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Abstract

Hydrophobic porphyrins are potentially interesting molecules for the photodynamic therapy (PDT) of solid cancers or ocular
vascularization diseases. Their pharmaceutical development is, however, hampered by their lipophilicity, which renders formu-
lation difficult especially when intravenous administration is needed. Encapsulation of a lipophilic derivative of porphyrin,
the meso-tetrgthydroxyphenyl)porphyrin - THPP), into polymeric biodegradable paty(-lactideco-glycolide) (PLGA)
nanoparticles proved to enhance its photodynamic activity against mammary tumour cells when compared to free drug. In
order to further investigate these carriers, the efficacy of the encapsulated drug was assessed on the chick embryo chorioallantoic
membrane (CAM) model. First, we identified a suitable solvent for the drug in term§ BfPP solubility and tolerability by
chick embryos. This solution was used as a reference. Then, the fluorescence pharmacokinetics and the photodynamic effects of
the porphyrin on CAM vessels were evaluated after intravenous administration of gatfiétRP solution (free drug) or the drug
loaded into nanoparticles. The results showed that: (i) the drug remained longer in the vascular compartment when incorporated
into nanoparticles and (ii) vascular effects@THPP after light irradiation were enhanced with nanoparticle carriers. These
results are discussed taking into account the extravasation of intravascular circulating photosensitizers and its influence on PDT
performance.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) is based on the ad-
ministration of a photosensitizing agent (also known
as a photosensitizer, PS), which is further activated by
external irradiation with light. This therapy results in
a sequence of photochemical and photobiological pro-
cesses that trigger irreversible damage to the irradiated
tissues. The main therapeutic applications of PDT are
cancer therapyfougherty et al., 1998nd the treat-
ment of neovascularization-related disorders such as
choroidal neovascularization (CNV) secondary to age-
related macular degeneration (AMD), one of the lead-
ing causes of blindness in elderly people in Western
countries Ferris et al., 1984; Klein et al., 1995ince
photosensitizers are inactive without light activation,
this treatment can be considered to be selective to the

illuminated area and a decrease in adverse effects isg

expected especially in cancer treatment. Most photo-
sensitizers are porphyrin-like macrocycles and include
porphyrins, chlorins and bacteriochlorinStérnberg

et al., 1998. Hydrophobic porphyrins, such as ben-
zoporphyrin derivative monoacid ring A (BPD-MA),
are potentially interesting molecules for PDT either in
the treatment of solid cancers or ocular vascularization
diseasesSharman et al., 1999; Schmidt-Erfurth and
Hasan, 2000; Renno and Miller, 200Indeed, BPD-
MA encapsulated into liposomes (Visudyeis the
first PS approved for clinical PDT of classic subfoveal
choroidal neovascularization. The development of hy-
drophobic photosensitizers is, however, hampered by
formulation problems due to their lipophilicity espe-
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Fig. 1. Structural formula (a) and absorption spectra (l}-8HPP
dissolved in solvent systems containing 50% v/v of water, 30% v/v
of PEG 400 and 20% v/v of either ethanol (—), DMSQ_L ),

or benzyl alcohol (---)p-THPP concentration: 14g/ml for A =
390-460 nm and 4@g/ml for A = 461-700 nm.

cially when intravenous (IV) administration is needed. as short shelf life and chemical and physical instabil-
Different approaches have been proposed such as thdty in biological environments. However, improvement
incorporation of PS into liposomes, micelles, poly- of liposomal formulations has been reported with the
meric particles, and low density lipoproteins, and the design of liposomes with specifically modified moi-
development of hydrophilic polymer-drug complexes, eties (Moodle, 1998; Drummond et al., 1999; Derycke
as recently reviewed bifonan et al. (2002)Micellar and de Witte, 2004 Polymeric nanoparticles offer nu-
systems can be regarded as suitable vehicles for hy-merous advantages over the conventional drug deliv-
drophobic PS. However, emulsifying agents used for ery systems including high drug loading, controlled
their preparation, such as Cremophor-EL, have beenrelease, and a large variety of carrier materials and
reported to elicit acute hypersensitivity and anaphylac- manufacturing processekegroux et al., 1996; Konan
tic reactions in vivo Gelderblom et al., 20Q1Differ- et al., 2002. Recently, a hydrophobic photosensitizer,
ent liposomal strategies have been developed to tar-meso-tetrgg-hydroxyphenyl)porphyrinKig. 1a), was
get PS to tumour tissues, as reviewedd®rycke and incorporated into polymeric biodegradable nanopar-
de Witte (2004) Although liposomal formulations ticles Konan et al., 2003a This system proved to
can substantially improve both PDT efficacy and PS be more effective than free porphyrin in inhibiting in
safety, conventional liposomes have limitations such vitro mammary tumour cell growth following PDT.
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The relatively low drug concentration and the short 2. Materials
times of incubation of nanoparticles with cells required
to induce satisfactory photodynamic damages demon-2.1. Chemicals
strated thap-THPP-loaded nanoparticles offer supe-
rior photoactivity compared to the free drugopan Poly(p,L-lactideco-glycolide) (PLGA) with a
et al., 2003k In order to further investigate these car- copolymer ratio of 50:50 and molecular weight
riers, the efficacy of the encapsulaed@HPP was as-  of 12kDa (Resomé& RG502) was obtained from
sessed in the chick chorioallantoic membrane (CAM) Boehringer Ingelheim (Ingelheim, Germany). Meso-
assay. The developing chicken embryo is surrounded tetra@p-hydroxyphenyl)porphyrin@-THPP) was pro-
by a chorioallantoic membrane, which becomes vascu- vided by Aldrich (Steinheim, Germany). Poly(vinyl al-
larized as the embryo develops. This in vivo model has cohol) 87.7% hydrolyzed with a molecular weight of
been extensively used to study both angiogenesis and26 kDa (Mowiol® 4-88), was obtained from Hoechst
anti-angiogenesisRjbatti et al., 2001 Moreover, the (Frankfurt/Main, Germany)p(+)-Trehalose dihydrate
CAM model has been used to study the photothrombic and phosphate buffered saline (PBS) were pur-
effects of PDT after topical application of PBx{edano chased from Sigma-Aldrich (Taufkirchen, Germany).
et al., 1998; Hammer-Wilson et al., 199%hjection of Dimethyl sulfoxide (DMSQO) was obtained from Acros
PS into the yolk sacGottfried et al., 199§ intraperi- Organics (New Jersey, USA). Polyethylenglycol 400
toneal administrationHornung et al., 1999 and in- Ph Eur (PEG 400) was provided by Merck (Schuchardt,
traamniotical injectionReterka and Klepacek, 2001  Germany). Sulforhodamine 101 was purchased from
Lange etal. (2001demonstrated the feasibilityofan 1V~ Lambda Physik (@ttingen, Germany). Ethanol 99.8%,
administration of PS into CAM vessels. This approach benzyl alcohol, methylene blue and sodium chloride
allowed the CAM model to be used as a screening pro- were obtained from Fluka (Buchs, Switzerland). All
cedure for new PS intended for PDT of choroidal neo- chemicals were of analytical grade and were used with-
vascularization (CNV). The distribution and the possi- out further purification.
ble leakage from the vascular system of intravenously
injected PS or fluorescent dyes in the CAM is followed 2.2. Microscope set-up
by measuring the fluorescence of the vascularized and
non-vascularized tissues; hence pharmacokinetic data Fluorescence imaging of CAM vessels was per-
can be obtained. Furthermore, the photodynamic ac- formed with a CCD camera fitted to a fluorescence
tivity of the PS can be assessed by evaluation of the Eclipse 600 FN microscope equipped with an objec-
vascular occlusion achieved after irradiation in a pre- tive CFl achromat (magnification-d numerical aper-
defined area of the CAM. In this context, the CAM is ture of 0.10 and working distance of 30 mm) (Nikon,
a convenient model for monitoring the modifications Tokyo, Japan). lllumination was provided by a filtered
of the vasculature. The transparency of its superficial 100-W mercury arc lamp. Light doses were measured
layers allows an examination of structural changes of with a calibrated 404 power meter (Spectra-Physics,
eachblood vesselinreal time. This in vivo model offers Mountain View, CA). For the studies with THPP, the
the advantage of being easily accessible, inexpensivemicroscope was equipped with a fluorescence cube BV-
and easy to handl&énge et al., 2001 Furthermore, it 2A (Nikon, Tokyo, Japan). This cube is composed of a
is possible to use and compare different administration 420 CWL filter, which provides excitation wavelengths
routes. between 400 and 440 nm, a dichroic mirror (455 nm),
The objective of this work was to compare the and a barrier filter (470 nm). An additional long path
vascular effects ofp-THPP either as a free solu- filter at 610 nm was added. For the fluorescence de-
tion or encapsulated in polymeric nanoparticles on tection of sulforhodamine 101, a 11007WDGR cube
the CAM vessels. An aqueous solution was first de- (Chroma Technology Corp., Rockingham, VT, USA)
veloped and tested for its suitability as a reference. was used. This cube is composed of a D535/50x filter,
Then, the distribution and the photodynamic activity which provides excitation wavelengths between 510
of the drug were compared when administered in both and 560 nm, a dichroic mirror (565 nm), and a barrier
systems. filter (590 nm). Prior to injection of a fluorescent dye
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or the photosensitizer, autofluorescence was recordedinto an incubator (Savimat MG 200, Chauffry, France)
using the fluorescence cube BV-2A (Nikon, Tokyo, setat 37C and a relative humidity (RH) of 65%. Un-
Japan) and an emission band pass filter D560/40mtil embryo development day (EDD) 4, eggs were ro-
(Chroma Technology Corp., Rockingham, VT, USA). tated twice a day. Then, a 3mm hole was drilled in the
eggshell at the narrow apex and was covered with ad-
hesive tape. Eggs were then incubated without rotation

3. Methods until the CAM assay on EDD 12.
3.1. Preparation and characterization of 3.3.2. CAM preparation and injection procedure
nanoparticles On EDD 12, the hole in the eggshell was enlarged

) ) to a diameter of 2—-3 cm allowing access to the CAM
p-THPP was encapsulated in PLGA 50:50 via the yasculature. Chick embryos were then placed under the
emulsification—diffusion technique as described by gpjective ofthe fluorescence microscope. Formulations
Konan et al. (2003a)Nanoparticles were purified by to pe evaluated were injected into one of the principal
cross-flow filtration and freeze-dried in the presence pjgod vessels of CAM through a 33-gauge needle fitted
of trehalose (trehalose: nanoparticle mass ratio of 2:1). g 5 100w syringe (Hamilton, Reno, NV), enabling an
The mean diameter of the freeze-dried nanoparticles, 3gsessment of (a) the tolerance to the formulations, (b)
determined by photon correlation spectroscopy (Zeta- the pharmacokinetic parameters, (c) the influence of
sizer 5000, Malvern, Worcesterhire, UK), was 17 ethanol concentration op-THPP extravasation, and

7nm with a polydispersity index of 0.2 on a scale from (q) the photodynamic effect gt THPP.
0 to 1. For the freeze-dried nanoparticleqp-aHPP

loading of 7.8% (w/w) was determined spectrophoto-
metrically with a Cintra 40 spectrometer (GBS, Vic-
toria, Australia) at 653nm as described Bpnan

et al. (2003a)

3.3.3. Embryo tolerance to solvents of p-THPP

Twenty, 50 or 10Qul of either ethanol system, ben-
zyl alcohol system or DMSO system withqo{THPP
were injected. Methylene blue was dissolved in the sys-
tems (0.01% w/v) to allow visualization of the liquid
during the injection. Survival rate of embryos was eval-
uated 24 h after IV administratiom & 8). Saline solu-
tion 0.9% w/v was used as a negative control.

3.2. Formulation of a solution of p-THPP

For the preparation gi-THPP intended for IV ad-
ministration, three formulations containing 50% v/v
of water, 30% v/v of PEG 400 and 20% v/v of ei-
ther ethanol, benzyl alcohol or DMSO were tested. 3-3-4. Pharmacokinetic studies of p-THPP
These formulations are henceforward referred to as the formulations _ _
ethanol, benzyl alcohol and DMSO systems, respec-  1he residence time gf-THPP into CAM vessels
tively. Absorption spectra gb-THPP in the different ~ Was evaluated after IV administration of eithpr
formulations were obtained with a Cintra 40 spectrom- | HPP-loaded nanoparticles resuspended in PBS or

eter (GBS, Victoria, Australia). THPP dissolved in the ethanol system. Time-dependent
fluorescence angiographies were performed at dif-
3.3. Chick chorioallantoic membrane (CAM) ferent times during a period of 1500s. Normalized
assay photographic contrasCpnoy), as proposed byange
et al. (2001)was used to express the evolution of the
The CAM assay was adapted frobange et al.  fluorescence intensity in blood vesseig)(in relation

(2001) with the following modifications. All assays {0 the surrounding tissuéofy).

were done in triplicate, unless otherwise specified. Iin — Iout

(Zin + Tout) X Cphot max

Cphot =
3.3.1. Egg incubation
Fertilized hen eggs (Animalerie universitaire, Uni- where Cphot max represents the highest photographic
versity of Geneva, Geneva, Switzerland) were placed contrast obtained after administration.
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3.3.5. Influence of ethanol concentration on
p-THPP extravasation

Formulations containing 0.6 mg/ml pfTHPP and
composed of 30% v/v of PEG 400, different concen-
trations of ethanol (either 15, 20, 30, 40 or 70% v/v)
and water q.s. were prepared. An aliquot 1pof a
given formulation was injected into CAM vessels. Flu-

135
4. Results

4.1. Development of an injectable soluble
formulation for p-THPP

In order to compare the nanoparticles to a refer-
ence, it was necessary to develop a suitable formula-

orescence angiographies were performed at 15, 30, 60,fion for 1V injection of p-THPP, a highly hydropho-

and 300 s after injection.

3.3.6. Photodynamic therapy and damage
assessment

CAM was irradiated at 10, 15 or 20 J/érat 420 nm
one minute after IV administration @-THPP either

loaded in nanoparticles or dissolved in the ethanol sys-

bic photosensitizer. Various solvent systems contain-
ing 20% v/v of an organic solvent (either ethanol, ben-
zyl alcohol or DMSO), 30% v/v of PEG 400 and 50%
v/v of water were testecp-THPP was soluble in all
systems at concentrations up to 2.5mg/ml. The ab-
sorption spectra gb-THPP formulations show all the
characteristic bands of porphyrins, and only minor dif-
ferences between the three formulations are observed

tem. p-THPP doses were 0.3, 0.6, 1.2 and 2.5mg per (Fig. 1b).

kg of chick embryo body weight, which in this study
was estimated as 10 g accordingBarnes and Jensen

(1959) who determined the total tissue weight of chick
embryos on EDD 12 as 9.7t 1.47 g (this value in-

cludes both embryo weight and extra embryonic mem-

Since PDT effects on CAM vasculature are usu-
ally assessed 24 h after treatment, it is mandatory to
evaluate the safety @ THPP solvents towards chick
embryos during that period. Survival rates of embryos
were evaluated 24 h after administration of each for-

branes weight). The surface of the irradiated CAM area mulation withoutp-THPP. The results are summarized

was 3mmi. Following PDT, the aperture in the shell
was carefully covered with a plastic film (Parafilm,

in Fig. 2 By increasing injection volume, lower em-
bryo survival rates were observed with all evaluated

Pechiney Plastic Packaging, Chicago, IL) and treated formulations, even with isotonic sodium chloride. The

eggs were maintained in the dark for 24 h in the incu-
bator (37C, 65% RH). Then, 1l of a solution of

sulforhodamine 101 in NaCl 0.9% (0.5 mg/ml) were
injected into chick embryos in order to document vas-
cular effects of photodynamic treatment by a fluores-

system containing benzyl alcohol appeared to be the
most toxic: only 12.5% of embryos survived after injec-
tion of 20p.l of this formulation and the embryo death
was observed immediately after injection of higher vol-
umes. At 2Qul, the DMSO containing system was as

cence angiography of the irradiated area. Comparisoninnocuous as NaCl solution (0.9% wi/v), however injec-
of vessel fluorescence before and after PDT allowed tion of higher volumes led to a decrease in survival rate
an evaluation of vessel damage using an arbitrary dam-to 62.5% for 5Qul and to 50% for 10Gul, respectively.

age scale proposed hyange et al. (2001presented in
Table 1

Table 1
Evaluation of PDT induced damage on CAM vessels

The system containing ethanol was demonstrated to be
as safe as aqueous NacCl solution at volumes qfI20

Damage scale  Criterion

No damage
Partial closure of capillaries of diameter it

a b wdhEF O

Total occlusion of vessels in the irradiated area

Closure of capillary system, partial closure of blood vessels of diametqur3nd size reduction of larger blood vessels
Closure of vessels of diameter <@t and partial closure of higher order vessels
Total closure of vessels of diameter 5@ and partial closure of larger vessels

FromLange et al. (2001)

* Intermediate values are found when making the average of different scores.



136 A. Vargas et al. / International Journal of Pharmaceutics 286 (2004) 131-145

100 100100 . s 4.2. Pharmacokinetic studies of p-THPP
- formulations

Pharmacokinetics and PDT experiments were con-
ducted after IV administration of eithpfTHPP-loaded
nanoparticles resuspended in PRSTHPP nanopar-
ticles) or p-THPP dissolved in the ethanol system
(free p-THPP). The pharmacokinetic profile qf
THPP following IV administration was determined by
recording the fluorescence-time profiles of the drug.
Fig. 2. Chick embryo survival rate 24 h after injection of NaCl 0.9% AS_Shown inFig. 3a and b, fl\_/e Seconqs after in-
wiv (W) and solvent systems containing 50% v/v of water, 30% v/y fusion of bothp-THPP formulations, the intravascu-
of PEG 400 and 20% v/v of either DMSQJJ, ethanol [ll) or benzyl lar fluorescence intensity was high, as compared to
alcohol 8) (n=8). the extravascular areas, indicating that the porphyrin

was already distributed throughout the entire vascular
and 50ul. Consequently, the system containing ethanol System. Howevep-THPP nanoparticles remained in-
was selected as a reference in the PDT assays. Pharmatravascular for at least 1500 s while frpefHPP had
cokinetics and PDT experiments were performed with already leaked out from vascular systefig( 3 and d,
10l of this formulation. respectively).

injection

% Survival 24h after

Injected volume [pul]

5 seconds

1500 seconds

p-THPP
nanoparticles

Free p-THPP

—
500 um

Fig. 3. Fluorescence angiographi@syitation= 400—440 nm anéemission™> 610 nm) of the CAM after administration of 0.6 mgmTHPP per
kg of chick embryo body weight. Upper pangkTHPP loaded nanoparticles. Lower panel: fe8HPP (dissolved in a mixture of ethanol,
PEG 400, and water 2:3:5 v/v/v). Pictures a and b were taken 5 s after administration, pictures c and d after 1500s.
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The calculation of the normalized photographic con-
trast from these fluorescence images at different times
following injection allowed an indirect evaluation of
the extent to which the photosensitizer diffused out
from CAM vasculatureig. 4). High contrast values
indicate that a small amount of the porphyrin leaked
out from blood vessels. In contrast, when fluorescence
values ofp-THPP inside and outside CAM vascula-
ture are similar, contrast diminishes, indicating the dif-
fusion of p-THPP through the vesselBig. 4 clearly
demonstrates the rapid extravasation of fpeEHPP,
while p-THPP nanopatrticles remained longer in the in-
travascular compartment.

4.3. Influence of ethanol concentration on
p-THPP extravasation

Normalised contrast (a.u.)

—_

04

0.2

[e) Nanoparticles

O Free p-THPP

500

T T

1000 1500
Time (s)

Fig. 4. Comparative pharmacokinetics of tp«d HPP formulations.

In order to evaluate the impact of the ethanol con-  gyolution of fluorescence normalized contrast as a function of time

centration on the leakage pfTHPP from CAM vas-

after administration op-THPP-loaded nanoparticleS)) or freep-

culature, we administered several formulations con- THPP (J). Dose of porphyrin: 0.6 mg per kg of chick embryo body

taining equivalent amounts pfTHPP (0.6 mg/ml) but

weight. Normalized average € 3).

]
500 pm

Fig. 5. Fluorescence angiographi@g,gitation= 400—440 nm anéemission™> 610 nm) after administration of 0.6 mg pfTHPP per kg of chick
embryo body weight. Porphyrin was dissolved in 70% v/v of ethanol and 30% v/v of PEG 400.
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increasing concentrations of ethanol (15, 20, 30, 40 4.4. Comparison of photodynamic activity of free

or 70% v/v). PEG 400 concentration was kept con- and encapsulated p-THPP

stant at 30% v/v in all formulationgrig. 5 shows

a sequence of angiographies taken after administra- A typical sequence of a CAM assay consisting of an
tion of 10pl of the formulation containing 70% v/v  injection ofp-THPP formulation, followed by a photo-
of ethanol. Localized spots of high fluorescence in- dynamictreatmentand a sulforhodamine 101 angiogra-
tensity were observed 15s after administration. The phy 24 h post-PDT is shown Fig. 7. Since irradiation
number of these fluorescent dots increased until ap- was performed on areduced CAM surface (3fydi-
proximately 60 s, after which no changes appeared in rect comparison between irradiated and non-irradiated
the subsequent 240s. The same effect was observedareas was possible. The PDT effect in this experiment
in other areas of the same egg (data not shown) andwas scored as 3 (see scale of damag€aiple ). As

has been shown to be reproducible within these ex- shown inFig. 8, the photodynamic activity of the por-
periments.Fig. 6 shows a series of fluorescence an- phyrin increased with both light and THPP doses for
giographies corresponding to formulations containing both formulations. The damage induced on the vas-
15, 20, 30, and 40% v/v of ethanol, taken 60 s after in- cular system varied from 0 to 5 and it was shown to
jection. From these experiments, it can be shown that be controlled by the variation of teTHPP dose and
the appearance of localized spots of high fluorescenceirradiation conditions as established by PLUM ordi-
occurs at ethanol concentrations above 20% v/v in the nal regression statistical analysis. The differences be-
formulation. tween the two formulations were analysed using the

500 m

Fig. 6. Effect of ethanol concentration pATHPP extravasation. Fluorescence angiographiggifation= 400—440 nm andélemission™> 610 hm)
were taken 60 s after administrationmTHPP formulations containing different concentrations of ethanol (% v/v is indicated in pictures). All
formulations additionally contained 30% of PEG 400 and water g.s. Dogd bfPP: 0.6 mg per kg of chick embryo body weight.
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800pm

Fig. 7. Typical sequence of CAM assay: (a) administration of polymeric nanoparticles (1.2p¥gH®P per kg of embryo body weight); (b)
irradiation with light dose of 15 J/cfn(c) angiography after sulforhodamine 101 injection, 24 h post PDT. The vascular damage was scored as
3 for this experiment (seEable 1. (a and b} eycitation= 400—440 nm andemission™ 610 NM. (C)excitation= 510-560 nm andélemission™> 590 nm.

Mann—Whitney test and a two-sid@dvalue less than  cal and hemodynamic toxicitieSéntos et al., 2003
0.05 was considered significant. Across all evaluated Benzyl alcohol is a bacteriostatic agent found in many
conditions the phototoxic effects were statiscally sig- parenteral formulations. In the present study, the con-
nificantly enhanced by the incorporation @fTHPP centration of ethanol, DMSO and benzyl alcohol was
into PLGA nanopatrticles as compared to feéHPP limited to 20% v/v in order to improve their blood
(two-sidedP-value = 0.024, size of population=72em- compatibility Montaguti et al., 1994 Since the three
bryos, Mann—Whitney test). It is worth noting that un- formulations contained 50% v/v of water, we were in-
der all conditions used, the apparent structure as well asterested in the evaluation of the aggregatiop-agHPP
the diameter of non-irradiated blood vessels remained in such environments. Aggregation is relevant in PDT,
unchanged. because aggregated PS are expected to be less effi-
cient as sensitizers than the monomeric spedsedg
etal., 1994; Ricchelli, 1995; Bonnettetal., 20Hlec-

5. Discussion tronic spectroscopy is one of the experimental methods
used for detecting this phenomenon. For example, ag-

5.1. Development of an injectable soluble gregation of meta-tetrathydroxyphenyl) chlorinif-

formulation of p-THPP THPC) in aqueous solutions containing methanol has

been characterized by a broadening of the Soret band,

Sincep-THPP is a very hydrophobic molecule that ~ared shift of\max (Wavelength of maximal absorption)
cannot be intravenously administered as a simple aque-and a decrease @fnax (Molar extinction coefficient
ous solution, cosolvents are needed to inject this com- at Amax) (Bonnett et al., 2001 The spectral data for
pound for photodynamic purposes. Three different for- the three formulationsHig. 1b) show the typical Soret
mulations using water and organic cosolvents (50% band ataround 425nm and several weaker absorptions
viv of water, 30% v/v of PEG 400, and 20% v/v of (Q bands) at higher wavelengths. These characteristic
either ethanol, DMSO or benzyl alcohol) were tested bands are typical for porphyrins indicating the absence
in this study. Polyethylene glycols (PEG 200 to PEG 0f aggregation. In our study, the tolerability and safety
600) are low toxicity compounds used as solvents for Of the solvents were tested prior to investigations of
IV formulations (Mottu et al., 2009 PEG 400 is, in- the PDT efficacy. Only the solvent system containing
deed, accepted by the U.S. Food and Drug Adminis- €thanol showed an acceptable tolerance by chick em-
tration for intramuscular and IV injection. Ethanol is  bryos on EDD 12 with survival rates similar to those
a solvent for various drugs used in injectable formu- obtained with NaCl aqueous solutioRig. 2). Toxic-
lations. DMSO is one of the most common solvents ity of the DMSO-containing formulation can be asso-
for the administration of several water-insoluble sub- ciated with the haemolytic activity of DMSQMottu
stances, although its use is controversial due to its lo- €t al., 200}. In agreement with our result§ottfried
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Fig. 8. Comparison of the vascular damage induce@HPP-
loaded nanoparticle§l) andp-THPP solution @) in ethanol, PEG
400, and water 2:3:5v/v/v. CAM was irradiated with various light
doses: (a) 10 J/cfn(b) 15 J/cnd; and (c) 20 J/crh Mean + S.D. =

3). Columns showing no bars indicate that the S.D. values for those
conditions were zero. Statistical analysis of the overall results demon-
strate that nanoparticles induced a higher photodynamic effect than
solution did, across the different light apgrHPP doses (two-sided
P-value = 0.024, size of population = 72 embryos, Mann-Whitney
test).

et al. (1995)found 10% v/v DMSO in water to be
toxic to 10-day-old chick embryos. In our model, the
formulation containing benzyl alcohol was the most
toxic. Interestingly, it has been previously reported that
the toxicity of benzyl alcohol in neonatal mice can be
presumably attributed to its metabolite, benzoic acid
(McCloskey et al., 1986 Indeed, the process of detox-
ification of benzyl alcohol appeared to be inefficient in
human premature neonatdBel et al., 1988 The

A. Vargas et al. / International Journal of Pharmaceutics 286 (2004) 131-145

solvent system selected to adminigbeFHPP to em-
bryos containing ethanol, PEG 400 and water at 2:3:5
v/viv has been previously used to dissolveTHPC
during in vivo PDT assays in mic&\esterman et al.,
1998 and hamster cancer modelSlénzmann et al.,
2000. It is worth noting that the injected volume was
critical regardless of the type of solvent usé&ity( 2).

In the literature, the reported volume of liquids admin-
istered to chick embryos is variable: fLOfor embryos
on EDD 3 and 4 (total blood volume 50 and 100
(Hu et al., 1995 100! for embryos on EDD 12 (to-
tal blood volume approximately 1.6 mll.énge et al.,
2001, and 20Qul for embryos on EDD 10 and 19
(total blood volume 1 and 3 ml, respectivelyyilder
etal., 1997. The values of total blood volume of chick’s
embryos were taken froRomanoff (1967)In view of
the results of the tolerance experimerig( 2) a vol-
ume of 10ul was chosen for further experiments.

5.2. Pharmacokinetics, extravasation and
photodynamic activity of p-THPP

This study showed: (ip-THPP remained longer
in the vascular compartment when incorporated into
nanoparticles and (ii) vascular occlusion after PDT
was enhanced when using nanopatrticle carriers as com-
pared to g-THPP solution.

The pharmacokinetics pf THPP (ig. 4) were eval-
uated onthe CAM model by measuring the variations of
the fluorescence intensity of this molecule inside and
outside vessels as a function of time. These changes
may be attributed to (i) a change in the fluorescence
properties of circulating-THPP after aggregation or
disaggregation, binding to vasculature walls or inter-
action with blood components, such as lipoproteins or
(i) a modification of the concentration of tipeTHPP
present in the different compartments; the disappear-
ance op-THPP from the intravascular system might be
associated with porphyrin metabolism, plasmatic clear-
ance, capture of the drug carrier by the phagocytic sys-
tem and extravasation from vessels. However, under the
conditions of this study, the CAM assay does not allow
us to discriminate between these hypotheses. Partition-
ing of photosensitizer between vasculature and adja-
cent tissues will be of particular interest in cases where
PDT leads to unwanted therapeutic effects in extravas-
cular compartments. For example, during the photo-
dynamic treatment of CNV associated with AMD, the
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Table 2

The principal factors controlling the extravasation of molecul@kékura et al., 1998; Desmettre et al., 2000

Biological factors Physicochemical properties of both the drug and the carrier
Regional differences in the capillary structures Molecular size

Disease state of the organ or tissue Shape

Rate of blood and lymph supply Charge

Hydrophilic/lipophilic balance (HLB)
Properties of surface

photosensitizing agent should not significantly leak out et al. (1999)showed that highly deformable vesicles
of the fenestrated neovessels in order to prevent pho-of up to 400 nm can reach the hepatic sinusoidal en-
todynamic damage of neighbouring structures such asdothelium although size fenestrations range between
the retinal pigment epithelium or the photoreceptors. 100 and 150 nm. The authors suggested that the lipo-
These undesired effects are particularly problematic somes are forcefully squeezed or extruded through the
when retreatment is necessary, due to the incompletefenestrations, mediated by a process of forced sieving
occlusion of CNV Renno and Miller, 2001; Moshfeghi  involving blood cells. Such a passage involves the de-
etal., 2003. formation of the liposomal bilayer to adjust to the much
Molecules can extravasate across the normal en-smaller size of the fenestraB@gmero et al., 19990n
dothelium by transcapillary pinocytosis as well as by the other hand/Voodle (1998emonstrated that a pro-
passage through interendothelial cell junctions, gaps longed circulation of liposomes can be achieved when
or fenestraeTakakura et al., 1998 The diffusion of increasing the cohesive nature of the bilayer. Hence, the
a molecule through biological barriers, such as the en- deformability of the drug carrier becomes an important
dothelial walls, depends both on the physicochemical property directing the extravasation of drugs.
properties of the molecule and on the structure of the  The enhanced PDT effect pfTHPP nanoparticles
barrier itself (sedable 2. might be associated not only with the increased res-
Molecular weight has been shown to be a critical idence time inside the vascular bed but also with the
factor for endothelial permeability. Conjugation of low localization of nanopatrticles within the vascular wall it-
molecular weight drugs, which freely diffuse through- self. Accordingly, studies performed in ex vivo models
outthe body, to macromolecular carrieké (> 70,000) demonstrated that nanoparticles (30—-500 nm) are taken
restricts their extravasatioidkakura et al., 1998In- up by the arterial wall of canine carotid artefgang
deed, several studies on in vivo cancer models haveetal., 199Fand pig coronary artery.@bhasetwar et al.,
shown the way in which the size of both the drug and 1998. However, as the mechanisms which resultin the
the carrier are critical for extravasation of angiogene- penetration and retention of nanoparticles in endothe-
sis contrast agentd\issleder et al., 200dor PEG- lial cells are incompletely understood, microscopy and
coated liposomedghida et al., 1999 Consequently, histological studies should be developed to test this hy-
entrapment op-THPP My,: 679 g/mol) into 117 nm pothesis.
PLGA-nanopatrticles led to an increase of the intravas-  The impact of the liposolubility of a fluorescent dye
cular residence time as compared to foeEHPP in so- on its extravasation has been studied in rabbits and pri-
lution. As solid polymeric aggregates, particles cannot mates with fluorescein and two of its derivativesitg
cross the vascular endothelium unless it is itself leaky et al., 1990; a higher liposolubility was found to re-
(Moghimi et al., 200}, therefore, they are expected to duce extravasation from choroidal vasculature. Despite
remain within the vascular compartment until they are the hydrophobic character gFTHPP, its extravasa-
degraded or otherwise eliminated. Furthermore, due to tion was high when it was in solution, formulated in
their rigidity, nanoparticles could have advantages over ethanol, PEG 400 and water (2:3:5 v/v/v). Therefore,
liposomes. It has been shown that the clearance of li- it was interesting to evaluate whether ethanol would
posomes as well as the encapsulated drug is signifi- influence the extravasation @gfTHPP. The concen-
cantly dominated by the fluidity and the nature of the tration of ethanol in the formulation was dictated by
liposomal bilayer Prummond et al., 1999 Romero the solubility of p-THPP. To dissolvep-THPP at the
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highest concentration used in this study (2.5mg/ml, sloughing following intraarterial injection of absolute
for ap-THPP dose of 2.5 mg per kg of embryo) it was ethanol in dogsEliman et al., 198} Further exper-
necessary to use at least 20% v/v of ethanol in the for- iments should be carried out in order to explain the
mulation. underlying mechanisms of the formation of the high
The effect of the ethanol concentration on the ex- fluorescent spots observed on the angiographies of
travasation ofp-THPP was tested with formulations CAM (Figs. 5 and h
containing 15, 20, 30, 40 and 70% v/v of this solvent. This evidence highlights the importance of the de-
The results of these studies suggested a relationshipvelopment of adequate PS carriers. Thus, even if sol-
between the concentration of ethanol present in the vents used in drug formulations are well tolerated by
formulation and the appearance of highly fluorescent patients, they might alter the integrity of the vasculature
spots Figs. 5 and B This phenomenon can presum- or the drug carriers (such as lipoproteins, in the case
ably be attributed to either the interaction of ethanol of PS transport in bloodstream), altering the biodis-
with blood components or the effect of this solvent on tribution and thereby hampering the targeting and the
the integrity of the vasculature walls, which could result  controlled delivery of drugs.
in the extravasation of the photosensitizer. Ethanol has  As mentioned above, the magnitude of the extrava-
been shown to cause concentration-dependent aggregasation of molecules will ultimately be determined by
tion of platelets in whole blood of human and raib{- the physicochemical properties of both the drug and
Younes et al., 1991 Furthermore, high intravascular its carrier. However, it is relevant to discuss some ad-
concentrations of ethanol have been reported to alter ditional issues particularly associated with PDT. In-
the conformation and stability of human serum albumin crease in vascular permeability and vessel constriction
and haemoglobin@strovsky et al., 1987and induce are part of the vascular effects of PDHirfgar, 1996;
conformational changes of human low density plasma Krammer, 200} Indeed, changes in the CAM micro-
lipoproteins Kveder et al., 199) In the context of circulation and blood vessel morphology have been ob-
PDT, these phenomena might be of major importance served during PDT when using porphycenes incorpo-
since hydrophobic photosensitizers have been shownrated into liposomesQottfried et al., 1995 Differ-
to be associated with lipoproteins following IV admin- ences in PDT efficacy of both-THPP formulations
istration @Allison et al., 1994; Reddi, 1997; Schmidt- used in our study could also be a consequence of the
Erfurth and Hasan, 2000We hypothesize that the photodynamic treatment itself. If an increase of vascu-
administration of formulations containing high concen- lar permeability is produced during PDT, nhanoparticles
trations of ethanol induced the aggregatiopafHPP might be less likely to extravasate vessels than free
blood carriers leading to the formation of high fluo- porphyrin, leading to an enhanced PDT effect when
rescent spots observed on the angiographies of CAM using the nanocarrier. Actually, the dose of the pho-
(Figs. 5 and B On the other hand, the appearance of tosensitizer needed to achieve a similar effect can be
those fluorescent spots could also be related to ethanol-reduced by incorporation into nanoparticlésg, 8).
induced damage of the endothelial tissues, which can Consequently, the use of nanoparticles could result in
favour the extravascular localisation of those fluores- a localized PDT effect on vessels, where the photody-
cent aggregateSampei et al. (1998)ave investigated  namic destruction of adjacent tissues could be avoided.
the extravasation of Evans blue into rat brain tissue after
administering aqueous solutions containing increasing
concentrations of ethanol. They found that this effect 6. Conclusion
was dependent on the ethanol concentration, its total
dose, the duration of the exposure to the endothelium  We have demonstrated that PDT-induced vascular
and the actual concentration of the solvent at the sur- occlusion of the photosensitizegfrTHPP is enhanced
face of the endothelium. Indeed, high concentrations of when encapsulated into nanopatrticle delivery systems.
ethanol (40-70%) have been reported to induce necro-The superiority of nanoparticles over solubilizpe
sis of the full thickness of the vessels wall and swelling THPP might be related to the reduced diffusiorpef
of brain cells Gampei et al., 1996Another histolog- THPP nanoparticles out of the vessels. FoeEHPP
ical study revealed extensive endothelial damage andappeared to leak out before generating an efficient
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vascular occlusion, whereas nanoparticles appear toAllison, B.A., Pritchard, P.H., Levy, J.G., 1994. Evidence for low-
confer a longer residence time inside the vasculature  density lipoprotein receptor-mediated uptake of benzoporphyrin
and may also interact differently with the vessel walls. _ derivative. Br. J. Cancer 69, 833-839.
. . Lo . Barnes, A.E., Jensen, W.N., 1959. Blood volume and red cell con-

Since under the same irradiation conditiprEHPP centration in the normal chick embryo. Am. J. Physiol. 197, 403—
nanoparticles induced an increased PDT effect, com-  4gs.
pared to freep-THPP, porphyrin doses can be di- Bonnett, R., Djelal, B.D., Nguyen, A., 2001. Physical and chemi-
minished to achieve the desired therapeutic effect.  cal studies related to the development of m-THPC (FOSEAN
Consequently, fewer side effects related to the diffu- for the photqdynamic therapy (PDT) of tumors. J. Porphyrins

. . . . Phthalocyanines 5, 652—661.

sion of PS into surroundl_ng tlssues_ can be e>_<pected. Derycke, A.S.L., de Witte, PA.M., 2004. Liposomes for photody-
Another advantage of the incorporatiorpeTHPP into namic therapy. Adv. Drug Deliv. Rev. 56, 17-30.
polymeric nanocarriers is the possibility of administer- Desmettre, T., Devoisselle, J.M., Mordon, S., 2000. Fluorescence
ing intravenously a hydrophobic PS without the use properties and metabolic features of indocyanine green (ICG) as

of solvents, such as ethanol, which might react with __'élated to angiography. Surv. Ophthalmol. 45, 15-27.
endothelial tissues Dougherty, T.J., Gomer, C.J., Henderson, B.W., Jori, G., Kessel, D.,

: o L . Korbelik, M., Moan, J., Peng, Q., 1998. Photodynamic therapy.
This study indicates that for achieving a selective J. Natl. Cancer Inst. 90, 889-905.
destruction of vasculature (while protecting surround- Drummond, D.C., Meyer, O., Hong, K., Kirpotin, D.B., Papa-
ing tissues), an increase in the residence time of the PS  hadjopoulos, D., 1999. Optimizing liposomes for delivery of
in blood vessels during Iight activation is mandatory. chemotherapeutic agents to solid tumors. Pharmacol. Rev. 51,

Therefore, the i d retention of ticles in- .y Cor /4%
erelore, the increased retention or nanoparticles in- Ellman, B.A., Parkhill, B.J., Marcus, P.B., Curry, T.S., Peters, P.C.,

_Sid_e vessels, which reSl_JIts in the possibility of dimin- 1984. Renal ablation with absolute ethanol. Mechanism of action.
ishing the PS doses, might be useful to overcome the Invest. Radiol. 19, 416-423.

adverse effects seen during photodynamic treatmentFang, T., Naguib, K.S., Peyman, G.A., Khoobehi, B., 1990. Com-
of CNV associated with AMD. Nevertheless. as it is parative study of three fluorescent dyes for angiography: sodium

. . fluorescein, carboxyfluorescein, and calcein. Ophthalmic Surg.
not clear whether the CAM model can distinguish be- 21 950257 Y P 9

tween proliferating and non-proliferating blood vessels ferrisiil., F.L., Fine, S.L., Hyman, L., 1984. Age-related macular de-
(Lange et al., 2001; Ribatti et al., 2001n vivo models generation and blindness due to neovascular maculopathy. Arch.
exhibiting other biological and pathological structures Ophthalmol. 102, 1640-1642.

of interest, should be developed to evaluate the per- Fingar, V.H., 1996. Vascular effects of photodynamic therapy. J. Clin.

formance of PS nanocarriers. Actually, since little is Laser Med. Surg. 14, 323-328.
) Ys Gelderblom, H., Verweij, J., Nooter, K., Sparreboom, A., 2001. Cre-

known about the circulation time of colloidal carriers mophor EL: the drawbacks and advantages of vehicle selection
in chick embryos, one should be careful with the direct  for drug formulation. Eur. J. Cancer 37, 1590-1598.
extrapolation of the results found in the CAM model Glanzmann, T., Forrer, M., Blant, S.A., Woodtli, A., Grosjean,
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