple approaches to cancer therapy. The next
step will be to deliver these liposomes specifically to

VOL.9 = NO.3 = 2904-2916 = 2015 W&)

WWww.acshano.org

2912



tumor cells by magnetic or cellular targeting. If suc-
cessful, this approach would avoid surgery and

EXPERIMENTAL SECTION

Ultramagnetic and Photosensitive Liposome Preparation. Materials.
Chloroform solutions of 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[(carboxy(polyethylene glycol)2000] (ammonium salt) (DSPE-
PEG2000), and L-a-phosphatidylethanolamine-N-(lissamine
rhodamine B sulfonyl) (ammonium salt) (egg-transphosphati-
dylated, chicken) were purchased from Avanti Polar Lipids, Inc.
Chloroform and diethyl ether were supplied by Carlo Erba
reagents and VWR. m-Tetrahydroxyphenylchlorin (m-THPC)
was purchased from Inochem.

Size-Sorted Iron Oxide Magnetic Nanopatrticle Synthesis. Nano-
particles were synthesized by alkaline co-precipitation of FeCl,
and FeCl; salts.>® After precipitation, nanoparticles were sorted by
size by adding HNO3 (045 M) to the suspension followed by
magnetic decantation. This operation was repeated with the
deposit until suitable size was obtained. Sodium citrate at a molar
ratio nFe/nCit = 0.13 was added to the sorted nanoparticles, and
the mixture was heated at 80 °C for 30 min to promote absorption
of citrate anions onto their surface. The mean diameter of
the nanoparticles used for the preparation of the liposomes was
do = 9 nm with a polydispersity index of o = 0.35.

UMPL Preparation. UMPLs were prepared by the reverse-
phase evaporation method, established by Skoza et al.>' and
Béalle et al.>° and modified as follows: a mixture of DPPC/DSPC/
DSPE-PEG 2000 (85/10/5 mol %, 250 ul) was mixed with a
solution of m-THPC (in chloroform, 3.3 mg/mL) and diluted up
to 1 mL with chloroform and up to 4 mL with diethyl ether.
Afterward, magnetic nanoparticles (1 mL) dispersed in 5 mM
sodium citrate buffer (0.7 M in iron) were introduced before
sonication at room temperature for 20 min to produce a water-
in-oil emulsion. Preparation was immediately transferred to a
round-bottom flask, and organic solvents were evaporated with
a rotavapor R-210 (Buchi) at 30 °C until the gel phase dis-
appeared. The formulation was modified for the preparation of
rhodamine-labeled liposomes with the following ratios: DPPC/
DSPC/DSPE-PEG2000/Rho-PE  84.5/9.5/5/1. Afterward, the
water-dispersed liposomes were filtrated through a 0.4 um
filter. Non-encapsulated nanoparticles were removed by mag-
netic sorting using a NdFeB magnet (0.3 T). The sorting was
repeated twice for 12 h, and the resulting liposomes were
resuspended in 5 mM sodium citrate buffer.

Transmission Electron Microscopy. UMPLs were drop-casted
on a carbon-coated copper grid (300 mesh) and dried. Lipo-
somes were characterized by a JEOL 100 CX TEM at 60 keV.

Total Iron Concentration. Concentration of iron was mea-
sured by atomic absorption spectroscopy with a PerkinElmer
AAnalyst 100 apparatus after degradation of the magnetic
nanoparticles and the liposomes. For that, 20 uL of liposomes
was solubilized in 100 mL of HCI (37%) for 5 min.

Titration of Lipids (Rouser Method). After acidic degradation,
inorganic phosphate content was measured by colorimetric
titration (A = 797 nm) after addition of ammonium molybdate.52

DSC Analysis. The behavior of m-THPC from 0 to 16.4 mol %
has been tested with every constituent of the bilayer (pure
DPPC, pure DSPC) and for the final composition DPPC/DSPC/
DSPE-PEG by differential scanning calorimetry (TA Instrument).

Photoluminescence Analysis. PL spectra of the water sus-
pension of UMPLs were acquired by a Cary Eclipse fluorescence
spectrophotometer (Varian Inc.), applying a Aeyc of 430 nm and
collecting UMPL emission from 600 to 700 nm.

Dynamic Light Scattering Analysis. DLS curves of the size
distribution were obtained using NanoSizer (Zeta-Sizer, Malvern
Instrument). There is no ultrasonic pretreatment of liposomes
before DLS measurements.

In Vitro Experiments. Cell Culture. Human adenocarcinoma
SKOV-3 cells (ATCC #HTB-77) were grown in adhesion in
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damage to healthy bystander tissues and would thus
minimize clinical adverse effects.

McCoy's 5A modified medium (Sigma-Aldrich #M9309) supple-
mented with penicillin (50 1U/mL), streptomycin (50 x#g/mL),
and 10% fetal bovine serum (FBS). A431 human epidermoid
carcinoma cells (ATCC #CRL.1555) were cultured as adherent
cells in RPMI-1640 medium supplemented with 10% FBS and
Geneticin (800 #g/mL). Both lineages were maintained at 37 °C
in humidified atmosphere at 5% CO,.

Incubation Details and Treatment Application. For the in
vitro tests, SKOV-3 cells were incubated with a suspension of
UMPL (from 0.5 to 5 mM in iron, in serum-free RPMI-1640
medium supplemented with 5 mM sodium citrate) for 1, 2, or
4 h. After incubation, a chase period in complete medium
(McCoy5A medium supplemented with 10% FBS) was applied
for 2 h. Subsequently, the cells were detached by means of
trypsin-EDTA solution and resuspended in PBS in order to
obtain 300 uL with a cellular concentration of 10° cells
per mL. This compact suspension was then transferred into a
0.5 mL tube suitable for treatment application. For the applica-
tion of magnetic hyperthermia, a laboratory-made device was
used. It consists of a resonant RLC circuit, using a 16 mm coil
producing an alternating magnetic field with a frequency
ranging from 300 kHz to 1.1 MHz and with amplitudes up to
27 kA/m. Temperature was probed with a fluoroptic fiber
thermometer and recorded every 0.7 s. The UMPL-labeled cells
were introduced in a test tube placed into the copper coil. The
latter has a variable capacity in the range of 10 pF to 4 nF and a
self-inductance of 25 uH. The coil was cooled with circulating
nonane. Temperature of the nonane was controlled to obtain an
equilibrium temperature of 37 + 0.2 °C in the samples. Specific
loss power (SLP) was calculated (eq 1) from the initial linear
increase of temperature as a function of time (d7/dt):

V. dT
P === 1
S mdt Q)]

where Cpater = 4185 J L™ K" is the volume-specific heat
capacity of the sample, V; the sample volume, and m the mass
of magnetic material in the sample. Labeled cells were treated
for 30 min with a field with an amplitude of 24 kA/m and a
frequency of 700 kHz.

For the application of PDT, the cell suspension was spread
onto a 35 mm plate, with a liquid thickness of 1—2 mm. Then, a
laser diode driver (KS3-11312-101, BTW Beijing Ltd.) with an
output power of 400 mW at 650 £ 10 nm was applied for 4 or
8 min to obtain a fluency of 5 or 10 J/cm?. The optical fiber was
fixed at 6 cm from the cell suspension in order to apply an
average laser spot of 9.6 cm?.

Magnetophoresis. Magnetophoresis was used to quantify
either the amount of iron either per single liposome or per
single cell (having internalized the magnetic liposomes).

For the measurement of the liposome magnetic content, a
miniaturized nickel tip was placed in a homogeneous magnetic
field of 0.2 T, generating a local magnetic field gradient of gradB =
195 T/m in the observation window. Single liposomes were
tracked during their motion toward the magnet in the fluores-
cent channel (excitation 470 nm/emission 650 nm) specific for
m-THPC. From the velocity (Viiposome) cOMputed, the magnetic
moment, Miiposome (€Xpressed in A- m?, at 0.2 T), of each single
tracked liposome is calculated: Miiposome = 377 dliposomeViiposome/
gradB. It can then be converted into a mass of iron (1 pgge
corresponds to 84 x 1074 A-m? at 0.2 T).

For the measure of the liposome uptake potency by tumoral
cells, SKOV-3 cells were incubated with different amounts of
liposomes (as described above). Subsequently, the cells were
washed twice with PBS and detached by means of trypsin-EDTA.
The collected fractions were then assayed for iron content by
magnetophoresis. The magnetophoretic mobilities of individ-
ual magnetically labeled cells were measured in magnetic
field and a field gradient of 145 mT to 17 T/m, created by a
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permanent magnet (NdFeB, Calamit). From the balance be-
tween the viscous and magnetic forces experienced by the
moving magnetic objects in the field gradient, a magnetic load
is deduced and expressed as iron mass content per single cell.

Confocal Analysis. Confocal microscope images were
acquired by using a Andor Technology with Olympus JX81/
BX61 Device/Yokogawa CSU device spinning disk microscope
(Andor Technology plc, Belfast, Northern Ireland), equipped
with a 60xPlan-ApoN oil objective lens (60x/1.42 oil, Olympus).
SKOV-3 cells were cultured on glass slides and incubated with
liposome as described above. The cells were fixed at 4 °C for 30
min with 4% paraformaldehyde and counterstained with DAPI
for 10 min at 4 °C. The fluorescence signals were detected with
Aexc =405 nm and Aem, = 465 = 30 nm for DAPI, Aeye = 561 nm
and Aem, = 604 £ 15 nm for rhodamine and Aexc = 405 nm and
Aem = 660 £ 20 nm for m-THPC.

Cytotoxicity Assays. After the two treatments (alone or in
combination), the viability of treated cells was evaluated by two
different assays: Trypan Blue exclusion assay for acute toxicity
and Alamar Blue for long-term toxicity. The Trypan Blue is a
diazo dye that is not able to penetrate the plasma membrane of
a live cell. When the integrity of the membrane is altered, in case
of necrosis or apoptosis, the dye traverses the membrane and
the cells become stained with blue. For the analysis, a small
volume of cells were mixed with Trypan Blue 0.4% solution and
immediately analyzed by optical microscopy by means of a
Malassez hemocytometer. The percentage of viable cells is
given by eq 2:

viability (%) = (100xN)/(N +N') 2

where N is the live cells (nonstained) and N’ is the dead ones
(blue stained).

The Alamar Blue assay (Life Technologies) is a quantitative
test based on the ability of metabolically active cells to convert
the reagent into a fluorescent and colorimetric indicator. After
the dual treatments, the cells in suspension were counted and
seeded, in equal amount, in 24-well plates in complete culture
medium. After 12 h, the monolayer was washed twice with PBS
and 300 uL of Alamar Blue solution was added to each well,
following the protocol provided by manufacturer. After 2 h of
incubation, 200 uL of each solution was transferred into a
96-well plate for analysis. The resulting fluorescence was ana-
lyzed by a microplate reader (BMG FluoStar Galaxy), with an
excitation wavelength of 550 nm and by collecting the fluores-
cence at 590 nm. All the experimental points reported have
been reproduced in triplicate.

Proteome Analysis. For the analysis of treatment effects on
the cellular proteome, an antibody-based kit was used (Human
Apoptosis Array, R&D System, #ARY009). For each experimental
point, 107 cells (corresponding to 2 x 150 cm? culture flask)
were processed following manufacturer's protocol with no
changes. For the points at 1 and 4 h post-treatments, cells were
diluted in PBS and kept at room temperature in a open vent
tube in sterile conditions. Antibody spot intensities were ana-
lyzed by a LAS-4000 chemiluminescence imaging system
(FujiFilm) and processed by open-source ImageJ software.

In Vivo Experiments. General Lines. Animals were handled
according to the European Community guidelines for the care
and use of laboratory animals (European Directive 86/609/EEC
on the protection of animals used for experimental and other
scientific purposes and its amendment (2003/65/EC)). The
Institutional Animal Care and Use Committee of Paris Cardio-
vascular Research Center (PARCC) approved animal protocols.
Six-week-old female NMRI nude mice (weighing 32 g, provided
by Janvier, France) were housed in polypropylene cages and
were provided with food and water ad libitum. Each experi-
mental group consisted of eight animals. The groups were
defined as follows: (i) noninjected control group, (i) injected
control group with no treatments, (i) magnetic hyperthermia,
(iv) photodynamic therapy, (v) combined therapy. No effects
were observed on tumor growth when laser/alternating mag-
netic field were applied to noninjected tumors (data not shown).

Treatment Protocols and Groups. Tumor model. Mice were
anesthetized with isoflurane in air (supplied at a flow rate of
1 L/min), and 1.5 x 10° epidermoid carcinoma A431 cells
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suspended in 0.9% NaCl solution were inoculated subcuta-
neously on both flanks. After 1 week, the tumors attained a
volume of 40—50 mm? and were ready for treatment. Tumor
volumes were measured on a daily basis. The volumes were
calculated by applying formula 3:

D x d?
2

where D is the longest tumor axis and d is the shortest one. Prior
to treatment application, mice were anesthetized with intraper-
itoneal administration of ketamine/xylazine (10 and 50 mg/kg,
respectively), and 50 uL of a UMPL suspension (1 M in iron,
equivalent to 2.8 mg of Fe, and 150 uM for m-THPC) was
intratumorally injected. About 5 min after injection, mice under-
went magnetic hyperthermia and/or laser irradiation (PDT). This
fast treatment was aimed to address the extracellular tumor
matrix, to induce damage in the tumor area before treating
tumor cells in subsequent cycles at 24 and 48 h from injec-
tion. For MHT, a commercial setup from Nanotherics Ltd.
(magneTherm) was used. Mice were introduced in the coil
enclosure, and a field of 30 mT at 111 kHz was applied for
30 min. The mapping of the mouse skin surface temperature
was monitored using a FLIR SC7000 infrared camera. All the
acquisitions were processed by Altair software (FLIR Systems,
Inc.). For PDT, the laser was applied for 100 s by applying a spot
of 1 cm? with an output power of 100 mW, in order to obtain a
fluency of 10 J/cm?. The treatments were repeated three times,
with an interval of 24 h. Ten days after UMPL injection, the mice
were sacrificed by cervical dislocation under ketamine/xylazine
anesthesia. No mice were maintained alive after day 10 because
the size of the collateral tumor (nontreated) exceeded ethical
limits. Tumors (injected and collateral), spleens, and livers were
excised and fixed in pH 7.4 phosphate-buffered 10% formalin
and embedded in paraffin. Five micrometer tissue sections were
stained by hematoxylin/eosin, Prussian Blue/Nuclear Red and
Masson's trichrome stain. Table S2 details staining protocol
characteristics.

Magnetic Resonance Imaging. Magnetic resonance imaging
was performed on a Biospec 47/40 USR (40 cm bore actively
shielded 4.7 T magnet) scanner interfaced to ParaVision soft-
ware (both provided from Bruker Biospin GmbH, Rheinstetten,
Germany). The whole-body imaging protocol was performed
with a volume transmission/reception RF coil for mice (Bruker),
using a gradient echo sequence (TR/TE = 300/3 ms, flip
angle = 30°, FOV = 3 cm, 8 averages and a pixel resolution of
117 x 117 um) with slices (thickness = 1 mm) positioned over
the liver, spleen, and tumors. Two mice per group underwent
MRI at day 6 after liposome injection. During the protocol, the
animals were anesthetized with 2% isofluorane (Aerrane,
Baxter, Maurepas, France) supplied in air mixture, while their
body temperature was kept constant by circulating thermostated
warm water. Image processing and analysis were made with the
open source software OsiriX (3.9.2. version).
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