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Abstract

Encapsulation of hydrophobic photosensitizers (PS) into polymeric nanoparticles (NP) has proven to be an effective alternative to
organic solvents for their formulation. As NP size controls NP passage through endothelial barriers, it is a key parameter for achieving
passive targeting of cancer tissues and choroidal neovascularization, secondary to age-related macular degeneration, the main applica-
tions of photodynamic therapy. In the present study, a hydrophobic PS, the meso-tetra(p-hydroxyphenyl)porphyrin, was encapsulated
into biodegradable NP made of poly(p,L-lactide-co-glycolide) 50:50 via an emulsification-diffusion technique. NP batches having mean
diameters of 117, 285, and 593 nm were obtained with narrow size distribution. Using the chorioallantoic membrane (CAM) of the devel-
oping chick embryo, it was demonstrated that the increase in the NP size decreased photodynamic activity in vivo. The activity of PS-
loaded NP was not influenced by the volume of injection and was kept intact at least 6 h after NP reconstitution. Investigation of NP
circulation after IV administration by fluorescence measurements revealed that 117 nm NP reached 7., earlier than larger NP. Con-
focal imaging of CAM vessels demonstrated PS uptake by endothelial cells after NP administration. It was concluded that NP size con-
trols the photodynamic activity of the encapsulated PS.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction countries [2]. PDT is based on the systemic or topical

administration of photosensitizing drugs, also known as

Photodynamic therapy (PDT) is an innovative alterna-
tive to conventional therapies against cancer [1], and the
treatment of choroidal neovascularization (CNV), second-
ary to age-related macular degeneration (AMD), one of the
leading causes of blindness in elderly people in developed
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photosensitizers (PS). After biodistribution of the drug,
the target tissue is illuminated with light at an appropriate
wavelength and dose. Light activates the PS, which, in the
presence of molecular oxygen, generates oxidizing species
such as singlet oxygen. Such highly cytotoxic species induce
cellular damage leading to cell death and alteration of the
vasculature in terms of occlusion, stasis and/or increase
in vascular permeability [1,3]. The clinical efficacy of
PDT is often impeded by the difficulty in administering
mostly hydrophobic PS intravenously (IV), and the
low selectivity towards target tissues. Biodegradable
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nanoparticles (NP) have been proposed as a promising
approach to overcome these problems [4].

In vivo studies, recently performed in our group on the
chick embryo, demonstrated that the encapsulation of a
hydrophobic derivative of a porphyrin into polymeric bio-
degradable NP allowed the IV administration of the PS [5].
Furthermore, an enhancement of the photodynamic activ-
ity of the porphyrin was observed, in terms of the occlusion
of blood vessels in the chick embryo chorioallantoic mem-
brane (CAM).

The size of colloidal drug carriers has been shown to
govern their passage from the intra- to the extravascular
compartment, namely extravasation [6,7]. Therefore, PS
extravasation could be controlled by the size of NP in
which the PS is incorporated. This strategy could be useful
for achieving passive targeting of PS to either cancer tissues
or the pathological choroidal neovasculature in AMD.
Since the target tissues are different in cancer and CNV-
AMD treatments, the optimal NP size differs between both
applications, as explained below.

In the case of cancer, NP extravasation is necessary to
enrich tumoral tissues in PS, thus increasing PDT outcome.
Tumor tissues are characterized by a phenomenon known
as enhanced permeability and retention (EPR) effect
induced by leaky tumor vasculature and poor lymphatic
drainage [8]. The EPR effect results in the accumulation
and retention of macromolecules in the perivascular
regions of solid tumors to a greater extent than in normal
tissues. NP capable of crossing the fenestrations of tumoral
capillaries, but large enough to be retained within the inter-
stitial space, are a promising strategy for cancer treatment
[4,9].

On the contrary, in CNV-AMD treatment by PDT, NP
must be confined within the pathological neovasculature to
selectively occlude the neovessels without harming the
neighboring tissues, such as the retinal pigmented epithelia
or the photoreceptors, failing which, further vision loss can
occur. Since choroidal neovasculature exhibits hyper-per-
meability [10], medium- or large-sized NP that stay inside
the choroidal neovasculature would be useful to protect
healthy surrounding tissues against phototoxicity.

The objective of this study was to optimize NP with
respect to the above-mentioned pathologies. NP of differ-
ent sizes incorporating a hydrophobic PS were developed,
and their in vivo activity, in terms of light-induced vascular
occlusion, was assessed in the CAM model. The CAM
model offers several advantages for the in vivo evaluation
of PS [11,12]. CAM has a well vascularized membrane,
which is easily accessible and easy to handle for PS admin-
istration, light irradiation, fluorescence analysis of adminis-
tered PS, and optical examination of PDT-induced
vascular damage [11,12]. Apart from the NP size, some
important parameters for potential use in clinics, such as
the volume of solvent used for administering a given dose
of PS and the effect of NP resuspension after freeze-drying,
were evaluated. Furthermore, biological issues related to
the NP size, such as the residence time of the NP within

the vascular compartment and the uptake of NP by vascu-
lar endothelial cells, were investigated.

2. Materials and methods
2.1. Chemicals

Poly(p,L-lactide-co-glycolide) (PLGA) with a copolymer
ratio of 50:50 and molecular weight of 12 kDa (Resomer®
RG502) was obtained from Boehringer Ingelheim (Ingel-
heim, Germany). Poly(vinyl alcohol) (PVAL) 87.7% hydro-
lyzed, with a molecular weight of 26 kDa (Mowiol® 4-88),
was obtained from Hoechst (Frankfurt/Main, Germany).
Polyethyleneglycol 400 Ph. Eur. (PEG 400) was provided
by Merck (Schuchardt, Germany). Concanavalin A
labelled with fluorescein isothiocyanate (FITC-Con A),
meso-tetra(p-hydroxyphenyl)porphyrin  (which will be
referred to as m-THPP), NaCl, phosphate-buffered saline
(PBS), and D(+)-trehalose dihydrate were provided by
Sigma-Aldrich (Steinheim, Germany). Benzyl alcohol, eth-
anol 99.8%, propylene carbonate and rhodamine 101 were
obtained from Fluka (Buchs, Switzerland), as well as the
chemicals used to prepare HEPES-buffered saline: dex-
trose, HEPES, sodium chloride, sodium phosphate dibasic
dihydrate and potassium chloride. All chemicals were of
analytical grade and were wused without further
purification.

2.2. Nanoparticle preparation

PLGA NP of three different sizes loaded with m-THPP
were prepared using the emulsification-diffusion technique
as previously described [5,13]. The experimental conditions
for obtaining NP of around 100, 300 and 600 nm were
determined after preliminary experimentation and are sum-
marized in Table 1. In a typical procedure, PLGA and m-
THPP were dissolved in a mixture of benzyl alcohol and
propylene carbonate. Three grams of this organic phase
was added to 4 g of an aqueous phase containing PVAL
and mechanically stirred to form an oil-in-water nanoemul-
sion. After 15 min of stirring, 500 ml of distilled water was
added to the emulsion to induce the formation of the NP
after complete diffusion of the organic solvents into the
aqueous external phase. Mechanical stirring (2000 rpm)
was maintained for 10 min. NP were purified by cross-flow
filtration as described previously [13]. Purified NP were
freeze-dried in the presence of trehalose (trehalose/NP
mass ratio 2:1) with a freeze-dryer Lyolab C II (LSL Sec-
froid, Aclens, Switzerland).

2.3. Nanoparticle characterization

The mean diameter and the polydispersity index of the
freeze-dried NP were determined by photon correlation
spectroscopy, and the zeta potential of NP in 10 mM NaCl
was measured using the technique of electrophoretic
laser Doppler anemometry (Zetasizer® 5000, Malvern,
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Table 1

Experimental conditions used to produce nanoparticles of different sizes via the emulsification-diffusion technique

Batch Stirring rate® (rpm) Aqueous phase Organic phase (% w/w)
PVAL (% w/w) Benzyl alcohol Propylene carbonate PLGA m-THPP
NP 100 2000 17.0 70.0 22.3 7.0 0.7
NP 300 2000 9.0 70.0 24.5 5.0 0.5
NP 600 1500 6.0 70.0 21.2 8.0 0.8

# During the emulsification step.

Worcestershire, UK). The NP size and shape were checked
by scanning electron microscopy (JEOL JSM-6400, Jeol
Ltd., Japan). The residual PVAL remaining on the surface
of purified NP was determined by a colorimetric method as
previously described [13]. To determine drug loading,
freeze-dried NP were suspended into 2 N NaOH under
magnetic stirring for 1h to promote PLGA hydrolysis.
Then, the m-THPP content was determined spectrophoto-
metrically at 688 nm with a Cintra 40 spectrometer
(GBC, Victoria, Australia). Fluorescence emission spectra
of m-THPP formulations were obtained with a Fluoromax
spectrofluorometer (Spex, Stanmore, UK).

2.4. Chick chorioallantoic membrane (CAM) assay
For CAM assay, the procedure of Lange et al. [11] was
adopted with minor modifications. The evaluation of m-

THPP formulations with the CAM model is represented
in Fig. 1.
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2.4.1. m-THPP formulations

Four formulations were evaluated: three batches of NP
(100, 300 and 600 nm) suspended in isotonic PBS, and free
m-THPP (solution in water, PEG 400 and ethanol 5:3:2 v/
v/v).

2.4.2. Egg incubation and CAM preparation

Fertilized hen eggs were incubated until the CAM assay
at day 12 of incubation as described previously [5]. The
eggshell was opened to access the CAM vasculature.

2.4.3. Microscope setup

Microscopic observations of CAM vasculature and the
light irradiation during PDT were performed with an Eclipse
600 FN microscope equipped with a 4x/0.1 CFI achromat
objective (Nikon, Tokyo, Japan). [llumination was provided
by a 100-W mercury arclamp. Light doses were adjusted with
neutral density filters and measured with a calibrated Field-
Master power meter (Coherent, Santa Clara, USA). For

Injection of the formulation
under fluorescence microscope
CAM

(a) (b)
Residence

therapy time

Determination of the
intravascular residence
time of the PS

Fig. 1. Evaluation of m-THPP formulations with the CAM model. Fertilized eggs are incubated for 12 days, when the eggshell is opened to access the
CAM. After transferring the eggs under the objective of a fluorescence microscope, m-THPP formulations are administered to the embryo by IV injection.
Then, it is possible to perform photodynamic therapy experiments (a), or to determine the intravascular residence time of the PS (b). PDT is performed by
irradiating the membrane with filtered light from the fluorescence microscope. Then, 24 h post-PDT, vascular occlusion is assessed after injection of a
fluorescent compound (rhodamine 101). The intravascular residence time of m-THPP is determined from angiographies taken at different time-points after

administration using the fluorescence emitted by m-THPP.
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detecting m-THPP, the microscope was equipped with a BV-
2A cube (Nikon, Tokyo, Japan) and an additional 650/50 nm
band-pass filter (Chroma Technology Corp., Rockingham,
USA). For detecting rhodamine 101, a G-2B cube was used
(Nikon, Tokyo, Japan). Fluorescence angiographies were
acquired with a cooled Retiga EX CCD digital camera
(Qimaging, Burnaby, Canada) and processed using Openlab
version 3.1.5 software (Improvision, Coventry, UK).

2.4.4. Photodynamic therapy and evaluation of vascular
occlusion

PDT assays were performed as described previously [5].
Briefly, m-THPP formulations were injected into one of the
main blood vessels of CAM, and the PS was activated with
light from the Eclipse 600 FN microscope. In a typical
experiment, 1 min after the IV injection of the formula-
tions, a CAM region (1.8 mm?) was irradiated to achieve
a light dose of 15 J/cm? at 420 nm. To document vascular
effects of the photodynamic treatment, fluorescence angiog-
raphy of the irradiated area was performed 24 h after treat-
ment by injecting rhodamine 101 (0.5 mg/kg). Comparison
of angiographies taken before and 24 h after PDT allowed
the evaluation of vascular occlusion, using an arbitrary
damage scale ranked from 0 to 5 proposed by Lange
et al. (Table 2) [11]. The “0” rank corresponds to no vascu-
lar occlusion and “5” to the maximum photodynamic
effect, where complete occlusion of all the vessels in the
irradiated area is achieved. The following parameters were
evaluated: (i) the formulation type; (ii) the injection volume
(10 or 20 pl); and (iii) the delay between formulation recon-
stitution and administration. In this case, formulations
were administered immediately post-reconstitution, or kept
in the dark at room temperature and administered 6 or 24 h
post-reconstitution.

2.4.5. Graphical representation and statistical analysis of
PDT experiments

For graphical representation, each set of data corre-
sponding to seven experiments performed in different
embryos was represented by the median and the median
absolute deviation (MAD). The arbitrary scale used to
score vascular occlusion in CAM experiments is ordinal,
thus non-parametric statistical tests were employed to com-
pare the data. The Mann—Whitney U test was used to com-
pare two independent samples, whereas the Kruskal-Wallis
H test was used to analyze several independent samples

Table 2
Evaluation of PDT-induced damage on CAM vessels [11]

using the SPSS 14.0 software (SPPS Inc., Chicago, USA).
To test the hypotheses, exact tests were performed. In the
case of multiple post-hoc comparisons, the p-values were
corrected by a Bonferroni correction. All hypotheses were
tested according to an a-level of 0.05.

2.4.6. Residence time of m-THPP within the intravascular
compartment

Since m-THPP is a fluorescent compound, its localiza-
tion in the CAM (either intra- or extra-vascular) can be
determined by fluorescence angiography of CAM vessels.
The intensity of PS fluorescence inside and outside vessels
thus allows to estimate PS extravasation after administra-
tion, as described before [11]. After injecting 20 pl of
m-THPP formulations into chick embryos (1.2 mg/kg),
fluorescence angiographies were taken several times during
a period of 25 min. The photographic contrast (Cphe) for
each time-point was calculated as proposed by Lange
etal. (Eq. 1) [11]. Cphot as a function of time allows express-
ing the evolution of fluorescence intensity in blood vessels
(l;n) in relation to the surrounding tissue (I,,) for each
embryo.

(]in - Iout)

Cphol N (Iin +10u1) (1)
Then, the Cphoe Was normalized by the maximum photo-
graphic contrast obtained per embryo after administration

(Cphot.max) (Eq 2)

. C
Normalized Cppot = _phot (2)

Cphot. max

Four embryos were evaluated for each formulation, and
the normalized Cpho¢ Was plotted as a function of time.
The time at which the Cphot.max Was reached will be referred
to as Tpax.

2.5. Confocal microscopy of CAM blood vessels after m-
THPP administration

Ten minutes after the administration of m-THPP formu-
lations to chick embryos (2.5 mg/kg in 20 pl), the main
artery of CAM was resected from the membrane and intro-
duced into a Petri dish containing HEPES-buffered saline
(HBS). Under a stereoscope, the vessel was longitudinally
opened and fixed to a transparent polymeric support with
the tunica intima side up. The excised tissue was washed 3
times with HBS to remove residual blood. Freshly prepared

Scale Criterion

No vascular occlusion
Partial closure of capillaries of diameter (d) <10 pm

(O N N S )

Total occlusion of vessels in the irradiated area

Closure of capillary system, partial closure of vessels (d < 30 yum) and size reduction of larger vessels
Closure of vessels (d < 30 um) and partial closure of larger vessels
Total closure of vessels (d < 70 pm) and partial closure of larger vessels
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FITC-Con A in HBS (200 pg/ml) was added to the Petri dish
to allow staining of endothelial cell membranes for 10 min.
The tissue was then washed 6 times with HBS, and confocal
microscopy images were obtained with an Axioplan 2 micro-
scope coupled to a LSM 510 META laser unit, using a 40x/
0.8 Achroplan objective (Carl Zeiss, Jena, Germany). Fluo-
rescent signals were simultaneously recorded as follows: for
FITC Acxcitation 488 nm and emission 505-530 nm, and for
m-THPP Aeycitation 405 nm and Aepission 636753 nm. Three
embryos were evaluated per formulation.

3. Results
3.1. Preparation and characterization of nanoparticles

NP of three different sizes were obtained via the emulsi-
fication-diffusion technique. NP characteristics are summa-
rized in Table 3. Mean diameters were 117, 285, and
593 nm. These batches will be hereafter referred to as
100, 300 and 600 nm NP, respectively. The variation of
the PVAL concentration in the aqueous phase, as well as
the stirring rate, allowed to control the NP size (Table 1).
NP of around 100 nm were obtained by using high concen-
tration of PVAL in the aqueous phase (17% w/w). Larger
NP were obtained with lower PVAL concentrations. The
NP size polydispersity was low (polydispersity index < 0.1).
The homogeneity of the NP size and shape was checked by
electron microscopy (data not shown). The zeta potentials
of the three batches were close to each other
(—1.7 £ 0.5 mV; mean + SD). Although NP were purified
by cross flow filtration using 12 L. of water per batch, it
was not possible to eliminate all the residual PVAL from
NP surfaces. Residual PVAL dramatically decreased as a
function of size from 22.5% to 3.0% w/w for 100 and
600 nm NP, respectively. Drug loading was around 9%
w/w, but slightly increased with increasing the NP size.
Nevertheless, the m-THPP/PLGA ratio for the three NP
batches remained constant.

3.2. Influence of the formulation properties and
administration parameters on the photodynamic efficacy of
m-THPP

The extent of vascular occlusion induced by m-THPP
upon light irradiation was evaluated by measuring the

Table 3
Characterization of m-THPP-loaded nanoparticles after lyophilization

diameter of the occluded blood vessels and assigning a
score (Table 2), as proposed by Lange et al. [11]; typical
examples are shown in Fig. 2. The photodynamic activity
of m-THPP formulations is summarized in Fig. 3. Vascular
occlusion for free m-THPP was similar to that of 100 nm
NP and increased with the dose up to 2.5 mg/kg. Although
the three formulations of NP had similar m-THPP loadings
and m-THPP/PLGA ratios (Table 3), the phototoxic activ-
ity of the drug significantly decreased with increasing NP
size (Fig. 3).

The influence of the injection volume on the activity of
m-THPP is shown in Fig. 4. The injected volume did not
influence the activity of 100 and 300 nm NP. However, this
change significantly influenced the activity of free m-THPP:
the extent of vascular occlusion was significantly higher
when 20 ul was injected.

In order to assess the influence of the delay between
the reconstitution of formulations and administration,
m-THPP formulations were administered to chick
embryos immediately, 6 or 24 h after reconstitution,
and the results are summarized in Fig. 5. When injected
6 h after reconstitution, the phototoxic activity was not
significantly different from the activity observed when
the injection was made immediately after the reconstitu-
tion of the formulations. Twenty-four hours after recon-
stitution, the activity of 100 and 300 nm NP decreased
significantly compared to that of the fresh suspension,
whereas the activity of free m-THPP and 600 nm NP
was unaffected. The absorption spectra of 300 nm NP
registered immediately and 24 h after reconstitution are
shown in Fig. 6a. When NP were administered 24 h
post-reconstitution, fluorescent spots were observed in
the angiographies (Fig. 6b).

3.3. Influence of biological issues on the photodynamic
efficacy of m-THPP

3.3.1. Residence time of m-THPP within the intravascular
compartment

Fluorescence emission spectra of m-THPP loaded in
the NP were recorded to assess the effect of encapsula-
tion on the fluorescence quantum yield of m-THPP.
Although m-THPP fluorescence (Aexcitation 420 nm) was
still observed, its intensity decreased when NP size
increased (Fig. 7).

Batch Actual size® p.1b Nanoparticle composition (%o w/w) m-THPP/PLGA Zeta potential®
(nm) PVAL - THPP PLGA® ratio (% w/w) (mV)

NP 100 117438 0.04 225 7.8 69.7 11.2 —-22+03

NP 300 285+7 0.05 7.0 8.7 84.3 10.3 —-1.2+£0.5

NP 600 593 + 15 0.08 3.0 9.5 87.5 10.9 —-1.8+£0.2

a

n =3, determined on one single batch.
® P.I.: Polydispersity index; scale from 0 to 1.

¢ Calculated by subtraction of PVAL and m-THPP contents from NP dried weight.
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PHOTOSENSITIZER
ADMINISTRATION

LIGHT
IRRADIATION

RHODAMINE INJECTION
24 H POST-PDT

Fig. 2. Three typical examples (a, b, and c) of photodynamic activity experiments on the CAM model. First column: fluorescence angiographies after m-
THPP administration (Jexcitation 400440 NM, Zemission 625-675 nm). Second column: angiographies taken during light irradiation (15 J/cm?at 420 nm).
Third column: angiographies taken after rhodamine 101 injection 24 h post-PDT (Aexcitation 310-560 nm, Acmission = 610 nm). Depending on the diameter of
the occluded vessels the experiments were scored as 0: row a; 3: row b; and 5: row c.

Vascular occlusion

TT T

0.6 12 ' 25 5.0
m-THPP dose (mg/kg)

Fig. 3. Vascular occlusion induced by m-THPP formulations. Free m-
THPP ([]) and m-THPP encapsulated into nanoparticles of 100 nm (Jl),
300 nm () and 600 nm (Jll) were administered in 20 pl, and light
irradiation was performed at 15 J/cm?. Median and MAD (n = 7). No
significant difference was found between 100 nm NP and free m-THPP for
all doses. Both 300 nm NP and 600 nm NP had lower activity than free m-
THPP (exact one-tailed p-values <0.01), except for 1.2 mg/kg, where free
m-THPP and 300 nm NP had similar activity. Significant differences were
found within the three sizes of NP at m-THPP doses between 1.2 and
5.0 mg/kg (exact two-tailed p-values <0.01). At 0.6 mg/kg, 100 nm NP
were more active than larger NP (exact two-tailed p-values <0.01), but
there was no significant difference between 300 and 600 nm NP.

After the injection of m-THPP formulations to chick
embryos, fluorescence angiographies were taken at several
time-points (Fig. 8a and b). Due to m-THPP extravasation
from CAM vasculature, the normalized Cpno steadily
decreased after the administration of free m-THPP
(Fig. 8c). On the contrary, when using NP, m-THPP was
still primarily localized within the blood vessels 25 min
post-administration. 7y, which corresponds to the time
when the normalized Cppo¢ reaches its maximum, was
observed at 1 min post-administration for free m-THPP
and 100 nm NP, at 5 min for 300 nm NP, and at 10 min
for 600 nm NP (Fig. 8c).

3.3.2. Confocal microscopy of CAM blood vessels after m-
THPP administration

To investigate the uptake of m-THPP by endothelial
cells of CAM vasculature, the main artery of CAM was
resected from the chorioallantoic membrane 10 min after
the administration of m-THPP formulations to chick
embryos. The membrane of the endothelial cells was
stained with FITC-Con A, which has been already used
as CAM endothelial cells marker [14]. With all the formu-
lations, m-THPP signal was observed within the endothe-
lial cells (Fig. 9). However, the intensity of the m-THPP
signal was the lowest for 600 nm NP.
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Formulation

Fig. 4. Influence of the injection volume on the vascular occlusion of CAM vessels. m-THPP formulations were administered to chick embryos in a
volume of either 10 ul (M) or 20 ul ((J), and light irradiation was performed at 15 J/cm?. Median and MAD (n = 7). For free m-THPP, a significant
difference was found between 10 and 20 pl (exact two-tailed p-value <0.01). When NP were used, vascular occlusion was not influenced by the injection

volume.

Vascular occlusion

300 nm
Formulation

Free 100 nm 600 nm

Fig. 5. Activity of m-THPP formulations after reconstitution. Formula-
tions (1.2 mg/kg in 20 pl) were administered to chick embryos at different
times after reconstitution: immediately (), 6 h ([J) or 24 h () post-
reconstitution, and light irradiation was performed at 15 J/em?. Median
and MAD (n =7). Statistical analyses demonstrate that the activity of
both free m-THPP and 600 nm remains unaffected for at least 24 h. NP of
100 and 300 nm kept their activity until 6 h post-reconstitution, but had
lost activity 24 h post-reconstitution (exact two-tailed p-values <0.05).

4. Discussion
4.1. Preparation and characterization of nanoparticles

NP were produced via the emulsification-diffusion tech-
nique, which is based on the emulsification of an organic
phase containing the polymer, the drug and a solvent par-
tially miscible with water in an aqueous phase containing a
stabilizing agent. Mechanical stirring of both phases
induces the formation of an oil-in-water nanoemulsion.
Upon further addition of water, the organic solvent diffuses
from the nanodroplets into the aqueous phase to form the
NP after polymer desolvation [15]. The mean size of NP
produced by this technique is influenced mainly by the stir-
ring rate, the polymer concentration in the organic phase,
and the nature and concentration of the stabilizing agent
in the aqueous phase [15,16]. In this study, NP of three
sizes were prepared using aqueous phases with different
concentrations of the stabilizing agent PVAL. These results

are in agreement with previous reports that the increase of
PVAL concentration results in the decrease of NP size
[15,16]. This technique allowed the production of NP with
very low polydispersity indexes (P.I. <0.1, Table 3), corre-
sponding to NP batches with a homogeneous mean size
distribution. Low P.I. are a crucial prerequisite to quantita-
tively study the influence of NP size on biological effects.

NP relative composition varied depending on the NP
size (Table 3). m-THPP content slightly increased when
the NP size increased due to the decrease of residual
PVAL, but the drug to polymer ratio remained essentially
unaffected. The residual PVAL percentage was correlated
with the initial PVAL concentration used to produce the
different NP batches, and increased with decreasing NP
size. Higher PVAL contents for smaller NP as compared
to larger NP have been already reported [17,18], and might
be correlated with the increase of the specific surface area
when NP size decreased [19].

4.1.1. Influence of the formulation properties and
administration parameters on the photodynamic efficacy of
m-THPP

The phototoxic effects observed after PDT depend
mainly on the PS and oxygen concentration at the target
site and on the light dose used for irradiation [1]. In the
present study, we have demonstrated that NP size strongly
influenced the photodynamic activity of m-THPP (Fig. 3).
The three batches of NP had similar m-THPP loadings and
m-THPP/PLGA ratios (Table 3). However, the vascular
occlusion significantly decreased when increasing the NP
size. This effect is in agreement with a recent study evaluat-
ing NP made of poly(p,L-lactic acid), loaded with meso-
tetra(carboxyphenyl)porphyrin, and having diameters
ranging from 121 up to 343 nm [20].

The differences observed in vascular occlusion induced
by different NP formulations may be explained from vari-
ous perspectives. NP size can influence the distribution
and aggregation state of m-THPP within the NP core;
the interaction of the encapsulated m-THPP with light;
the singlet oxygen quantum yield; and the m-THPP release
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Fig. 6. Effect of reconstitution time on nanoparticle properties. (a) Absorption spectra of porphyrin (10 pg/ml) loaded in 300 nm NP immediately and 24 h
after reconstitution. (b) Angiographies of CAM vessels taken 5 min after the administration of 300 nm NP injected either immediately (top) or 24 h after
reconstitution (bottom). Notice the presence of fluorescent spots indicated by arrows. Porphyrin dose: 1.2 mg/kg.
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Fig. 7. Fluorescence emission of free m-THPP and NP suspended in PBS.
m-THPP concentration: 5 pg/ml and excitation 420 nm.

rate. At the biological level, NP size can influence the inter-
action with blood components, such as opsonization, as
well as the uptake by vascular endothelial cells and the tis-
sue distribution. Indeed, size-dependent biodistribution of
IV administered colloidal carriers has been already
observed in rodents [6,7,21]. Using mice, Fang et al. dem-
onstrated that polymeric NP of 80 nm had longer blood
residence time than larger NP, which were taken up by
the liver and spleen, organs rich in cells of the mononuclear

phagocytic system [22]. The low photodynamic activity
observed for large NP in the present study can be related
to the higher elimination rate of the large NP compared
to that of smaller NP. At day 12 of chick embryo develop-
ment, reticulum cells in the liver and spleen are functional
and are able to take up injected carbon particles [23].
m-THPP-loaded NP may have been taken up by the
embryo phagocytic system in a size-dependent manner,
but biodistribution studies in chick embryo organs should
confirm this hypothesis.

Apart from the NP size, the influence of some parame-
ters of administration, such as the injection volume, and
the delay between formulation reconstitution and adminis-
tration, on the efficacy of m-THPP was evaluated in this
study. The influence of the injection volume was evaluated
by administering the same dose of m-THPP in a volume of
either 10 or 20 pl to chick embryos. As shown in Fig. 4, a
higher volume of injection induced an increase in the activ-
ity of free m-THPP, whereas the activity of m-THPP incor-
porated in NP was independent of the injection volume.
The impact of this parameter on free m-THPP efficacy
might be related to the aggregation state of m-THPP. Por-
phyrins are prone to aggregation in aqueous media [24],
and free m-THPP was administered in a biocompatible sol-
vent composed of water, PEG 400 and ethanol (5:3:2 v/v/
v). Thus, higher m-THPP concentrations in smaller vol-
umes can explain the decrease in vascular occlusion,
because aggregated forms have reduced photodynamic
efficacy, and show different intracellular localization,
biodistribution and elimination [25,26]. In contrast to free
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Fig. 8. Photographic contrast after administration of m-THPP formulations. Angiographies of CAM vessels taken (a) 1 min and (b) 25 min post-injection
(1.2 mg/kg in 20 pl). (c) Evolution of the normalized photographic contrast, which represents m-THPP fluorescence within the CAM blood vessels with
respect to the fluorescence in surrounding regions. Four embryos were evaluated per formulation (mean + SD).

m-THPP, the activity of m-THPP-loaded NP is indepen-
dent of the injection volume, emphasizing thus the advan-
tages of using NP. PS aggregation within NP is not
influenced by NP concentration in the suspension media.
Thus, the activity is independent of the injection or perfu-
sion volumes, and this allows a more efficient control of the
PDT outcome. Furthermore, NP show long-term stability as
a dry product, and are easily reconstituted as a suspension.
In another series of experiments, the activity of the for-
mulations was evaluated as a function of the delay between
formulation reconstitution and administration (Fig. 5).
The activity of NP was kept at least 6 h post-reconstitution
in PBS. The loss of activity of the 100 and 300 nm NP
observed 24 h after reconstitution could be explained by
the PS release in the suspension media and subsequent
aggregation, as suggested by the decrease in m-THPP
absorption observed 24 h after NP reconstitution (data
for 300 nm NP are shown in Fig. 6a). Furthermore, fluores-
cence angiographies obtained after the administration of
NP kept in suspension for 24 h showed localized spots of
high fluorescence intensity, which were not observed when
the administration was made immediately or 6 h after
reconstitution (Fig. 6b). These results support the hypoth-
esis that the loss of NP activity after long reconstitution
times might be related to the m-THPP release in the sus-
pension media, as the fluorescent spots were quite similar

to those observed in a previous study, when free m-THPP
was administered [5].

4.2. Influence of biological issues on the photodynamic
efficacy of m-THPP

4.2.1. Residence time of m-THPP within the intravascular
compartment

We demonstrated that the confinement of m-THPP
within the vascular space depended on the formulation
(Fig. 8a and b). When free m-THPP was administered, fast
m-THPP extravasation was observed, as reported in a pre-
vious study [5]. On the contrary, when m-THPP was encap-
sulated in NP, only intravascular m-THPP fluorescence
was observed. Solid particles cannot cross the vascular
endothelium unless it is leaky [6]. Therefore, large NP cir-
culate within the vascular compartment until degradation
and/or biodistribution occurs. The size-dependent extrava-
sation of NP from CAM vessels was not observed in our
study because the CAM of embryos older than 10 days
does not allow the extravasation of molecules larger than
40 kDa (diameter ~9 nm) [27].

The different profiles of the normalized photographic
contrast as a function of time observed for the NP
formulations (Fig. 8c) can be explained by size-dependent
differences in both the fluorescence of circulating NP and
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Fig. 9. Confocal images of CAM endothelial vascular cells taken 10 min after administration of m-THPP formulations. Cellular membranes were stained
with FITC-Con A (green signal, emission: 505-530 nm). m-THPP signal was observed within the endothelial cells and is presented in red (emission: 636—

753 nm).

the m-THPP release rate. As shown in Fig. 7, the m-THPP
fluorescence after encapsulation decreased with increasing
NP size. Additionally, drug release rate has been shown
to decrease with increasing NP size [19]. Therefore, in the
case of 600 nm NP, the slow increase in fluorescence upon
injection and the delayed T,,.x (Fig. 8c) can be explained by
a lower m-THPP fluorescence concomitant with a slower
release rate compared to smaller NP. Since PS activation
by light irradiation was performed 1 min after NP injec-
tion, a slow m-THPP release could explain the lack of
activity of m-THPP entrapped in large NP (Fig. 3).

4.3. Uptake of m-THPP by vascular endothelial cells

Ten minutes after the administration of the formulations
to chick embryos, m-THPP signal was observed within
endothelial cells of the main artery of CAM demonstrating
the endothelial uptake of m-THPP when administered
encapsulated in NP (Fig. 9). The critical role of NP size
in the distribution of particles in vascular tissues has been
demonstrated in mammalian models [28,29]. The arterial
uptake of NP of around 100 nm was more efficient than
that of larger NP. As the endothelial damage following
PDT depends on the PS uptake by endothelial cells [3],
the low phototoxic effect observed with large NP in this

study may be explained by a less efficient uptake by endo-
thelial cells, as suggested by the lower fluorescence intensity
observed with large NP (Fig. 9). However, as the intrinsic
fluorescence of m-THPP loaded in 600 nm NP was low
(Fig. 7), m-THPP extraction and quantification from
CAM vessels could allow verification of this hypothesis.

5. Conclusions

The ability of NP to allow IV administration of hydro-
phobic PS, as well as the possibility of achieving passive
and active targeting, makes NP attractive carriers for PS
used in PDT. Furthermore, in this study, it was established
that the activity of PS-loaded NP was independent of the
volume of administration, and that NP retained their effi-
cacy at least for 6 h after reconstitution.

Considering the main therapeutic applications of PDT,
cancer and CNV-AMD, NP of different sizes were devel-
oped as a strategy to perform passive targeting. The NP pas-
sage to extravascular tissues is considered necessary for
optimal cancer treatment, and unwanted for CNV-AMD
treatment. It was established that although m-THPP -a
hydrophobic PS chosen as a model- kept its photodynamic
activity after encapsulation, the increase of the NP size
was deleterious to the photodynamic efficacy. Based on the
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extent of intravascular fluorescence and the PDT experi-
ments, it was demonstrated that for a given PS dose, m-
THPP will be less available for fluorescence or photody-
namic activity when it is incorporated in large NP, than
when it is in solution or in small NP. At biological level,
the present results suggest that large NP are less active due
to a slower m-THPP release as evidenced from the delayed
Tmax, and a possible lower uptake by endothelial cells.

Small NP seem to be optimal for PDT cancer treatment
due to the EPR effect of tumor tissues, as well as to the high
photodynamic efficiency of small NP. For CNV-AMD
treatment, the challenge will be to produce NP small
enough to enter vascular endothelial cells, but large enough
not to cross the fenestrations of the CNV. One possibility
that emerges from this observation is the use of small NP
coupled to moieties that can actively target the CNV.
Recent observations in animal models suggest that the
EPR effect occurs in CNV tissues [10], thus passive target-
ing with small NP containing singlet oxygen scavengers
may be used to protect CNV-neighboring tissues from
undesired phototoxic effects.

Apart from the biological issues affected by NP size, the
extent to which the photochemical properties of PS are
affected by encapsulation remains to be determined. Cur-
rently, the photochemical properties of m-THPP once
encapsulated in NP are being characterized.
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