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ABSTRACT

Photodynamic therapy (PDT) is a very attractive strategy to complement or replace common
cancer treatments such as radiotherapy, surgery, and chemotherapy. If some molecules have
shown their efficiency as photosensitizers (PS), many issues have to be solved such as the
inherent cytotoxicity of the PS or its hydrophobic properties causing limitation in their
solubility and leading to side effects. In this study, the encapsulation of an approved PS, the
meso-tetra hydroxyphenylchlorine (MTHPC, Foscan®) within biocompatible and
biodegradable poly(D, L-lactide-co-glycolide) acid (PLGA) NPs prepared by the

nanoprecipitation method was studied. The mTHPC-loaded NPs (IMTHPCGA NPs)
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were analyzed by UV-Visible spectroscopy to deteemithe efficiency of mTHPC
encapsulation, and by dynamic light scattering (Jp&&d atomic force microscopy (AFM) to
determine mTHPQJ PLGA NPs sizes, morphologies and surface chajes.longitudinal
follow-up of mTHPC release from the NPs indicatbdtt50% of the encapsulated PS was
retained within the NP matrix after a period ofefidays. Finally, the cytotoxicity and the
phototoxicity of the mTHPQ] PLGA NPs were determined in murine C6 glioma tinés
and compared to the ones of mMTHPC alone. The ststiewed a strong decrease of mTHPC
cytotoxicity and an increase of mTHPC photo-cytatdy when mTHPC was encapsulated.
In order to have a better insight of the underlyagdlular mechanisms that governed cell
death after mTHPQ] PLGA NPs incubation and irradiation, annexin Virstey tests were

performed. The results indicated that apoptosisth@snain cell death mechanism.



INTRODUCTION

PhotoDynamic Therapy (PDT) is a clinically approweatd minimally invasive therapeutic
procedure that can exert a selective cytotoxio/iigtioward malignant cells. Clinical studies
revealed that PDT can be performed as an altematias an adjuvant to other therapies such
as radiotherapy, surgery and chemotheraffpr the treatment of superficial tumors. The
procedure involves the application of a moleculéedgphotosensitizer (PS), followed by the
irradiation of the area to be treated at the wangtle corresponding to an absorbance band of
the PS. The combination of the PS and light wiiquce reactive oxygen species and singlet
dioxygen {0O,), leading to cell death.

The highest limitation of PDT effect lies in theudritself. Indeed, an ideal PS has to possess
adapted chemical and photophysical properties. ddrapound has (1) to be stable and
chemically pure, (2) to be soluble in biologicaveanments, (3) to be safe in the dark (so
called dark toxicity), (4) to have a high molariegtion coefficient for an absorbance PS
band with a strong tissue penetration and (5) toumwlate with high concentration in
targeted tissués. Currently no molecule possesses all these piiepert

Porphyrins (including chlorins) are the most fremflyeused PS with high efficiendg vivo.
Among these molecules, mTHPC (Foscan ®), which ishkrin, is approved for the
palliative treatment of advanced head and neckerabyg the European Medicines Agency
since October 2001. This PS is a highly hydrdghomolecule that can be excited at
652 nm (at this wavelength, the light penetratisn about 7 mnf) However, mTHPC is
prone to aggregation, its aggregated form is ldsstgactive and binds strongly to serum
proteins. Rapid uptake of aggregates by cells of the ritendothelial system may lead to

higher inter-patient variability of mTHP&cumulation in tissués



In order to further improve the treatments, onenpsing solution is the encapsulation of
photosensitizers. This could help to improve P$ilsidty and to help tissue targeting while
preserving or improving PS therapeutic effect.

In this context, our goal was to develop bioconigatinanoparticles able to encapsulate
MTHPC in the form of the Foscan® formulation. Instihespect, polymeric nanoparticles
(NPs) are ideal candidates for the vectorizatiodrafjs. Among them, poly(D, L-lactide-co-
glycolide) (PLGA) is FDA-approved for human (G8ePLGA and its various derivatives have
set the basis to develop micro- or nanoparticlesyesulating therapeutic drugs for controlled
release applicatiodsindeed, they present inherent advantages overdimeentional devices,
such as extended release rates in addition to bi@mompatibility/biodegradability and ease
of administration via injection. Moreover, theirechical nature seems to perfectly match that
of the hydrophobic druﬁéo. Furthermore, due to the enhanced permeability retehtion
effect (EPR effect}, NPs can be uptaken by tumor tissues, which cansbéul to increase
drug dose within these tissues, even if the remibdlity of this mechanism seems to be
controversidf. To circumvent this drawback, methods such asntiggrafting at the NP
surface, combination of light or radiation therapyNP administration can for instance be
used to enhance drug penetration to the innersayfethe tumat.

In this paper, the encapsulation of mMTHPC into PL&hoparticles (MTHPUOPLGA NPs)

is described and its encapsulation efficiency eataldi by UV-visible spectroscopy. The size,
(-potential and NP morphology were analysed by dyoafight scattering (DLS),
electrophoretic light scattering (ELS) and atonaocé microscopy (AFM) respectively. The
release profile of mMTHPC from NPs was followed by-Misible spectroscopy. Dark
cytotoxicity and photocytotoxicity of mMTHRTPLGA NPs were evaluated towards a murine
C6 glioma cell line by confocal and fluorescencenmscopy, and compared to the ones of

non-encapsulated mTHPC. The C6 cell line, histaiay classified as an astrocytoma was



chosen because it fulfils commonly accepted catéor an ideal in vivo experimental brain
tumor modet®. Furthermore it exhibited the greatest numberesfeg whose expression was
similar to that reported for human brain tumorsnéxin V tests were finally performed in
order to have a better insight of the cell deatlthmaisms, induced by irradiation of C6

glioma cells treated with mTHPQG PLGA NPs.

MATERIALSAND METHODS

General

mTHPC (Foscan®) was a generous gift of Biolitec rRfaa Ltd. (Jena, Germany).
Poly(lactide-co-glycolide) (PLG&.so RH503H) was purchased from Boeringher Ingelheim
(Germany) and Poloxamer 188 (P188,ePluroni® F-68 polyethyleneglycol-co-
polypropyleneglycol-co-polyethyleneglycol) from g8ia Aldrich (France). Sterile water for
injections (Laboratoire Aguettant, Lyon, Franceas systematically used for nanoparticle
preparation and analysis.

UV-visible absorption spectra of mTHPC solutiond@® M) were recorded with Varian
Cary 60 spectrometer using solvents of spectrophetioc grade (DMSO and glycofurok.
tetrahydrofurfuryl alcohol polyethylene glycol eth&igma Aldrich (France)). Absorption
spectrum of mTHPC in DMSO exhibited the charactieriSoret and Qbands at 418, 516,
543, 597 and 652 nm respectivélymTHPC molar extinction coefficient determined in

DMSO at 652 nm was of 39 800 L rifatm>.

Nanoparticle preparation
PLGA NPs were synthesized using a modified nandpitation method®. Briefly, 50 mg of
PLGA (1% wi/v) and 50 mg PlurorficF68 (1% w/v) were dissolved in glycofurol (5 mlo) i

presence (or not for unloaded NPs) of mTHPC. Thlat®n was then poured at a constant



flow rate (0.2 mL.miff) under moderate magnetic stirring into 75 mL ofagueous phase
containing 0.01% w/v Pluronic® F68. NPs were spoatausly formed upon glycofurol
diffusion into the aqueous phase. Potential aggesgaere removed by centrifugation (2415¢g
for 5 min, at room temperature). The raw nanosusipen(10 mL) was purified by dialysis
(three cycles of 10 h) against sterile water (lak)room temperature, using a cellulose

membrane with a MWCO of 25 kDa (Spectrum, Spect@0).

Deter mination of encapsulation efficiencies

mTHPC loading was determined spectrophotometricalyy raw and dialysed
nanosuspensions. 10 mL of mTHRCPLGA nanosuspension were centrifuged for 1 h at
4°C, at 23 200 g to discard the supernatant. The&llet was freeze-dried to remove traces
of water and then re-solubilized in 2 mL DMSO priorUV-vis spectrophotometry analysis.
The mTHPC content was determined at 652 nm thartkdovalue of the molar extinction
coefficient previously determined (39 800 L mam?). mTHPC entrapment efficiency (EE,

%) and drug loading (DLE, % w/w) were calculateddns. (1) and (2), respectively:

mTHPC mass in nanoparticles

100

Equation (1) EE(%) =

mTHPC mass introduced in the synthesis

mMmTHPC mass in nanoparticles

Equation (2) DLE(%) = 100

total mass of recovered nanoparticles

Particle size analysisand {-potential measur ements

Unloaded and mTHPAPLGA NPs sizes were determined by Dynamic Ligtattering
(DLS) with a Zetasizer Nano ZS (Malvern Zar Nano-ZS, Malvern Instruments,
Worcestershire, UK). Mean hydrodynamic diameters{&) and polydispersity indexes are
calculated with the cumulants method from the isifigndata by the Zetasizer software
(v7.12, Malvern). Each nanosuspension was analyzedplicate at 20°C and a scattering
angle of 173°, after 1/20 dilution in water. Purater was used as a reference dispersing

medium.



Zeta potential{-potential or ZP) data were collected through Etggitoretic Light Scattering
(20°C, 150V), in triplicate for each sample (MalveZetasizer Nano-ZS, Malvern
Instruments, UK), using water as the dispersantinmedThe instrument performance was
checked with Malvern -68 mV standard before eadiyais cycle.

Morphological studies

The AFM images were acquired in a liquid cell wétlBioscope Catalyst (Briiker Nano) in
tapping mode. The parameters were set to avoitgitrderactions between the tip and the
soft sample, and then a possible deformation ofNRs. A silicon nitride tip with a spring
constant of 0.24 N thwas used for topographical images. AFM images gererated with

a scan rate of 0.5 Hz and 512 lines per image. firpats were performed at constant room
temperature. During the scans, feedback gains wereased to the value just below the
feedback started to oscillate. Images were prodemsly by flattening to remove background
slopes.

MTHPC release profile

The ability of these delivery systems to releasrtpayload was exploreih vitro using
phosphate buffer pH 7.4 at 37°C. Briefly, dialyseégys (Spectrum, Spectra Por®6.0, MWCO
25 kDa) containing 10 mL of mTHRTLGA nanosuspensions were immersed in 1 L
phosphate buffer pH 7.4 at 37.0 £0.2 °C and mech#y stirred at 50 rpm in a USP
Dissolutest system. At various pre-determined emdpone dialysis bag was withdrawn and
its NP content harvested by centrifugation. mTHB&dIng was determined after pellet re-
solubilisation in DMSO by UV-vis spectrophotome#iy652 nm, as described previously.
Cytotoxicity studies

In order to investigate the cytotoxicity of free FC and mMTHPCPLGA NPs on tumour
cells, C6 glioma cells were treated with variousantrations over 24 h and MTT tests were

conducted. Cells (1.5 10" cells.mL) were seeded in 96-well plates and grown in



Dulbecco’s modified Eagle Medium Nutriment MixtuFel2, enriched with 10% FCS and
1% antibiotics (penicillin 50 U/ml, streptomycin &@g/ml). Thereafter, cells were incubated
with various concentrations of mTHPC and mTHHRLGA NPs. Double control was
achieved, with untreated cells on the one handwatidcells treated with equivalent dilutions
of unloaded NPs on the other hand. Cells were iat@afor 24 h at 37°C, 5% GOAfter
carefully removing the medium and rinsing the celNgh D-PBS, cell survival was
determined by a MTT assRy Cells were mixed with 1AL of MTT solution (2.5 mg/mL)
and incubated 3 h at 37°C and 5% of Chhe supernatant was discarded and the formazan
crystals salt were solubilized by adding 100of DMSO (Sigma Aldrich). The absorbance
was measured in an automated microplate readeBCand (Perkin Elmer 1420 Multilabel
counter). Cytotoxicity was expressed as percentdgeontrols (untreated cells) by visible
spectrophotometry Victor3V at 560 nm (Perkin ElrhidR0 Multilabel counter). The Prism™
program was used to determinesJ@or the various treatments (GraphPad Software, San
Diego, USA).

Photocytotoxicity evaluation

The response of free mMTHPC and mTHHRL.GA NPs to light was also testadvitro in C6
glioma cells. After the treatment of the cells,\tlgere placed in a videomicroscope Axiovert
200 (Zeiss) and irradiated with a mercury lamp tigio a filter of excitation band of
(640 £ 30) nm. The temperature was fixed at 37°@ #me percentage of GQit 5%. The
viability of treated cells was determined just afteadiation by two methods: observation of
the fluorescence of propidium iodide and tests witpan blue.

Propidium iodide: Cells (1.5 10* cells.mL") were seeded in Iwaki glass boxes background

(Asahi Techno Glass Corporation) at the concewotmatf 7.3 x10° M (0.5 pg.mL%) of
MTHPC (free or encapsulated). Just before irramhatl puL of propidium iodide is added for

1 mL of enriched medium. Optical and fluorescenoeages (51% 512, Metamorph



software) are performed before and 30 min afteirradiation at 29 J.cfh(corresponding to

1 hour of irradiation of a surface of 1.55¢€mvith a power of 12.5 mW) or 58 J.&m
(corresponding to 2 hours of irradiation in the saoonditions). Such energy values were
chosen to highlight the qualitative action of PScelis accordingly to other studtés®

Trypan blue: Cells (1.5 10* cells.mLY) were seeded in 24-well plates at the concentratfo
7.3x 10’ M (0.5 ng.mL*) of mTHPC (free or encapsulated). The same irtadiaonditions
were used (29 J.cfand 58 J.cif) to determine the quantitative influence of thghtidose.
Just after irradiation, the wells were rinsed amtlscwere detached with 200 pL of trypsin
0.05% /EDTA and resuspended in D-PBS. After th@@ [iL of blue trypan solution (0.4%,
Sigma Aldrich) and 100 pL of D-PBS with cells weadded. Colored cells were counted
under the optical microscope.

Deter mination of the cellular death mechanism

To investigate the cell death mechanism (necrasepoptosis), tests based on the detection
of Annexin V were performed using Annexin V & De&e®ll Kit and the cell analyzer
Muse®. Using similar protocols as previously ddsedi for cytotoxicity evaluation, cells
were seeded at the concentration of 0.5 ug-mf mTHPC (free or encapsulated). After
irradiation at a smaller light dose of 10 JGneells were incubated during 40 h. For these
tests, a smaller irradiation dose was chosen cadparthe previous experiments. Indeed, to
perform this test and get relevant results, itestdy to look at the cells a long time after
irradiation as the apoptosis is a longer proceks. f€st was then performed 40 hours after
irradiation. Regarding the irradiation dose, it wiegided to lower it to avoid the death of all
the cells. Then dead cells floating in the mediuerememoved and collected. The adherent
cells were rinsed with PBS before adding 500 ulirgpsin to detach them. The medium
containing dead cells collected previously was mhiwéth this cell suspension. All these cells

were centrifuged for 5 min at 4°C at 1 500 rpom. Eupernatant was removed and cells



resuspended in a PBS solution with 1% SVF befotmtiog using KOVA® Glasstic® slide
(KOVA). To guarantee a rational labelling, cell pession was diluted at a density range
between % 10° and 2x 1P cells/mL. A 100 pL cells solution volume was mixaith an
equal volume of Annexin V solution and kept durg@min in the dark ambient temperature.
Cells were analyzed with the Muse Cell Analyzer®il(jpbre, France). The viability slider
was adjust and the settings were refine for theeXimV vs viability plot to identify all
populations, live, dead, and apoptotic cells. Rasiand negative control were used to
confirm population cell status. Results were coragutvith Muse Analysis® software

(Millipore, France) to determine the apoptosis prtipn.

Results and Discussion

Nanoparticle synthesis and characterizatiomTHPCIPLGA NPs nanoparticles were
synthesized from FDA-approved, pharmaceutical-gRId8A through the simple and easily-
scalable nanoprecipitation procEss using exclusively non-toxic ingrediefits®
Nanoparticle suspensions displayed monodisperse digtributions (Pdl < 0.15) with an
intensity-averaged diameter determined by DLS aldl@0 nm (Z-ave = 122+15 nm) which
is in agreement with the observed sizes for PLGA’RIFThe incorporation of mTHPC within
PLGA matrix increased the NP mean dianfefanloaded NP mean diameter 92+12 nm) but
within acceptable size fav administration.

AFM observations in liquid confirmed these valuesd sshowed NPs of a well-defined

spherical shape and a very narrow distributionyfedL).
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Figure 1: AFM images of mMTHR@LGA NPs

ELS measurements showed that dialysed mTHPC-loalk] exhibited a negative surface
charge of -34.2 + 7.2 mV which also correspondthé&value of the free NPs prepared in the
same conditions. This shows that the mTHPC doese®in to be on the surface of the NPs
but inside. Nevertheless, tifspotential is superior to what is expected for Pl-Gafsed NPs
prepared in the same conditions in the absencelwbmc® F68 ¢ -50 mVA). This
characteristic demonstrates that a partial PEGrapatcurred due to the co-precipitation of
PLGA and Pluronic® F68. Therefore, orientation of PEG segments to the NRewa
interface allowed partially masking carboxylic emiups at the PLGA NP surface. This
participated to the formation of a hydrophilic PEGon&® contributing to render those NPs
less vulnerable to opsonizatfén

MTHPC encapsulation efficiency was then determined byctspphotometric titration.
MTHPC photosensitizer was incorporated within PLI2s with an encapsulation efficiency
of 53% obtained after dialysis. This value is digantly higher than the one obtained for the
encapsulation of mTHPC in PLGA NPs by an emulsidfusion-evaporation technique
(25%)25. It should nevertheless be noticed that this logdifficiency is superior in micell&s
(80%) or in solid lipid nanoparticl&¢81-95%).

The in vitro mTHPC release profile from the synthesized PLGAaparticles was then

11



performed in phosphate buffer (pH 7.4, 37°C, FigkixeThe release profile was biphasic and
the values in agreement with those obtained forilainNP< %" An initial burst effect
occurred since at least 45% of mMTHPC was releasédnwthe first 24h. This probably
corresponded to mTHPC diffusion located near theshiface. Then a second release step
occurred for which a slower mTHPC release was oksetbetween the fifth and the
fourteenth day. This second phase probably correfgmbto the mTHPC diffusion from the

core of nanoparticles to the agueous medium.
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Figure 2. Release profile of free mTHPC as a funcof time, in a phosphate buffer pH 7.4

at 37°C (n=3, triplicate experiments).

This result showed that after five days, 50% of thiial amount of mTHPC content
remained within the NPs.

Biological study with mTHPC-loaded PL GA NPs

The physico-chemical studies clearly showed tha& manoparticles are stable in time,
contains the PS and can be synthesized with a gerdducibility under sterile conditions.
Therefore, tests on living cells were performed: M{Ests were conducted to evaluate the
dark cytotoxicity, as well as the cytotoxicity afteS activation by light. To highlight the
contribution of nanoparticle formulation of PS, esments were conducted under the same
conditions on cells treated with free mTHPC and R®CHPLGA respectively. Unloaded

nanosuspensions were used as controls to chedothtoxicity of the PLGA NPs.

12



Cytotoxic activity:Unloaded NPs were nontoxic to the C6 cell linessslaown on figure 4. It
confirmed previous data reported in the literatif® The effect of free mTHPC on cell
viability was compared to those of encapsulated RCHn PLGA NPs. The cell survival
profiles showed a concentration dependent cytoityxiof the free PS. The inhibition
concentration 1§ of free mTHPC was determined at 5.8 +0.59 1¢ M, which is
coherent with the value of literatdfé’?° For the mTHPC-loaded NPs and in the
concentration range tested in this study, the laxictty prevents the calculation of an IC50,
as the cell survival percentage never drops beld¥s &ig. 3). A slight toxicity was noticed
from a concentration around 1®1. These results clearly demonstrated that thagswation
of mTHPC reduced its cytotoxicity: at 2.0181, free mTHPC led to the death of almost all
the cells while only 20% of the cells died in thregence of mMTHPCGPLGA NPs . The poor
cytotoxicity of mTHPC-loaded NPs has been alreduyeoved towards other cell lines (A549,

MCF10A neoT and U937§and with lipid NPSas well.
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Figure 3. Cytotoxicity of free mTHPC, mTHPC-loadgBs and bare NPs (for bare NPs,
values of toxicity are obtained with the same gisardf NPs in contact with cells — n=3,
triplicate experiments).

Regarding those results, a concentration of mTHPZ310° M (0.5 pg/mL) was chosen to

evaluate the phototoxicity of both free and enchkgied PS. This concentration is 10 times

13



superior to the 1§, for free mTHPC preventing any direct toxicity betPS, even if a release
from loaded NPs occurred.

Photocytotoxic activity:The photoxicity measurements were performed wide fmTHPC
and compared to the loaded PLGA NPs. For each expets, images of cells treated with
free mTHPC or with loaded NPs were captured bedm@ after irradiation. The panel A of
figure 4 showed the optical (left) and the fluoese (right) images of non-treated cells (no
free mTHPC or loaded NPs) before and after irrémtiatNo change before and after
irradiation has been observed in the optical imames the fluorescence of the propidium
iodide was not observed before and after irradiagwoving that the irradiation dose by itself
did not affect the cell integrity. The same seéxperiments was firstly performed on the cells
treated with free mTHPC. Panel B of figure 4 cormepathe optical and the fluorescence
images of the cells treated with free mTHPC, be#ore after irradiation. Before irradiation, a
weak signal of fluorescence was detected in thecgtdplasm due to the emission of mMTHPC
itself. The mTHPC was detectable in all cells bigt Wot seem to enter the nucleus (fig. 4,
panel B and supplementary material ESI1). Thisotsecent with different studies performed
with mTHPC which shows its localization within thesosomes, the mitochondria or in the
plasmic membrands3* After 30 min of light irradiation, optical imageshowed
morphological changes and a very strong fluoreseesignal due to the propidium iodide
(and not to the mTHPC fluorescence) was detectelirwthe nucleus, which is directly
linked to the cell death. The presence of thisngfribuorescence signal inside of the nucleus
is a proof that the nuclear membrane has been daimafter the irradiation, enabling the
propidium iodide to enter in the cell nucl&usWhen inside the nucleus, it links to DNA
leading to the appearance of this strong fluoreseesignal characteristic of necrotic cells.
The appearance of the strong fluorescence aftatiation, while no such signal was detected

for the non-treated cells, clearly showed that tiEHPC was responsible of the cell death

14



after irradiation of the C6 cells thanks to a POffied. The same experiments have been
performed with cells treated with mTHPC-loaded Niirs 4, panel C). As for free mTHPC,
the loaded NPs were localized within all the caltgl in the cytoplasm as observed thanks to
MTHPC fluorescence (see also supplementary matBf&P). The PDT effect was still
observable after the irradiation of the mTHPC-lah&@:GA NPs. Without irradiation, only a
weak fluorescence signal coming for the mTHPC cdaddobserved while after irradiation,
the fluorescence intensity was more important aedlized in the cell nucleus coming from
the propidium iodide emission and indicating th# death. Then, the mTHPC encapsulation
was not detrimental to its PDT effect and did ne¢mm to affect the cellular uptake. The
internalization of PLGA nanoparticles within thecteus is coherent with other studies that
have shown that they can be internalized by pirasigtas well as by dependent clathrin
endocytosis mechanismg®>’

To confirm the PDT effect for free mTHPC and mTHR@ded NPs, blue trypan tests were
performed with the same samples and in the samdiation conditions. The blue trypan tests
allow to get quantitative results about the cetidaath. The blue trypan is a dye that easily
go through deteriorated plasma membrane of dedsl lealding to the blue coloration of the
cytoplasm while it remains outside the living c&lisThe treatment with 720’ M of
MTHPC induced 62% + 6% of cell death by for freeHRPT and 68% + 0.5% for mTHPC-
loaded NPs at 29 J.¢h(Tablel). Under the same irradiation, no phototoxicity wasasured

for control cells, showing the efficiency of the PBffect for both conditions.

15



Figure 4: Panel A - Optical (left) and fluoresceriogages (right) of non-treated cells before

(top) and 30 min after irradiation at 29 J.énfdown). Scale bar is 50pm. Panel B - Optical

16



(left) and fluorescence images (middle) of mTHRfted cells before (top) and 30 min after
irradiation at 29 J.crif (down). Scale bar is 50 um. On the right, 3D retnrction of the
confocal fluorescence images before irradiatiore(sapplementary material ES1). Panel C -
Optical (left) and fluorescence images (middle)diHPC@PLGA treated cells before (top)
and 30 min after irradiation at 29 J.cm(down). Scale bar is 50 pm. On the right, 3D
reconstruction of the confocal fluorescence imagefore irradiation (see supplementary
material ESI2).

To evaluate the effect of the irradiation doselwn PDT efficiency, the irradiation dose was
tuned to 58 J.cfh (2 hours of irradiation instead of 1). The expeis were performed

exactly in the same conditions than previously. Twease of the irradiation dose induced
an enhancement of cellular death either for freeHPT (77% + 2%) or for encapsulated
MTHPC (88%z 1%). These results are particularlgriesting as they were obtained just after

the irradiation.

Cellular death (%) Control cells Cellstreated Cellstreated with

with free MTHPC-PL GA NPs

mTHPC
Irradiation 29 J.cm™ 0.6% 40.4% 62%=+ 6% 68%+ 0.5%
Irradiation 58 J.cm™ 0.8%=+ 0.2% T7%=+ 2% 88%+ 1%

Table I. Photocytotoxicity of control and treateglls at 7.3x10" M of mTHPC (free and
loaded)
Then the encapsulation of mMTHPC in PLGA NPs didse®m to affect the PDT effect, even
exhibiting better efficiency, while enabling to prot the cell of the natural toxicity of free
mTHPC. This behaviour is similar to other resulealthg with Foscan® encapsulation in
solid lipid NP$. Different irradiations were tested and it was aoded that irradiation can

cause oxidation of lipids which are known to cateséc reactions. Another study showed a
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significant improvement of the phototoxic reactmina porphyrin after its encapsulation into
biodegradable NB$ These PLGA-NPs showed a high photocytotoxicipding to 85% of
cellular death compared to 15% for the free poriphfigr a concentration of 3 pg.riftand an
irradiation of 6 J.cA,

Different parameters affect the therapeutic effaod different phenomena can occur
depending of the type of NPs. The cellular uptaken®HPC and its localisation can play an
important role, that can be different before an@rafhe encapsulatidfi®*: Moreover, the
generation of reactive oxygen species can alsodwéfied and influences the PDT effétt?
The matrix nature is important because it can resitt light too and can explain the better
efficiency after PS encapsulation. In our case @rdpared to other results on PLGA NPs, it
seems that the PLGA matrix is quite interestingtasproves the PDT efficiency while
having perfect characteristics for injection (biogmatibility, biodegradation and controlled
drug release).

As the aim of this work was not to find the bestiRidnditions but to show the interest of our
encapsulation strategy, it is clear that the restdiuld be optimized either by increasing the
MTHPC concentration within the NPs (while remainingthe non-toxic window for free
mTHPC) or by playing with the irradiation conditenindeed, regarding the irradiation
conditions, even if higher doses are currently usedlinical treatmerf, current studies
focused on the decrease of this fluence’f4téJsing lower doses could avoid a cell death by
necrosis, which is the case for higher irradiatilmses. Indeed, the apoptosis mechanism is
preferable to the cell necrosis as it does notyrmipd liberation of the cell content within the
medium (which could contaminate the healthy cefisl #ead to their deatt)* As the
apoptosis is a longer process, it is then bettexémmine the cells a long time after irradiation.
The annexin V test was then performed 40 hours afdiation. Regarding the irradiation

dose, it was decided to lower it to 10 J%rto avoid the death of the cell population quickly
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after the irradiation, (performing the test undé@9al.cri? dose, 60% of the cells were already
dead after 30 min).

To investigate the biological aspect and the cefitd mechanisms at lower irradiation doses,
Annexin V tests were performed for the cells trdatgth free mTHPC and the loaded NPs
(Fig. 7). Annexin V experiments enable to determiremechanism of cell death by counting
the percentage of cells in apoptosis. Contranhe Trypan blue test performed in the first
part of the study, the Annexin V test enables wiimguish the cells dead by necrosis or by
apoptosis (this latter being the preferred mechanisr efficient PDT effedf™9 after
irradiation, thanks to the detection of specificrkess. One of them consists to localize
phosphatidylserine normally contained in the ind¢face of membrane cell. Indeed, Annexin
V, which exhibits a high affinity for phosphatidgisnes, can bind them only if they are
located on the external surface of the cell mendramich is the case if they are translocated
to the outer surface of the cell membrane by eateration, during the early steps of the
apoptosis process. . Regarding Annexin V and deldssay used in our experiments, a dead
cell marker 7-Amino actinomycin D (7-AAD) was algeed as an indicator of cell membrane
structura since cells with damaged plasma membran&sgth impaired/no cell metabolism
are unable to prevent the dye from entering the Galce inside the cell, the dye binds to
intracellular DNA, producing highly fluorescent acds which identify the cells as "non-
viable" or dead. In this case, necrosis mechangsimvolved and phosphatidylserines will not
be labelled by Annexin V staining anymore Four pesfcan occur during analysis: for non-
apoptotic cells, Annexin V is negative (-) and 7{As negative (-); for early apoptotic cells,
Annexin V is positive (+) and 7-AAD negative (-prflate step apoptotic and dead cells,
Annexin V is positive (+) and 7-AAD positive (+)nd for mostly nuclear debris, Annexin V
is negative (-) and 7-AAD positive (+). After iriation at 10 J.cihand 40 hours after the

irradiation, as seen in Fig. 5A, the Annexin V sesthibited an average death by apoptosis of
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7+3% for the control cells treated with unloaded3A_NPs, 75+5% for the cells treated with
free mMTHPC and of 89+4% for the cells treated witle mTHPC loaded NPs which
confirmed the potentiality of the developed NPsP@T treatments at low irradiation doses.
Fig. 5B-D represent the typical AnnexinV apoptgsisfile for the different conditions. In
the literature, the death mechanism seems to depenthe PS concentration and the
irradiation dos&°°>3 In the case of mTHPC, both mechanisms have bemursto lead to
the cellular death but with a better apoptosis catapared to other PS> In our case, using
nanoparticles loaded with mTHPC with the propeadration dose and PS concentration

enables to favor the death by apoptosis whichtesesting for further clinical applications.
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Fig 5: Results of Annexin V test for control andated cells at 7.3 10M of mTHPC (free and

loaded) (A). Average rates of apoptosis in mTHIPRCGA NPs compared to free mTHPC and
unloaded NP. Typical Annexin V Apoptosis profiledells treated (B) with mTHPC loaded PLGA
NPs, C) with free mTHPC and (D) unloaded PLGA NPs.

Conclusion

This study reported the encapsulation of a hydrbgh@hotosensitizer, the mTHPC, in

PLGA NPs. The main objective of this work was tdaob effective PS loaded biocompatible

NPs for PDT applications. The physico-chemical abtarizations show an efficient
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encapsulation of the mTHPC in the spherical PLGAs Nith proper sizes around 120 nm
and adapted zeta-potential (around -35 mV) forhertinjection. After a quick but limited
release of the mTHPC

within the first 24 hours, the loaded NPs remaabk up to 5 days. Cytotoxicity experiments
performed on C6 glioma cells show that contrarfrée mTHPC, the loaded NPs remain non-
toxic for concentration up to POM. Then the NPs loaded with a mTHPC concentratibn o
7.%10" M to avoid a possible toxic effect after releaseravcharacterized from a PDT
efficiency point of view. After irradiation at 29ci? and 58 J.c, a PDT effect evaluated
on C6 glioma cells is observed by optical and #scence experiments both for free mTHPC
and mTHPC loaded NPs, with efficiency superiortfae loaded NPs, leading to a cell death
rate of 90% directly after irradiation. At loweradiation dose (10 J.cfiand by looking at
the cells 40 hours after the irradiation, Annexin t&sts show that for the used PS
concentration, the cellular death occurred mainyy apoptosis for mTHPC incorporated
within PLGA NPs. Then, mTHPC-loaded NPs could beisaged as promising carriers for
PDT treatments with improved characteristics coragdo free mTHPC. Such system could
avoid the pain occurring during the injection of HHC because of the use of ethanol while
protecting the patient from the natural toxicity mTHPC. As these NPs showed a lower

cytotoxicity than the free PS, it allows to useh@gconcentration of PS if needed.
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