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ARTICLE INFO ABSTRACT

A new versatile hybrid nanocarrier has been designed using a “soft chemistry” synthesis, to efficiently
encapsulate a photosensitizer - the protoporphyrin IX (Pp IX) - while preserving its activity intact in bio-
logical environment for advantageous use in photodynamic therapy (PDT). The synthesized Pp IX silica-
based nanocarriers show to be spherical in shape and highly monodisperse with size extending from
10 nm up to 200 nm according to the synthesis procedure, Upon laser irradiation, the entrapped Pp IX
shows to efficiently deliver reactive oxygen species (ROS) which are responsible for damaging tumor tis-
sues. The ability of Pp IX silica-based nanocarriers to induce tumor cell death has been tested successfully
in vitro. The stability of the Pp IX silica-based nanocarriers has been followed by UV-vis absorption and
fluorescence emission in aqueous media and in 100% mouse serum media, The flexibility of the nanocar-
rier silica core has been examined as the key parameter to tune the Pp IX stability in biological environ-
ment. Indeed, an additional biocompatible inorganic surface coating performed on the Pp IX silica-based
nanocarriers to produce an optimized bilayer coating demonstrates to significantly enhance the Pp IX sta-
bilization in biological environments. Such versatile hybrid nanocarriers open new perspectives for PDT.
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1. Introduction

Photodynamic therapy (PDT) is now a well established therapy
which is used to treat various diseases, including cancer and more
particularly superficial human cancer [1-5], Photodynamic therapy
requires three elements: light, a photosensitizer (PS) and oxygen.
When the photosensitizer is exposed to specific wavelengths of
light, it becomes activated from a ground to an excited state. As it
returns to the ground state, it releases energy, which is transferred
to oxygen to generate reactive oxygen species (ROS), such as singlet
oxygen and free radicals. These ROS mediate cellular toxicity.

First-generation photosensitizers are hematoporphyrin, its
derivative (HpD), and the purified commercially available Photo-
frin™, The first clinical PDT was performed in patients with blad-
der or skin cancer using HpD. In 1993, Photofrin™ (Porfimer
sodium) became the first photosensitizer to be approved for PDT
for recurrent, superficial papillary bladder cancer. It is still the
most widely used and studied photosensitizer [3].

However, porfimer sodium has a long half-life for plasma elim-
ination in all explored species including humans. It is retained for
long periods in tissues other than the tumor structure [6-9]. The
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major late effect is skin photosensitization for up to 4-6 weeks
after Photofrin™ injection [10].

At present, it is commonly admitted that the ideal photosensi-
tizer would be a chemically stable and pure drug with preferential
uptake in tumor, rapid clearance, and a strong absorption peak at
light wavelengths >630 nm. Above all, a low toxicity and a high
selectivity is the primary end point highlighted by clinicians [11].

In addition to development of new photosensitizers that effi-
ciently absorb light at longer wavelength, significant efforts are
still carried out to improve the localization of the photosensitizer
to the tumor tissue. Further target specificity can be also achieved
by controlling the location at which light activates the drugs.
Molecular Drug Delivery System (DDS) has been developed as a
way to vehicle photosensitizers to the target tumor. Various deliv-
ery systems have been tested in preclinical models so far [12-15].
Photoimmunotargeting uses monoclonal antibodies that recognize
tumor antigens [16]. Ligands against receptors that are upregu-
lated in tumor cells could be another delivery vehicle [17,18]. Lip-
osomes and immunoliposomes can also be used in conjunction
with photosensitizers [19].

Currently, nanoparticles represent emerging photosensitizer
delivery systems that show great promise for PDT [20,21]. Two
types of nanoparticle strategies are investigated. Either biodegrad-
able nanoparticles, from which photosensitizer may be released
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within the tissues [22-27], or “pure carriers” non-bicdegradable
nanoparticles which kept photosensitizer entrapped during their
activity [28-33].

Based on these concepts, different nanoparticle chemistries
have been developed in our platform to define the optimal compo-
nents and the simplest structure of these products for intended use
in the clinics. Indeed, most efforts have been focused on selecting
one product which low complexity avoids as much as possible
metabolic and tissue interactions and fulfils the foliowing
conditions:

{1) To keep the simplest synthesis reute, avoiding the use of tar-
geting agent but taking advantage of the “enhanced perme-
ability and retention {(EPR) effect” that tumer tissues offer.
The EPR effect is based on two factors {34,35]. First, the cap-
illary endothelium in malignant tissues is more disorderly
and thus more permeable towards macromolecules than
the capillary endothelium in normal tissues. This allows
extravasation of circulating polymeric nanoparticles within
the tumor interstitium. Secend, the lack of tumor lymphatic
drainage in the tumor bed results in drug accumulation.

{2) To keep stability - ability to produce ROS - of the encapsu-
lated photosensitizer at least for the necessary time tc accu-
mulate within tumor tissues and to produce its effect upon
light activation.

The protoporphyrin IX (Pp 1X) has been chosen as photosensi-
tizer for the present study as it can be obtained as a pure well char-
acterized monomer species. No modification of the photosensitizer
molecule was attempted to covalently link the photosensitizer to
the nanoparticles, [nstead, a physical encapsulation was performed
with the will to simplify as much as possible both the product syn-
thesis route and its final compeosition.

Simple synthesis was performed to generate Pp IX silica-based
nanccarriers with bifayer coating, as photosensitizer vehicles with
efficient stabilization in biciogical environments.

Specifically, this paper underlines the key synthesis parameters
that may tune the size of the silica-based nanocarriers within the
nanometer range. Furthermore, since loss of optical properties sta-
bility of the entrapped Pp IX upon aging in mouse serum was ob-
served, addition of a second biocompatible inorganic coating to
tune the flexibility resuited of the most relevance, Improvement
of the optical properties stability of the Pp 1X sitica~based nanocar-
riers with bilayer coating was achieved with promising possibility
of differential accumulation in tumors,

2. Materials and methods
2.1. Materiais

Protoporphyrin IX (Pp IX), N-N-dimethylformamide (DMF),
TWEEN-80, 1,3-diphenylisobenzofuran (DPIBF), sodium trimeta-
phosphate (STMP) and p-glucose 20% stock solution were all ob-
tained from Sigma-Aldrich. i-butanol and ammeonia (35%) were
obtained from Fisher. Triethoxyvinylsitane (VTES) and ethanol
where obtained from Fluka. All starting materials were obtained
at the highest purity level available and used without purification,
Sterile PBS 10x solution and fetal calf serum {FCS) were obtained
from Invitrogen. Mouse serum was obtained from PAA
laboratories.

2.2. Preparation of the Pp IX silica-based nanocarriers

in a typical experiment, the micelles were prepared by disselv-
ing TWEEN-80 {5.5 g} and 1-butancl (6 mi) in ultra pure water

{200 mL) under vigorous magnetic stirring. Ammonia (10 M,
200 L} was added. The resulting clear solution was then trans-
ferred in a reactor (250 mlL double layer glass reactor from Ber-
cauverre-France, equipped with a stirrer from Fisher-Bioblock).
The solution was allowed to stabilize at a temperafure of
27 + 0.5 °C under stirring. Pp IX in DMF (71.6 mM, 1.5 mL} was dis-
solved in solution. Neat triethoxyvinylsilane (2 mL) was added to
the micellar system, and the resulting solution was stirred for
about 24 h. At the end of the process, surfactant TWEEN-80 and
cosurfactant 1-butancl were removed by dialyzing the solution
against cold water {4 °C) in a 12-14 kDa cutoff celtulose membrane
(Cellusep T 3-45-15, from Interchim). The dialysis water was chan-
ged once a day for 120 h. The dialyzed sclution was then concen-
trated by a factor about 10 using an ultrafiltration device
(Amicon stirred cell model 8400 from Millipore) with a 30 kDa cel-
lulose membrane. The resulting solution was ultimately filtered
through a 0.22 pm cutoff membrane filter (PES membrane from
Millipore} under laminar hood. Sterilized PBS 10X solution {1 mL)
was added to the as prepared sterilized solution (9 mL) under lam-
inar heod and used for further experimentation.

2.3. Adjustment of the Pp IX silica-based nanocarriers size

The size of Pp X silica-based nanocarriers has been tuned with-
in the nanometer range by switching the temperature of the dou-
ble layer glass reactor from 18 + 0.5 °C up to 37 + 0.5 °C, keeping all
others synthesis parameters constant. Subsequently, the cosurfac-
tant { 1-butanel) content has been increased from 6 mL up to 10 mL
to bring an additional control of nanocarrier size. For the largest
nanccarriers size, the volume of triethoxyvinylsilane was however
increased to ensure an efficient entrapment of the Pp IX molecules
within the silica-based nanocarriers.

2.4. Preparation of the STMP-modified Pp 1X silica-based nanocarriers

In a typical experiment, Pp [X silica-based nanocarriers in aque-
ous suspension (2.5 £ 0.5 mM Pp IX, T mL) were mixed with STMP
aqueous solution (500 mg mL ') The volume of STMP aqueous
solution added was the following: sampie A (116.5 L), sample B
{46.5 pl) and sample C {31 uL). The resuiting solutions were ad-
justed to pH 7+0.1 and maintained under mild agitation over-
night. p-glucose 20% stock solution (0.335 mL) was then added to
the solution. The solution was ultimately filtered through a
0.22 pm cutoff membrane filter {PES membrane from Millipore)
and used as such for stability studies and in vitro assays.

2.5. Characterizations

Transmission electron microscopy {TEM)} was employed to
determine the morphology and size of the agueous dispersion of
Pp IX silica-based nanocarriers, using a JEOL 100 CX electron
microscope, operating at an accelerated voltage of 100 kV. UV-
vis absorption spectra were recorded using a VARIAN Cary 100
Scan spectrophotometer, in a quartz cuvette with 0.2 mm path
length, Fluorescence spectra were recorded on a VARIAN Cary
Eclipse fluorescence spectrophotometer equipped with a 96 well
microplate. HPD7404 Laser Driver System from Intense Ltd., with
diodes 635 £ 3 nm was used for detection of singlet axygen gener-
ation following Pp [X irradiation.

2.6. Determination of Pp IX concentration

The concentration of Pp IX in the different media - free Pp IX
{dispersed in DMF sclvent) or Pp IX entrapped within nanocarriers
- was determined from maximum optical density of the soret band
positioned at 405 nm.
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2.7, Detection of singlet oxygen

The generaticn of singlet oxygen was determined chemically,
using 1,3-diphenylisobenzofuran (DPIBF) as a singlet oxygen
detection probe. DPIBF is bleached by singlet oxygen to its corre-
sponding endoperoxide [26], The reaction was menitored spectro-
photometrically by recording the decrease in fluorescence
intensity of DPIBF upon excitation at 412 nm,

In a typical experiment, a stock solution of DPIBF in ethanoi
(0.85 mM, 400 ;L) was mixed with ethanol solution (4 mL). A cor-
responding volume of samples (Pp IX silica-based nanocarriers in
PBS 1X solution or free Pp IX in DMF solvent) was then added to
get a final conrcentration of Pp IX of 0.2 uM. The sofutions were
then transferred in a 96 well microplate and irradiated with a
635+£3nm laser source. Preliminary experiments have been
undertaken to optimize the laser intensity and the time of irradia-
tion for an efficient generation of singlet oxygen, using free Pp [X in
DMF solvent as reference. The following conditions have been re-
tained corresponding to an energy delivered of 11.4)cm~%:
1=070A for 69s - I=0.85A for 24s or [=1.00 A for 155, Using
alternatively one of the three conditions, a decrease of 50% of the
fluarescence of DPIBF prior and after irradiation was observed,
which was considered as relevant for further experimentation.

2.8, Stability studies in 100% mouse serum media

Stability of the Pp IX silica-based nanocarriers and STMP-mod-
ified Pp IX silica-based nanocarriers has been studied in 100%
mouse serum media, In a typical experiment sterile sample, free
Pp IX in DMF (2.5 mM Pp [X, 50 L), Pp IX silica-based nanocarriers
in PBS 1X solution (2.5 mM Pp IX, 50 pL) and STMP-modified Pp IX
silica-based nanocarriers in 5% glucose solution (1.5 mM Pp IX,
50 i} were mixed with mouse serum media {2.45 mL). The solu-
tions were then incubated at 37 °C in a thermostated bath, UV-
vis absorption spectra and flucrescence emission (405 nm excita-
tion wavelength) of Pp IX were recorded up to 24 h prior and after
filtration through a 022 pm cutoff membrane fiter (PES mem-
brane from Millipore).

2.9, Effects of Pp IX silica-based nanocarriers and STMP-modified Pp IX
silica-based nanocarriers on tumor cell survival by WST-1 assay

The WST-1 cell viability assay {Roche Molecular Biochemicals:
11644703) is based on the cleavage of the tetrazolium salt, WST-
1 (4-{3—(4—iodophenyl}~2—(4—nitrophenylJ-2H-Sﬂtetrazolio]—1 3-
benzene disulfonate), by mitochondrial dehydrogenases in viable
cells to form highly water-soluble formazan (dark red) measured
by absorbance UV,

Pp IX silica-based nanocarriers, STMP-modified Pp IX silica-
based nanocarriers and free Pp IX, treated or not with tight activa-
tion were tested. Human cell line HCT 116 (colon cancer cell line}
was obtained from the American Type Cuiture Collection (ATCC-
LGC Promochem, Molsheim, France). HCT 116 cells were main-
tained in Mc Coy’s 5a medium with GlutaMAX supplemented with
10% (v/v) heat-inactivated fetal calf serum (FCS). Cells were main-
tained at 37 °C in the presence of 5% CO,. Assays were performed in
96 well microplates. 12,000 cells were incubated in the presence of
increasing concentrations of Pp 1X {from 0.32 up to 100 M), for 3 h
at 37 *C, After incubation, medium was reroved. Cells were rinsed
once with PBS 1X and fresh complete medium was added. Cells
were activated with red lamp at 630 nim during 20 min at room
temperature - the red tamp device was designed in order to im-
prove homogeneity of light dose when exposing 96 well micro-
plates containing the rested cells. Briefly, it is composed of 88
diodes, each emitting light at 630 nm, organized on a plate (Intel-
libio, France). The tozal fluence of lamp is 15 mwW cm™2,

After 48 h, viability was assessed by WST-1 assay.

Celis were incubated for 2 h with WST-1 (10 uL) to achieve 1:10
final dilution. The absorbance of the converted dye was measured
at a wavelength of 450 nm (BioTek, PowerWave 340), Cell viability
rate was calculated based on the absorbance measured relative to
that of control cultured cells, Viability of cells for all experimental
group cells was determined in triplicate,

2.10. Effects of STMP-modified Pp IX silica-based nanccarriers on
tumor cell survival by WST-1 assay, upon aging in 100% FCS media

The effect of STMP-modified Pp X silica-based nanocarriers on
tumor cell survival has been studied after aging the nanocarriers in
100% FCS media. In a typical experiment, STMP-modified Pp IX sil-
ica-based nanocarriers in 5% glucose solution (1.5 0.5 mM Pp X,
40 pL.) were mixed with FCS media (160 pL). The solutions were
then incubated at 37°C in a thermostated bath for respectively
t=0h (no aging), t=5h aging and t=12h aging. At the end of
the incubation period, the solutions were mixed with Mc Coy's
Sa medium with GlutaMAX (800 pL). The ability of the resulting
STMP-modified Pp IX silica-based nanocarriers suspension ta kill
cells in vitro was tested by WST-1 assay, as detailed here above.

3. Results and discussion
3.1. Pp IX silica-based nanocarriers

The Pp IX silica-based nanocarriers are synthesized in the non
polar core of TWEEN-80/1-butanol/water micelles using tri-
ethoxyvinylsilane as silica precursor,

A TEM image of Pp IX silica-based nanocarriers is shown in
Fig. 1. The silica-based nanocarriers are spherical, having uniform
size distribution, with an average size of 25 nm,

The UV-vis absorption and fluorescence emission spectra {exci-
tation wavelength 405 nm) of free Pp IX in DMF and Pp IX silica-
based nanocarriers in aquecus solution (46 uM Pp 1X} are similar
{Fig. 2), indicating no changes in Pp IX upon entrapment within
nanocarriers.

However, the same concentration of free Pp IX in 2% DMF/water
solution exhibits a poorly resolved absorption spectrum {Fig. 2)
and a complete loss of fluorescence emission.

The modification of absorption spectrum of the Pp IX in a polar
solvent and the corresponding loss of fluorescence emission may
be due to either Pp IX - solvent interaction resulting in non radia-
tive decay or Pp IX self - aggregation in a polar solvent leading to
fluorescence quenching,

It is worth noting that Pp IX silica-based nanocarriers in ague-
ous solution do not present such behavior, Hence, the Pp IX mole-
cules may be envisaged as discretely embedded in the silica-based

Fig. 1. TEM image of Pp IX silica-based nanocarriers. TEM fmage shows particies
with an average diameter of 25 nm and a uniform size distribution,
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—(a) Pp IX silica-based
[ nanocarrier in aqueous
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Fig. 2. UV-vis absorption and emission spectra of Pp IX. UV-vis absorption and
emission (excitation wavelength 405 nm) spectra of (a) Pp IX in DMF, (b) Pp IX
silica-based nanocarriers in aqueous solution, and (c) Pp IX in 2% DMF/water
solution. Pp IX concentration 46 uM.

nanocarriers as proposed in Scheme 1a and therefore protected
from exposure to aqueous environment, preventing a loss of fluo-
rescence. Indeed, the hydrophobic vinyl group of the silica precur-
sor is believed to effectively confine the Pp IX photosensitizer
within the silica core, protecting the photosensitizer from aqueous
environment. The data strongly support the interest of such silica-
based nanocarriers as efficient carriers for drugs to protect the drug
from exposure to aqueous environment.

b HQ _OH Ho  oH
-y - Ps
0O 0 oo o
Na+ Na+ Na+

o- o o0
'i’:fr“ﬁii*}%
NONO X

PpIX

~ PpIX

Scheme 1. Schematic illustration of Pp IX silica-based-nanocarriers and STMP-
modified Pp IX silica-based nanocarrier. (a) Schematic illustration of Pp IX silica-
based nanocarrier. The hydrophobic vinyl group of the silica precursor is believed to
effectively confine the Pp IX photosensitizer within the silica core, protecting the
photosensitizer from aqueous environment. (b) Schematic illustration of STMP-
modified Pp IX silica-based nanocarrier. The phosphate bilayer coating is believed
to bring an effective protection of the Pp IX molecule upon exposure to biological
environment by reducing the flexibility of the silica core, due to specific electro-
static interactions which are developed between the silanol groups of the silica
precursor and the phosphate groups of the STMP compound, mediated by sodium
counter-ion.

Detection of singlet oxygen generation by chemical method was
performed with two samples (free Pp IX in DMF solvent and Pp IX
silica-based nanocarriers in PBS 1X solution) at 0.2 ptM Pp IX con-
centration. Fig. 3 presents the decrease of DPIBF fluorescence for a
given energy (11.4 ] cm™2) using three different laser intensity con-
ditions and adjusting the time of light exposure accordingly. A sim-
ilar decrease of DPIBF fluorescence was observed for both samples,
indicating the generation of singlet oxygen with similar efficiencies
in both cases.

The data show that the silica-based nanocarriers present a rel-
evant range of porosity in aqueous solution to efficiently entrapped
the Pp IX photosensitizer - pore sizes are too small to allow the
drug to escape the matrix — while preserving Pp IX photosensitizer
ability to interact with molecular oxygen which has diffused
through the pores - pore sizes are large enough to enable efficient
oxygen diffusion to and from the nanocarrier. This can lead to the
formation of singlet oxygen by energy transfer from the excited Pp
[X to molecular oxygen, which can then diffuse out of the nanocar-
rier to produce its effect.

The ability of the Pp IX silica-based nanocarriers to generate
singlet oxygen after previous light activation was investigated.

No physical degradation of the Pp IX silica-based nanocarriers is
observed following drastic laser irradiation (320]cm™2, laser
intensity 1 A for 420 s) (Fig. S1, Supporting Information). Further-
more, detection of singlet oxygen generation by chemical method
on the resulting twice irradiated Pp IX silica-based nanocarriers
sample shows an interesting ability to generate singlet oxygen
(Fig. 3).

The data strengthen the potential of such silica-based nanocar-
riers to preserve the photosensitizer properties following multiple
light activations.

In vitro viability assays on HCT 116 cell line have been per-
formed for 2 different samples (free Pp IX in DMF solvent and Pp
IX silica-based nanocarriers in PBS 1X solution). No significant dark
toxicity was observed for any samples. On contrast, the photosen-
sitizer appears effective in a dose-dependent manner under light
irradiation. ECsq determined for Pp IX in DMF solvent and for Pp
IX silica-based nanocarriers in PBS 1X solution are respectively of
6.03 uM £ 0.43 and 0.44 £ 0.05 uM (Fig. S2, Supporting Informa-
tion). Of note, no dark toxicity (without irradiation), nor efficacy
(with light irradiation) of the silica-based nanocarrier without Pp
IX entrapped was observed in any tested conditions (data not
shown).

The data show that Pp IX silica-based nanocarrier is an effective
drug-carrier system for killing cells in vitro after light exposure.

0.8

® (3) PplX silica-based
nanocarriers in PBS 1X
solution

(b) PpIX in DMF

11,

®(c) PplXsilica-based
nanccarriers after
activation (320 J cm-2)

0.7 0.85 1
Laser Intensity (A)

Fig. 3. Decrease of DPIBF fluorescence upon laser irradiation. (a) Pp IX silica-based
nanocarriers in PBS 1X solution, (b) Pp IX in DMF solvent, and (c) Pp IX silica-based
nanocarriers in PBS 1X solution following laser activation (320 ] cm2, 1A, 4205).
For all compounds, Pp IX concentration was 0.2 uM. Data are expressed as I/l ratio
(lo: initial DPIBF fluorescence, I: DPIBF fluorescence upon laser irradiation).
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3.2, Adjustment of the size of the Pp IX silica-based nanocarriers

Fig. 4 shows the TEM images of Pp IX silica-based nanocarriers
in aqueous solution synthesized by varying the temperature of the
double layer glass reactor between 18 20.5°C and 37 £0.5°C and
the volume of cosurfactant between 6 mL and 10 ml, ail others
synthesis parameters being constant. For the largest nanocarriers
size, the volume of triethoxyvinylsilane was however increased
to ensure an efficient entrapment of the Pp IX molecules within
the silica-based nanccarriers. indeed, the stability of optical prop-
erties of the encapsuiated Pp IX has been controlled by recording
the UV-vis absorpticn and the flucrescence emission spectra {exci-
tation wavelength 405 nm) of the as prepared Pp IX silica-based
nanocarriers in aqueous media (data not showrn). Further, Pp IX
payload was similar for all the nanocarriers.

Control of the size of the Pp [X silica-based nanocarriers may be
tuned from 10nm (T=18+0.5°C and I-butanol=6mL) up to
200nm (T =37 £ 0.5 *C and 1-butanol = 10 mL} with uniform parti-
cle size.

We do not know the precise mechanisms which alter the mi-
celles structure: both the temperature and cosurfactant content
may affect simultaneously the structure of the micelles. Indeed,

(a) Particle size 10 £ 5nm

the Critical Miceliar Concentration (CMC) of the TWEEN-80 is
known to be temperature dependant. Additionally, an increase of
cosurfactant amount couid allow blowing up the micelles. More-
over, ethanol produced during the hydrolysis of triethoxyvinylsi-
lane may affect the micelles structure {36]. The understanding of
each parameter role and its impact on micelles structure is out of
scope of this paper. More experiments are needed to explore this
topic.

Whatever the size of the Pp IX silica-based nanocarriers, in vitro
viability assays on HCT 116 celi line show similar efficacy for tu-
mor cell death upon light irradiation [37}.

The resuits demonstrate that the size of Pp IX silica-based nano-
carriers may be adjusted within the nanometer range - from
10 nm up to 200 nm - by tuning either the temperature andfor
the cosurfactant content during the synthesis, with no loss of the
encapsulated Pp IX properties. These observations illustrate the
potential of silica-based nanocarriers to successfully encapsulate
drugs using the size of the nanocarriers as key parameter to control
the biodistribution for a self and efficient trafficking to tumor tis-
sues in vivo, Further studies should be undertaken to evaluate
the maximum of drugs uptake within the nanocarrier as a function
of its size.

(b) Particle size 25 £ 5 nm

{e) Particle size 160 £ 30 nm |

EETEY

Fig. 4. TEM images of Pp 1X silica-based nanocarriers in aqueous solution showing Lhe ability to tune the size of the nanocarriers within the nanometer range ({from 10 up to
200 nmj with a uniform particle size distribution, (a) T= 18 £ 0.5 “C, 1-butanol = 6 mL, VTES =2 mL; {b) T= 27 *C + 0.5 °C, 1-buzanocl =6 mlL, VIES = 2 wmL; (¢} T=37"C £ 0.5 °C.
1-butanel = 6 mL, VTES =2 mL; (d) T=37 “C+ 0.5 °C, 1-butanol = 8 mL, VTES = 6 mL; {e) T=37 C 2 0.5 *C, 1-butanol = 10 mL, VTES = 6 mi. Scale bar 5006 nm.
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3.3. Pp IX silica-based nanocarriers stability study in 100% mouse
seruim media and design and synthesis of STMP-modified Pp IX silica-
based nanocarriers

Stability study of Pp IX entrapped within silica-based nanocar-
riers, has been followed by UV-vis absorption and fluorescence
emission of the Pp IX molecule,

No modification of the absorption and no decay of the fluores-
cenice emission of Pp IX entrapped within silica-based nanocarriers
have been observed upon storage in PBS 1X solution.

On contrast, Pp IX entrapped within silica-based nanocarrier
presents a modification of its absorption spectrum after t=2h
aging in 100% mouse serum media at 37 °C (Fig. 5a). A correspond-
ing loss of fluorescence emission and a shift of the 630 nm emis-
sion peak are observed {Fig. 5b).

it is worth noting that Pp IX in DMF, on contact with mouse ser-
um media at 37 °C, presents the same modification of absorption
spectrum already at £ = 0 h {no aging). A corresponding loss of fluo-
rescence emission with a shift of the 630 nm emission peak is also
observed upon aging {Fig. $3, Supporting Information). Most pho-
tosensitizer molecules such as Pp IX are hydrophobic and can
aggregate easily in aqueous media, which can affect their photo-
physical, chemical and biological properties [20}. The modification
of absorption spectrum of the Pp IX on contact with mouse serum
media and the corresponding loss of fluorescence emission may be
due to either Pp IX - biclogical media interaction resulting in non
radiative decay or Pp IX self - aggregation in biological media lead-
ing to fluorescence guenching,

Despite an improved stability of the Pp IX entrapped within sil-
ica-based nanocarriers in 100% mouse serum media as compared
to Pp IX in DMF on contact with mouse serum media at 37 °C, there
is a need to further improved the stability - ability to produce ROS
- of the encapsulated photosensitizer at least for the necessary
time to accurnutate within tumor tissues and to produce its effect
upon Jight activation.

Observation of the Pp IX silica-based nanocarriers after
t=24h aging at 37 °C in 100% mouse serum media reveals not
alteration of the nanocarriers structure which suggests that no
degradation of the nanocarriers has occurred (Fig. 54, Supporting
Information).

The integrity of the silica-based nanocarrier upon aging in 100%
mouse serum media strengthens the hypothesis that an adjust-
ment of the flexibility, hence the permeability, of the silica core
is fundamental to improve the stability of the entrapped Pp 1X.
Roach et al. {38] have reported protein adsorption {BSA and fibrin-
ogen) onto model hydrophobic (CH3) and hydrophilic {OH) sur-
faces. Their data showed that albumin undergoes adsorption via

a
25

-
]

Optical density

<
o)}

G . - " - r . :
300 33C 380 390 420 450 480 510 540 570 600 630 660 690

wavelength {(nm)

a single step whereas fibrinogen adsorption is a more compiex,
multistage process. Albumin has a stronger affinity toward the
CH; compared to OH terminated surface. In contrast fibrinogen ad-
heres more rapidly to both surfaces, having a slightly higher affin-
ity toward the hydrophobic surface. Conformational assessment of
the adsorbed proteins shows that after initial first hour incubation
few further time-dependent changes are observed. Both proteins
exhibited a less secondary structure upon adsorption onto a hydro-
phobic surface than onto a hydrophilic surface, with the effect ob-
served greatest for albumin. Data presented in this article suggest
that proteins (albumin and fibrinogen) are able to interact with
hydrophilic surface and show a stronger affinity with hydrophobic
surface. Their adsorption may further induce a conformational
change in protein structure. In our present study, interaction of sil-
ica-based nanocarriers and protein from serum is likely to occur.
Albumin is the most abundant protein in serum and it is suggested
that its interaction with hydroxyl group of silica-based nanccarri-
ers readily occurs. However, the three dimensional structure of the
nanocarrier backbone present some flexibility and hydrophobic vi-
nyl groups, initially constraint within the core of the nanccarrier
upon exposure to aqueous envirenment, may get oriented toward
the external surface, triggered by albumin, upon exposure with
serum media. Such affinity - vinyl hydrophobic groups and albu-
min - could be an explanation for the loss of stability of the en-
trapped Pp IX which may become exposed to the serum media.
To support this hypothesis, a second biocompatibie inorganic sur-
face coating has been performed in order to tune the flexibility of
the silica-based nanoccarriers core. For this, sodium trimetaphos-
phate (STMP) compound has been chosen. Indeed, STMP is a bio-
compatible phosphate compound with FDA approval.

Phosphate compounds, such as sodium trimetaphosphate are
considered as complexing agent for most oxide surface. However,
sitica susface behaves differently. Furthermore, both silica surface
and sodium trimetaphosphate are negatively charged at neutral
pH. We hypothesized that sodium cations, present in the sclution,
drive the interaction between phosphate compound and silica-
based nanccarriers sifanol surface groups as proposed in Scheme
1b, hence confining the hydrophobic vinyl groups and therefore
the hydrophobic Pp 1X photosensitizers within the nanccarriers
core,

Furthermore, STMP compound may be added at the end of the
process and will not interfere with the silica-based nanocarriers
synthesis. Hence, ultimate surface medification of the silica-based
nanocarriers may be controlled according to its intended use and in
a well reproducible manner,

Indeed, the UV-vis absorption spectra of the STMP-modified Pp
IX entrapped within silica-based nanocarriers show limited
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Fig. 5. UV-vis absorption and emission spectra of Pp IX silica-based nanocarrier upon aging in mouse serum media; (a) UV-vis absorption spectra and (b corresponding
flugrescence emission spectya {excitation wavelength 405 nm) of Pp 1X silica-based nanocarriers upon aging ar 37 *C in 100% mouse serum medlia.
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modifications upen aging in 100% mouse serum media with the
630 nm absorption peak being still apparent after t=5h aging
(Fig. S5, Supporting Information).

Table 1 presents the stability of Pp 1X optical properties results
after t = 5 h aging at 37 °C of the STMP-modified Pp IX silica-based
nanocarriers in 100% mouse serum media with increase amount of
STMP. Pp IX concentration of the STMP-modified Pp [X silica-based

Table 1

Stability results of STMP-modified Pp IX silica-based nanacarriers upon aging in
mouse serum media Pp IX concentration of STMP-modified Pp 1X silica-based
nanocarriers in aqueous solution, Pp IX concentration of STMP-modified Pp IX sitica-
based nanocarriers in 100% mouse serum media at 37 °C: t =0 h (no aging), £ = 5 hours
aging after 0.22 pm filtration. Stability recovery, For sample A, B and C, the volume of
STMP aqueous solution (500 mg ml. "'} added was respectively of 116.5 ul, 46.5 L
and 31 ul.

[PpIX]in  {PpIX]in {Pp IX] in mouse  Stability
agqueous mouse serum  serum media recovery
media media t=0h  t=5h+Altration (%)
(mM} (mM) (mM)
STMP-modified silica-based nanecarriers
Sample A 1.04 1.00 0.80 8G
Sample B 145 1.55 1.20 77
Sampie C 2.0% 207 1.35 65
Silica-based 2.88 285 1.04 37
nanocarriers
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4 12hiightt  EC50=1.20 uM (SD = 0.28)
9 O minlight- _

nanocarriers in agueous solution is taken as reference, Pp [X con-
centration of the STMP-modified Pp IX silica-based nanocarriers
in 100% mouse serum media at t =0 h (no aging}, and ¢t = 5 h aging
after filtration on a 0.22 pm cutoff membrane filter are reported.
We assumed that we can calculate the real UV-vis absorption of
the Pp IX entrapped within the nanocarriers by measuring the
absorption spectrum of the suspension and subtracting the base-
line scattering from mouse serum, Stability recovery (expressed
in %) is determined by performing the ratio between optical densi-
ties at the maximum of the Soret peak at t =5 h aging after filtra-
tion and t =0 h {no aging), in 100% mouse serum media.

The data show that an increase amount of STMP added to the Pp
IX silica-based nanocarriers results in an increase of the photosen-
sitizer stability upon aging in 100% mouse serum media.

The role of STMP would then to stiffen the silicone back-
bone of the silica-based nanocarrier by forcing the silanol
groups to interact with the phosphate groups, likely via so-
dium counter jons. Hence, confining the hydrophobic vinyl
groups within the core of the nanocarrier and stabilizing the
Pp IX molecules,

To confirm the ability of the bilayer nanocarriers system to kill
tumor cells, in vitro viability assays were undertaken after aging
the STMP-modified Pp [X silica-based nanocarriers in 100% FC$
media, FCS media has been chosen for in vitro studies due to the
intrinsic toxicity of mouse serum media on human celi lines. The

SAMPLE B

o

Ceil viability
{% of control)

10 109 10 102
PpIX M)

e O minlight+ EC50 = 0.413M (SD =0.04)
® S5hiightt  EC50=1.25 uM {SD = 0.18)
4 12hilight+ EC50=1.24 uM (SD = 0.16)
© Orminlight- _

d Monolayer nanocarriers

100

50

Cell viability
{% of controi)

¢

101 100 10 107
PRIX  [uM]
& O minlignt+ EC50=0.45 uvi (SD = 0.02}
m Shilght+ EC50=1.82 uM (SD=0.71}
& 12hlight+ EC50=3.30 uM (S0 = 0.85)
o Ominlght- _

Fig. 6. Invitro viability assays. Effect of STMP content (STMP 500 mg miL™ "}y on in vitro viability assays on HCT 116 upon aging the nanocarriers solutions in 100% FCS media at
37 °C. STMP-modified Pp IX silica-based nanocartiers: {a) sample A {volume of STMP = 116.5 pL); (b) sample B {volume of STMP = 46.5 ul): (¢) sample € {volume of
STMP = 31 pl): and {d) Pp X silica-based nanocarriers. All the nanocarriers are in 5% ghicose solution.
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phototoxicity brought by the bilayer nanocarriers is manifest, as
shown in Fig. 6. Furthermore, an increase amount of STMP signifi-
cantly preserves the ability of the Pp 1X silica-based nanocarriers to
kill cell after aging in 100% FCS media. Furthermore, no toxicity
{without irradiation}, nor efficacy (with light irradiation) of the
STMP-modified silica-based nanocarrier without Pp IX entrapped
was observed in any tested conditions {data not shown). Despite
a drop of the ECsg value observed in the five first hours for the low-
est STMP content (Fig. 6b and ¢), no further evolution is observed
upte 12 h.

Hence, a second biocompatibie inorganic surface coating to con-
trol the flexibility, hence the permeability, of the Pp IX silica-based
nanocarriers core is shown to be an efficient way to improve the
stability of the nanocarriers in biological media. Moreover, the
present in vitre study - performed up to 12 h aging - suggests that
efficacy may be preserved for enough time to allow the nanocarri-
ers accumularion within tumor tissues and produce its effect upon
light irradiation.

4, Conclusions

In this paper, we demenstrate that the use of a “soft chemistry”
synthesis allows designing a new versatile hybrid nanocarrier with
promising opportunity for PDT,

This nanocarrier is expected to reach one of the key challenges
of the domain by allowing the delivery of the nanotherapeutic at
the right time, at the right site and at the right dose.

Advantageously, the present work shows that the size of the sil-
ica-based nanocarriers may be tuned within the nanometer range
~ from 10 nm up to 200 nm - by adjusting either the temperature
of the process or the cosurfactant amount, Hence, the size of the
nanocarriers may be adjusted for efficient biodistribution, Further-
more, it is anticipated that the amount of entrapped drugs could be
adapted to precisely achieve the right dose in vive, Further work
should be undertaken to confirm this hypothesis.

Upen laser irradiation, the entrapped Pp IX has shown to effi-
ciently deliver ROS and multiple light activations may be envisaged
to enhance efficacy of the Pp IX silica-based nanocarriers system.

Of particular importance, we have shown that the addition of
STMP to the Pp IX silica-based nanocarriers at the end of the pro-
cess allows tuning the Pp IX stability upon aging in mouse serum
media. Besides, in vitro viability assays performed after aging the
STMP-modified Pp IX silica-based nanocarriers in 100% FCS media
at 37 °C, validate the stability - ability to produce ROS - of the
encapsulated photosensitizer up to 12 h. Preliminary in vivo stud-
fes in tumor-bearing animals, performed with Pp IX silica-based
nanocarriers, the monolayer nanocarriers, have shown efficient
accumulation within tumors {37]. Further, kinetics demonstrated
by semiquantitative anatysis showed that tumor models behaved
differently according to the maximal accumulation time point.

The second generation of nanocarriers, the STMP-modified Pp
IX silica-based nanocarriers, anticipate promises for efficient
in vive efficacy, due to their enhance stability - ability of the en-
trapped photosensitizers to generate ROS upon laser light excita-
tion - in biological environment. Experiments to evaluate the
performance and safety of this new drug-bilayer nanocarriers sys-
tem in in vive models will be performed.

5. Abbreviations

Pp IX protoporphyrin 1X

PDT photodynamic therapy
ROS reactive oxygen species
PS photosensitizer

DDS drug delivery system

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/jjphotobiol.2010.03.009,
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