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bstract

A photodynamic approach has been suggested to improve diagnosis and therapy of ovarian cancer. As Hypericin (Hy), a natural photosensitizer
PS) extracted from Hypericum perforatum, has been shown to be efficient in vitro and in vivo for the detection or treatment of other cancers,
y could also be a potent tool for the treatment and detection of ovarian cancer. Due to its hydrophobicity, systemic administration of Hy is
roblematic. Thus, polymeric nanoparticles (NPs) of polylactic acid (PLA) or polylactic-co-glycolic acid (PLGA) were used as a drug delivery
ystem. Hy-loaded NPs were produced with the following characteristics: (i) size in the 200–300 nm range, (ii) negative zeta potential, (iii) low
esidual PVAL and (iv) drug loading from 0.03 to 0.15% (w/w). Their in vitro photoactivity was investigated on the NuTu-19 ovarian cancer cell
odel derived from Fischer 344 rats and compared to free drug. Hy-loaded PLA NPs exhibited a higher photoactivity than free drug. Increasing
ight dose or incubation time with cells induced an enhanced activity of Hy-loaded PLA NPs. Increased NP drug loading had a negative effect
n their photoactivity on NuTu-19 cells: at the same Hy concentration, the higher was the drug loading, the lower was the phototoxic effect. The
nfluence of NP drug loading on the Hy release from NPs was also investigated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Ovarian carcinoma is the fourth most frequent cause of
ancer-related death in women in the United States (Jemal et al.,
005). Approximately 22,000 new cases of ovarian cancer are
iagnosed each year and 16,000 per year die from this disease.
varian cancer is often called the “silent killer” because symp-

oms observed in the early stages are not easily connected to
he disease (Goff et al., 2000). Thus, almost 70% of diagnosed
omen already show extended growth of malignant cells cor-

esponding to stages III and IV of the disease (Heintz et al.,
001). The currently recommended treatment is a combination
f surgery followed by chemotherapy. However, ovarian cancer

s characterized by the development of peritoneal micrometas-
ases, which are not always removed by this standard treatment,

ainly because micrometastases remain undetected by the con-
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entional detection methods. As a consequence, up to 50% of
reated patients have a relapse and will inevitably die from their
isease. The relative 5-year survival rate varies considerably
ith the disease stage at the moment of diagnosis. For patients
iagnosed with stage I, the 5-year survival rate is 94%, compared
o 19% for those diagnosed with stage IV (Gloeckler Ries et al.,
003). A photodynamic approach has been suggested to improve
iagnostic and therapeutic methods, offering the opportunity
f early detection and more effective eradication of peritoneal
icrometastases (Allison et al., 2005).
Photodetection (PD) and photodynamic therapy (PDT) are

ased on the administration of drugs known as photosensitizers
PS) that are preferentially taken up and/or retained by malignant
issues (Sharman et al., 1999; Lange, 2003; Castano et al., 2004).
he PS alone is harmless and ideally has no effect on either
ealthy or abnormal tissues. Illumination with light at the appro-

riate wavelength and dose induces either fluorescence allowing
he detection of diseased tissues or photochemical reactions that
esult in tissue destruction. For several years, PD and PDT have
een widely investigated in the field of cancer or other diseases

mailto:Florence.Delie@pharm.unige.ch
dx.doi.org/10.1016/j.ijpharm.2006.07.012
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ig. 1. Chemical structure, absorption (—) and emission (- - -, excitation at
80 nm) spectra of hypericin (Mw = 504.46) dissolved in ethanol (2.5 �g/ml).

uch as age-related macular degeneration (AMD) (Hooper and
uymer, 2003). The interest of PD and PDT for ovarian cancer
as been shown with 5-aminolevulinic acid and its derivatives
n vivo in the NuTu-19 epithelial ovarian cancer model (Major
t al., 1997; Chan et al., 2002; Ludicke et al., 2003).

The first-generation of photosensitizers suffered from several
imitations such as poor selectivity, needs of large amounts of
rug to obtain good efficiency, high cutaneous photosensibil-
ty, widely limiting their clinical applications (Hopper, 2000).
hus numerous so-called second- and third-generations of PS
ere developed. Hypericin (Hy) is a natural compound belong-

ng to the class of phenanthroperylenequinones (Fig. 1) and is
xtracted from the plant Hypericum perforatum found in Europe,
orth America, North Africa and some regions of Asia (Lavie et

l., 1995; Agostinis et al., 2002). Its photodynamic activity was
dentified as a result of hypericism or photopoisoning induced in
razing animals consuming large quantities of plants containing
his compound. One of the advantages of Hy is its large absorp-
ion spectrum with two major peaks at 545 and 590 nm (Fig. 1).
y is not only a potent photosensitizer for PDT but also a flu-
rescent compound of potential interest for PD. Hy has been
idely used in plant extracts as an anti-depressant. This treat-
ent can be taken orally at a relative high dose (500 mg/day of

xtract corresponding to about 1–2 mg Hy/day) without major
ide effects. Its relative safety has further prompted interest in
he use of Hy as a potential therapeutic tool for PDT and PD.
he photoactivity of Hy has been demonstrated on different can-
er cell models (Vandenbogaerde et al., 1997, 1998; Liu et al.,
000). Several reports have also shown Hy to be effective in vivo
n mouse cancer models (Chen and de Witte, 2000; Chen et al.,
001; Du et al., 2003) and in humans to detect bladder cancer
ith a high sensitivity and specificity (D’Hallewin et al., 2002).
s Hy has been shown to be efficient in vitro and in vivo for

he detection or treatment of other cancers, Hy could also be a
otent tool for the treatment and detection of ovarian cancer.

As most photosensitizers, Hy is characterized by a high
ipophilicity. Although interesting with respect to the selectiv-
ty for neoplastic tissue (Lin, 1991), the resulting insolubility in
hysiologically acceptable media makes the systemic adminis-

ration of conventional PS problematic and restricts their me-
ical applications (Konan et al., 2002; Castano et al., 2005).
o overcome this limitation, PS have been associated to col-

oidal carriers such as liposomes, emulsions, microparticles or

t
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w
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anoparticles as reviewed by Konan et al. (2002). The inte-
est in nanocarriers such as polymeric nanoparticles (NPs) to
nable the production of an injectable suspension of PS has been
ncreasing over recent years. NPs made of a polymeric matrix
re a very stable and biocompatible drug delivery system. A
arge variety of materials and manufacturing processes can be
sed to produce NPs. This delivery system has already been
hown to be effective in the field of PDT. Indeed, meso-tetra(p-
ydroxyphenyl)porphyrin (pTHPP)-loaded NPs induced even a
etter photoactivity than free drug in vitro on mammary tumour
ells (Konan et al., 2003a) and in the in vivo chick chorioal-
antoic membrane model (Vargas et al., 2004). Thus, polymeric
Ps seem to be an interesting concept for Hy delivery.
Our objectives were first to produce Hy-loaded NPs using

ifferent polymers derived from polylactic acid (PLA) and to
haracterize them in terms of size, charge and drug loading.
he phototoxicity of the encapsulated Hy was evaluated on the
varian cancer cell model derived from Fischer 344 rats (Rose
t al., 1996). This study was focused on the influence of PDT
arameters such as drug concentration, incubation time and light
ose as well as carrier characteristics such as nature of polymer
nd drug loading on the phototoxicity of Hy.

. Materials and methods

.1. Materials

Polylactic acid (PLA) (Medisorb® Mw = 100 kDa) was
btained from Medisorb Technologies (Cincinnati, Ohio, USA).
oly(lactic-co-glycolic) acid (PLGA) with a lactic to glycolic
atio of 50:50 (Resomer® RG504, Mw = 48 kDa and RG502,

w = 12 kDa) were received from Boehringer Ingelheim (Ingel-
eim, Germany). Hypericin (purity ≥ 98%) was provided by
lexis Corporation (Lausen, Switzerland). A stock solution of
y was prepared in ethanol at 4 mg/ml and stored at −20 ◦C

n the dark. Just before the in vitro experiments, dilutions were
reshly prepared in complete culture medium. Poly(vinyl alco-
ol) (PVAL) (Mowiol 4–88) from Hoechst (Frankfurt/M, Ger-
any) was used as a surfactant. d(+)-Trehalose dihydrate (Sigma
hemical, St. Louis, MO, USA) was used as a lyoprotectant. All
ther chemicals were of analytical grade.

.2. Methods

.2.1. Nanoparticle preparation
The nanoparticles were produced by the nanoprecipitation

ethod. Typically, an organic phase containing 150 mg of poly-
er dissolved in 10 ml of acetone was poured under magnetic

tirring into 20 ml of aqueous PVAL solution (0.4%, w/w). To
btain Hy-loaded NPs, a known amount of drug was first added
o the organic phase. The organic solvent was evaporated under
tmospheric pressure at room temperature. Afterwards, the NPs
ere purified by centrifugation (Beckman, AvantiTM 30, Fuller-
on, CA, USA), three times at 34,000 × g in order to remove
he surfactant. Finally, after adding 30 mg of trehalose, NPs
ere freeze-dried (Edwards, Modulyo, Oberwil, Switzerland)

nd stored at +4 ◦C until use.
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.2.2. Nanoparticle characterization
NPs were characterized in terms of size, charge and drug

oading. The mean size was determined by photon correlation
pectroscopy using a Zetasizer® 5000 (Malvern instruments,
K). The NP size and shape were also checked by scanning

lectron microscopy (JEOL JSM-6400, Jeol Ltd., Japan). The
eta potential was measured in 10−3 M NaCl using the elec-
rophoretic mode with the Zetasizer® 5000.

The drug loading was determined by reversed-phase HPLC
fter solubilization of NPs in acetone. For this purpose, an HPLC
ethod was developed using a C8 column (4.6 mm × 150 mm,
�m, Agilent Technologies). The flow of the mobile phase com-
osed of MeOH:H2O (90:10) and 0.1% formic acid was set at
ml/min. Five microliters of sample were injected via an auto-
atic injector (W717 plus Autosampler Waters, MA, USA). Hy
as detected at 590 nm (W2487 Dual λ Absorbance Detector,
aters, MA, USA). Millennium® 32 chromatography manager

oftware (Version 3.2) was used for peak integration. First, a
alibration with standard solutions of neat Hy in ethanol was
erformed. Under these conditions, the retention time of the Hy
as around 10 min. The presence of polymer did not influence

etention parameter of Hy.
The residual PVAL was determined using a method based

n the formation of a stable complex of PVAL with iodine in
resence of boric acid (Konan et al., 2003b). Briefly, 5 mg of
reeze-dried NPs were redispersed in 5 ml of 2N NaOH under
tirring and the solution was neutralized with 2N HCl after com-
lete hydrolysis of the polymer. This solution (1.6 ml) was added
o 6 ml of boric acid (4%) and 1.2 ml of iodine solution (1.27%
odine and 2.5% potassium iodide in water). The absorbance of
he solution was measured at 644 nm and the residual PVAL was
valuated using a calibration curve of PVAL standards.

.2.3. In vitro phototoxicity

.2.3.1. Cell line. The NuTu-19 cell line is a poorly differen-
iated Fischer 344 rat-derivative epithelial ovarian cancer cell
ine (Rose et al., 1996). Cells were maintained in DMEM
edium (Gibco Life Technologies, Carlsbad, USA) supple-
ented with 10% fetal calf serum (FCS, Brunschwig, Ams-

erdam, the Netherlands) and 100 U/ml penicillin–streptomycin
Gibco Life Technologies) at 37 ◦C in a 5% CO2 atmosphere.

.2.3.2. Phototoxicity assay. Typically, NuTu-19 cells were
eeded on 96 well plates at 1.5 × 104 cells per well in 100 �l
f culture medium and incubated for 24 h at 37 ◦C. The cells
ere washed and incubated with Hy in culture medium, free
r loaded in NPs, for one hour at 37 ◦C. Then, the cells were
ashed and irradiated for 15 min (2.3 J/cm2). Irradiation was
erformed on the top of a box composed of 8 halogen tubes
laced underneath a cooling compartment filled with circu-
ating water to prevent possible heat-induced cell damages.
ell death was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide assay (MTT, Sigma Steinheim,

ermany) (Konan et al., 2003a). This assay is based on the

eduction of the soluble MTT to a purple, insoluble formazan
roduced by mitochondrial dehydrogenases present only in li-
ing, metabolically active cells. Briefly, after washing, 50 �l

T
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f MTT solution (1 mg/ml) were added to each well and incu-
ated for 3 h. The resulting formazan crystals were dissolved in
00 �l of DMSO and the absorption was measured at 595 nm
y means of a microplate reader (Model 550, Bio-RAD, Her-
ules, CA). Comparison of mean optical density 24 h after PDT
etween untreated (100%) and treated cells allowed the evalu-
tion of phototoxicity of Hy-loaded nanoparticles compared to
ree drug. The influence of different parameters on the photoac-
ivity in vitro was investigated by varying (i) Hy concentration
rom 0.01 to 0.2 mg/l; (ii) incubation time of cells with Hy for-
ulations (15 min to 4 h); (iii) light dose (0.8–3.1 J/cm2) and

iv) NP drug loading (0.03–0.15%, w/w).

.2.3.3. Statistical analysis. Values of cell viability are
xpressed as the mean ± S.E. and the significance of the dif-
erences was calculated by Student’s t test. Values of P < 0.05
ere considered as significant.

.2.4. In vitro hypericin release
The in vitro release of Hy from NPs was studied in the

ell culture medium consisting of DMEM medium (Gibco Life
echnologies) supplemented with 10% FCS (Brunschwig) and
00 U/ml penicillin–streptomycin (Gibco Life Technologies).
oaded NPs were suspended in 5 ml of medium to obtain a con-
entration of 5 mg/l of Hy. The suspension was distributed in five
ppendorf tubes of 1 ml. The tubes were shaken horizontally at
00 U/min at 37 ◦C (GFL shaking incubator, Burgwedel, Ger-
any). At particular time intervals, the tube was centrifuged

t 34,000 × g for 5 min. The Hy concentration in the super-
atant was determined by reversed-phase HPLC with fluores-
ence detection. The flow rate of mobile phase (MeOH/H2O,
0:10, 0.1% formic acid) through the C8 column (4.6 × 150 mm,
�m, Agilent Technologies) was set at 1 ml/min (LC-pump
aChrom L-7100, Merck). Five microlitres of each sample were

njected via an automatic sample injector (LaChrom L-7200,
erck). The fluorescence intensity of the samples was deter-
ined at 590/640 nm (excitation/emission) with a LaChrom
-7480 fluorescence detector. In these conditions, the reten-

ion time of Hy was about 10 min. The peaks were inte-
rated with the appropriate software (HSM D-7000, version 4.1,
erck).

. Results

.1. Nanoparticle preparation and characterization

To evaluate the effect of the nature of the polymer on Hy pho-
oactivity (molecular weight and lactic to glycolic ratio), three
olymers were selected: one PLA polymer with a molecular
eight of 100 kDa and two PLGA polymers with the same lac-

ic acid to glycolic acid ratio (50:50) but different Mw (RG502
2 kDa and RG504 48 kDa). However, the nature of the polymer
id not significantly influence NP characteristics as shown in

able 1. The nanoprecipitation method led to NPs of diameter

n the range of 200–300 nm with a satisfactory polydispersity
ndex (PI < 0.1). The zeta-potential was negative but close to

(>−8 mV) for all formulations. Low entrapment efficiencies
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Table 1
Characterization of hypericin-loaded nanoparticles

Batch # Polymer Actual drug
loading (%, w/w)

Size (nm) (PI*) Zeta potential
(mV)

Residual PVAL
(%, w/w)

Theoretical drug
loading (%, w/w)

Entrapment efficiency
(%, w/w)

1 PLA 0.03 265.5 (0.085) −5.3 4.6 0.07 47.9
2 0.06 244.3 (0.075) −6.8 4.2 0.09 62.6
3 0.12 210.3 (0.102) −4.9 6.9 0.20 47.6
4 0.15 268.9 (0.073) −3.7 4.3 0.20 69.8
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RG504 0.03 250.0 (0.078) −7.9
RG502 0.03 220.8 (0.102) −5.9

* Polydispersity Index.

ere observed with PLGA and the entrapment efficiency was
uite erratic when PLA was used.

As PVAL is reported to be non-biodegradable, its administra-
ion should be minimized as much as possible. For this purpose, a
tep of NP purification is needed. To verify the efficacy of purifi-
ation, the residual PVAL on freeze-dried NPs was determined.
ore than 90% of the PVAL was eliminated by centrifugation

Table 1). A minimal residual amount of PVAL, constituting a
hin hydrophilic layer, is necessary to help the redispersion of
Ps after freeze-drying.

.2. In vitro photoactivity of hypericin

In controls where NuTu-19 cells were incubated with
nloaded NPs with concentrations up to 1 g/l, no toxicity was
bserved. Furthermore, no dark toxicity of Hy either free or
ncapsulated was detected and light irradiation alone was also
armless to the cells.

.2.1. Influence of hypericin concentration and nature of
olymer on in vitro phototoxicity
The photoactivity of Hy-loaded NPs made of three diffe-
ent polymers (loading = 0.03%, w/w, batches 1, 5 and 6) was
ompared to free drug. For all tested formulations, cell viability
ecreased with increasing Hy concentrations as shown in Fig. 2.

ig. 2. Influence of drug concentration on photoactivity of free Hy (�) or Hy-
oaded NPs (�: RG504; (©) RG502; (�) PLA; drug loading 0.03%, w/w). The
uTu-19 cells were incubated for 1 h, at equivalent drug doses ranging from 0.01

o 0.1 mg/l and irradiated at a light dose of 2.3 J/cm2. MTT assay was performed
4 h after light exposure. Each data point represents the mean (±S.D.) of twelve
alues. *PLA Hy-loaded NPs showed a photoactivity significantly higher than
ree Hy (Student’s t-test, p < 0.05).
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y doses of up to 0.1 mg/l led to 100% cell death, regardless of
he formulation. PLA NPs exhibited a higher photoactivity than
LGA NPs and free drug. At a drug concentration of 0.025 mg/l,
y-loaded PLA NPs (0.03%) exhibited a 3-fold higher activity

han free drug and PLGA NPs. Consequently, further experi-
ents were carried out with PLA NPs.

.2.2. Influence of the incubation time and light dose on
hototoxicity

The influence of incubation time and light dose on Hy activ-
ty was evaluated at a concentration of 0.025 mg/l for incubation
imes ranging from 15 min to 2 h and light doses from 0.8 to
.1 J/cm2. The photoactivity of PLA Hy-loaded NPs was com-
ared to free Hy. For both investigated formulations, photoactiv-
ty increased with increasing incubation times and/or light doses
Figs. 3 and 4). At 0.025 mg/l, first signs of Hy activity, free or
ncapsulated, were observed after 30 min and a light dose of
.3 J/cm2 (Fig. 3). Under this light condition, 100% cell death
as observed after 2 h-incubation for PLA NPs. The incubation

ime could be reduced further if higher light doses were applied
Fig. 4). Indeed, after 1 h-incubation with Hy-loaded NPs, a 4-
old increase in light dose induced a drop in cell viability from

0 to 5%. These experiments confirmed the improved efficiency
f PLA loaded NPs compared to free Hy. A significant diffe-
ence was observed after 1 h of incubation and light doses of
.6 or 2.3 J/cm2 (Fig. 4). After 1 h-incubation and light expo-

ig. 3. Influence of incubation time on photoactivity of free Hy (�) or PLA Hy-
oaded NPs (�, drug loading 0.03%, w/w). The NuTu-19 cells were incubated
or increasing incubation times (from 15 min to 2 h), at an equivalent drug dose of
.025 mg/l, and irradiated at a light dose of 2.3 J/cm2. MTT assay was performed
4 h after light exposure. Each data point represents the mean (±S.D.) of 12
alues.



178 M. Zeisser-Labouèbe et al. / International Journal of Pharmaceutics 326 (2006) 174–181

Fig. 4. Influence of light dose on photoactivity of free Hy (�) or PLA Hy-loaded
NPs, drug loading 0.03%, w/w (�). The NuTu-19 cells were incubated for 1 h at
an equivalent drug dose of 0.025 mg/l, and irradiated with increasing light doses
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Fig. 6. Influence of drug loading on Hy release from loaded PLA NPs. NPs
with increasing drug loading (0.03%, 0.06%, 0.12% and 0.15%) were shaken
in DMEM medium supplemented with FCS and penicillin–streptomycin at
1
1
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from 0.8 to 3.1 J/cm2). MTT assay was performed 24 h after light exposure.
ach data point represents the mean (±S.D.) of 12 values. *PLA Hy-loaded
Ps showed a photoactivity significantly higher than free Hy (Student’s t-test,
< 0.05).

ure at 1.6 J/cm2, PLA loaded NPs exhibited a 4-fold higher
hototoxicity than free Hy.

.2.3. Influence of drug loading on nanoparticle
hototoxicity

As shown in Fig. 5, modulation of NP drug loading also influ-
nced the cell death induced by PDT. NuTu-19 cells were incu-
ated with four PLA NP batches with increasing drug loading
from 0.03 to 0.15% w/w, batches 1–4) at equivalent Hy doses of
.025 and 0.1 mg/l. Interestingly, Hy efficiency decreased with
ncreasing drug loading (Fig. 5). At 0.1 mg/l, NPs with a drug
oading of 0.03% led to 100% cell death, whereas NPs at 0.15%
illed less than 40% of the cells. The NPs at 0.06 and 0.12%
howed a similar photoactivity on NuTu-19 cells.
.2.4. Influence of nanoparticle drug loading on in vitro
ypericin release

Fig. 6 shows the fractions of Hy released from NPs with
ncreasing drug loading (from 0.03 to 0.15%, w/w) at different

ig. 5. Influence of drug loading on photoactivity of Hy-loaded PLA NPs. The
uTu-19 cells were incubated for 1 h, at equivalent drug concentrations of 0.025
�) and 0.1 (�) mg/l, and irradiated at a light dose of 2.3 J/cm2. MTT assay
as performed 24 h after light exposure. Each data point represents the mean

±S.D.) of six values. *Significantly different from Hy-loaded PLA NPs at
.03% (Student’s t test, p < 0.05).
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00 U/min at 37 ◦C. At particular time intervals (�: 10 min; : 60 min; :
80 min and �: 1080 min), NPs were centrifuged and supernatants were anal-
sed by HLPC (n = 3).

ime intervals (0, 1, 3 and 18 h). At any given time, the frac-
ion of released Hy increased when NP drug loading decreased.
fter 18 h of incubation, NPs with a drug loading of 0.15%

eleased only 10% of Hy, whereas more than 30% of Hy was
eleased from NPs with a drug loading of 0.03%. The initial burst
as especially influenced by this drug loading. Indeed, NPs at a

oading of 0.03% had already released nearly 15% of Hy at the
eginning of the experiment, whereas NPs at 0.15% released no
y before 3 h.

. Discussion

For several indications, PDT and PD have been demon-
trated to be efficient and advantageous over or in complement to
ther cancer therapies. However, some limitations still hamper
heir development in the clinic. The major problem is related
o the delivery of mostly lipophilic PS to malignant tissues.
S lipophilicity makes formulation difficult due to the lack
f physiologically acceptable solvents, especially when intra-
enous administration is considered. Therefore, the design of
dequate PS delivery systems is critical for improving the out-
ome and acceptability of PDT and PD in a clinical context.
olymeric nanoparticles have been chosen as a possible means

o overcome these delivery problems.
In this study, Hy-loaded NPs were produced with the fol-

owing characteristics: (i) size in the 200–300 nm range to
nable intravenous administration, (ii) negative zeta potential
>−8 mV), (iii) low residual PVAL and (iv) drug loading from
.03 to 0.15% (w/w). Despite the hydrophobicity of Hy, poor
ntrapment efficiency was obtained when PLGA was used
<20%). The presence of hydroxyl groups on the Hy molecule
ay explain these results. Ionization of Hy in aqueous media
ay hamper the Hy entrapment into NPs. Changing parameters

uch as volume and composition of aqueous or organic phase
id not improve drug encapsulation (data not shown).

The in vitro results showed that Hy preserved its photoac-

ivity after nanoencapsulation. The phototoxicity of Hy-loaded
anoparticles in vitro on NuTu-19 cells was observed to be
oncentration-dependent (Fig. 2). The phototoxic effect of Hy-
oaded NPs is also dependent on the nature of the polymer
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nd more precisely on the lactic to glycolic ratio. Indeed, PLA
oaded NPs were more efficient than PLGA NPs or free Hy.
hese results suggest a rapid release from PLGA NPs leading

o very similar activity profile as observed with the free drug.
he beneficial effect of PLA NPs was mainly highlighted at a
y concentration of 0.025 mg/l. Thus, encapsulation of PS into
LA NPs (loading = 0.03%, w/w) will be advantageous, as the
ame photodynamic effect could be obtained with a lower con-
entration of Hy, thus minimising possible side effects. Konan
t al. (2003a) also observed concentration-dependant photoac-
ivity of pTHPP in solution and loaded nanoparticles (PLA or
LGA) on EMT-6 mammary tumour cells. The photoactivity of
THPP was enhanced by encapsulation regardless of the poly-
er used. In vitro NP photoactivity was ranked in the order:

0:50 PLGA > 75:25 PLGA > PLA. In this case, NPs possessing
he same characteristics in terms of polymer molecular weight,
article size and drug loading, the copolymer molar ratio was
he main parameter influencing the drug release and thus the
ctivity. However, other parameters may influence the photo-
ynamic response and modify this order. Our NPs were made
f polymers having different molecular weight and were also
ess loaded (0.03 versus 8%, w/w), which induced a different
istribution of the drug inside NPs and thus different photoac-
ivity. Moreover, under these conditions, Hy may be active inside
he NPs without previous release. Bourdon et al. (2000) stud-
ed the effect of meta-tetra(hydroxyphenyl)chlorin (mTHPC) in
olution or entrapped on HT29 human adenocarcinoma cells.
owever a different drug delivery system, PLA nanocapsules

NCs) was used and their main goal was to study the interest of
oating NCs with poloxamer or polyethylene glycol (PEG).

The different efficacy of PS formulations could be explained
y the different cellular uptake pathway or rate depending on
hether it is encapsulated or free. The mechanism of PS uptake
y cells determines their subcellular localization and ultimately
heir photodynamic efficacy. Encapsulation may thus modify
ntracellular distribution into the different compartments of the
ell bringing the PS closer to the targets. A specific subcellular
ocalization could determine the mechanism of cell death. For
xample, localization in mitochondria has been associated with
he tendency of PS to induce apoptosis (Castano et al., 2004).
n solution, free PS are generally taken up by diffusion leading
o a low intracellular concentration. In contrast, nanoparticles
re taken up by endocytosis leading to higher accumulation of
eliverable drug. This was further demonstrated in a recent pub-
ication where the degree of internalization of pTHPP-loaded
anoparticles sharply dropped when incubation was performed
t +4 ◦C whereas no effect on the uptake of the free drug was
bserved (Konan et al., 2003c). Thus, an energy-dependent pro-
ess is involved in the uptake of loaded-nanoparticles. Endocy-
osis of NPs leads to higher intracellular concentration whereas
ree pTHPP, due to its hydrophobic nature, tends to diffuse pas-
ively into the cell membrane, where it is less active. Therefore,
ncapsulation favours the PS internalization and thus, its pho-

oactivity. On the other hand, other PS, which are less hydropho-
ic or too polar to diffuse through the plasma membrane are
aken up, similarly to NPs, by endocytosis. In this case, such
difference in photoactivity between free and entrapped drug

a
h
i
2
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ay not be observed. Hy photoactivity also increased gradually
ith incubation time (Fig. 3). The effect of incubation time may
e related to the kinetic of Hy uptake by cells. As PLA NPs are
fficient at shorter incubation times, a rapid uptake by cells can
e assumed. As observed by Konan et al. (2003a), in addition
o the influence of incubation time, the phototoxic effect of PS
an be enhanced by increasing the light dose (Fig. 4).

Increasing the NP drug loading had a negative effect on their
hotoactivity on NuTu-19 cells. Indeed and surprisingly, the
igher the drug loading, the lower was the phototoxic effect
Fig. 5). This influence of drug loading could be explained by
ifferent parameters. An important parameter is the physical dis-
ribution of Hy in the polymeric matrix. For instance, in NPs of
ow drug loading, Hy might be closer to the surface and there-
ore more rapidly available for PDT. The drug release kinetics
rom NPs confirmed the negative effect of drug loading on NP
ctivity. When the NP drug loading decreased, the Hy release
as faster (Fig. 6). This trend was also observed by Mu and
eng (2003) with paclitaxel-loaded PLGA NPs of about 400 nm.
fter 1 month, the fraction of released paclitaxel was about 30,
and 5% for PLGA NPs with a drug loading of 2, 6 and 12%,

espectively. For NPs of the same size, increasing the drug loa-
ing means a more compact structure or aggregation of drug.
he main mechanism of release is diffusion of drug through the
olymer matrix. However, in highly loaded NPs, the penetra-
ion of water enabling diffusion can be hampered, which could
e the reason for the slower drug release observed at high drug
o polymer ratio. Gorner et al. (1999) also studied the influence
f drug loading (7, 13 and 30%, respectively) on the release of
idocaine from nanospheres (NS). But they stacked the influence
f drug loading with the influence of size, using NS of increa-
ing size (247, 366 and 817 nm respectively). The low-loaded,
mall-sized particles released the drug more rapidly and over
few hours, 35% of the initial drug amount was released. The

arger NS exhibited a slower release, over about 15 h for NS of
66 nm and 24–30 h for NS of 817 nm, with equilibrium values
f 30 and 24%, respectively. The influence on release profiles
as a combination of size and drug loading. These authors sug-
ested the formation of a heterogeneous matrix in highly loaded
articles containing small crystals of lidocaine. Thus, the drug
ust first dissolve and then diffuse to the outer solution, resulting

n slower release. To the best of our knowledge, no publication
as found in the current literature that investigates the influence
f drug loading on in vitro activity on tumour cells.

The photophysical properties of Hy might change in
esponse to its environment. Among other factors, they will
epend on the aggregation state of Hy. Hy may form aggregates
n aqueous solution or even in some nonpolar solvents such as
exane and toluene (Wynn and Cotton, 1995; Huygens et al.,
005). Hypericin builds hydrogen bonds to other Hy molecules
hrough the carbonyl and the phenolic hydroxyl groups. These
onds lead to stacked homoassociates up to five units, which
xhibit a weak fluorescence resulting in a lower activity (Falk

nd Meyer, 1994; Etzlstorfer and Falk, 2000). This aggregation
as been observed in PAM212 murine keratinocytes when
ncubated with high Hy concentrations (Theodossiou et al.,
004). The uptake of Hy by cells was measured by following
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fluorescence during incubation time. When incubated with
5 �M of Hy, the cell fluorescence increased regularly during
the period of incubation time. At 50 �M, the intracellular
fluorescence did not increase with incubation time. However,
an increasing fluorescence was recovered after extraction of Hy
with DMSO, which suggests the intracellular aggregation of Hy.
This quenching of fluorescence by aggregation hampered the in
vitro phototoxicity. Thus, the non-fluorescent aggregates exert
poor phototoxicity on cells. In our case, the Hy in highly loaded
NPs was more concentrated. Hy aggregation could thus occur
in these NPs, characterized by a quenching of fluorescence.
This aggregated state could explain the inverse relationship
between loading and photoactivity on NuTu-19 cells.

5. Conclusion

This study provides an in vitro proof of concept for using Hy-
loaded NPs for PDT. Nanoencapsulation of Hy in PLA enhanced
its in vitro activity, thus enabling the use of lower drug doses.
The photoactivity was dependent on carrier parameters, such
as the nature of the polymer and drug loading, as well as on
PDT parameters such as incubation time, light dose and drug
concentration. Low drug loading was required to obtain a bet-
ter activity after PDT on NuTu-19 cells. To further clarify the
influence of NP drug loading on Hy photoactivity, in depth
photochemical characterization will be needed. The activity of
Hy-loaded NPs will be investigated in vivo on Fischer rats bear-
ing ovarian tumours. Photoactivity in vitro depends mainly on
the photochemical and cell-penetrating properties of the Hy-
loaded NPs, whereas in vivo activity is governed by many other
factors such as pharmacokinetics and tissue distribution of the
NPs, which are affected by the interaction with plasma and tissue
components.
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