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The high recurrence and lethality of ovarian cancer at advanced stages is problematic, especially due to
the development of numerous micrometastases scattered throughout the abdominal cavity. Fluorescence
photodetection (PD) used in combination with surgical resection of malignant tissues has been suggested
to improve recovery. Based on promising in vivo results for the detection of bladder cancer, hypericin
(Hy), a natural photosensitizer (PS), stands as a good candidate for the photodetection of ovarian cancer.
However, due to its hydrophobicity, systemic administration of Hy is problematic. Polymeric nanoparti-
cles (NPs) help to overcome these delivery and stability problems and enable intravenous administration
of Hy. In this study, Hy-loaded NPs of polylactic acid were produced with the following properties: (i)
mean size of 268 nm, (ii) negative zeta potential, (iii) low residual surfactant and (iv) drug loading of
3.7 % (w/w). The potential of hypericin-loaded nanoparticles for the fluorescence photodetection of ovar-
ian metastases in Fischer 344 rats bearing ovarian tumours was compared to free drug. The selectivity of
Hy administered with both formulations was assessed first by fluorescence endoscopy, and then quanti-
fied after tissue extraction. The results showed an improved selective accumulation of Hy in ovarian
micrometastases when NPs were used.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

One out of six cancer cases among women in the world is of
gynaecological origin [1]. Ovarian cancer ranks fifth amongst the
most fatal forms of female cancer in Europe and the United States
[2,3]. It causes more deaths than any other cancer of the female
reproductive system in the developed countries [1]. In the US,
22 430 new cases and 15 280 deaths were projected to occur in
2007 [3]. The high proportion of deaths reflects the poor prognosis
for this disease. Indeed, the mean five-year survival rate is 45%, but
mainly depends on the stage at diagnosis [3]. The 5-year relative
survival rate is 93% if diagnosed early and decreases to 30% for ad-
vanced stages. Unfortunately, only 19% of all cases are detected at
the early stages due to the absence of early warning signs or obvi-
ous symptoms. Even if the epidemiology of ovarian cancer is better
understood, today, no significant progress with respect to mortal-
ity has been made in contrast to other cancers such as breast can-
cer [3]. Routine screening is not yet available for the early
detection of ovarian cancer and tests such as tumour marker
CA125 level, transvaginal ultrasonography and pelvic examination,
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alone or in combination, are not specific and sensitive enough for
women of normal risks [4,5]. In most cases, an initial laparotomy
is performed for histological analysis of all suspicious sites for reli-
able diagnosis. Depending on the stage of the diagnosed disease,
various combination schemes of taxane- and platinum-based che-
motherapy are used with the aim of complete clinical remission.
Still, high recurrence rates are one of the key issues for women
diagnosed with advanced ovarian cancer. The relapse and associ-
ated lethality of ovarian cancer are mainly due to the dissemina-
tion of ovarian micrometastases in the entire peritoneal cavity at
the advanced stages of the disease [6]. In these cases, surgery
and subsequent chemotherapy are generally not effective enough
to suppress all the ovarian cancer metastases. One of the explored
strategies to increase the efficacy of the treatment is to enhance
the detection of malignant cells during surgery. Fluorescence pho-
todetection (PD) using photosensitizers (PS) appeared as a potent
technique to optimise lesion resection with a minimal damaging
rate of normal tissue [7] and has been recently shown to signifi-
cantly reduce recurrence in bladder cancer patients [8]. After PS
administration, subsequent accumulation in the malignant tissue
and activation by light, clinicians could ideally remove the abnor-
mal tissues which would be highlighted by their red fluorescence.
In the early 1950s, the use of porphyrins, such as haematoporphy-
rin and its derivatives, was first reported for preferential tumour
localisation [9]. Currently, PS such as Photofrin�, 5-aminolevulinic
acid (5-ALA)-mediated protoporphyrin IX and Foscan� are
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commercially available and used for gynaecological applications.
Regarding ovarian cancer, fluorescence photodetection has been
studied with 5-ALA and its derivatives in vivo on rats [10–15]
and humans [16–18]. However, most PS still suffer from several
drawbacks such as low selectivity, high drug dose, skin photosen-
sitisation and unsuitable PS administration and delivery systems
[19–21]. Progress in the field of photodetection of ovarian cancer
is still needed and optimisation of PS delivery represents one
alternative.

Hypericin (Hy) is a natural compound belonging to the class of
phenanthroperylenequinones, and is extracted from the plant
Hypericum perforatum, found worldwide [22,23]. The photoactivity
of Hy has been demonstrated in vitro and in vivo on different exper-
imental animal models [24–31]. Hy is not only a potent photosen-
sitizer for photodynamic therapy (PDT), but also a fluorescent drug
for PD with a high fluorescence quantum yield [32]. One other
advantage of Hy over other PS is its low photobleaching [33,34],
as shown during extensive investigations on the fluorescence
detection of bladder cancer [33–35]. The potential of Hy was shown
in the chick chorioallantoic membrane model with favorable blad-
der tumour-to-normal tissue ratios [36] and in humans providing a
high sensitivity and specificity for detecting bladder cancer cells
[37–39]. Based on these promising results, Hy stands as a good can-
didate for the photodetection of ovarian cancer. Since the peritoneal
cavity is not easily accessible in a pre-surgery setting, Hy should
ideally be administered systemically. However, Hy lipophilicity
makes formulation difficult due to the lack of physiologically
acceptable solvents [20,40]. Therefore, the design of adequate
delivery systems for Hy is critical for improving the outcome and
acceptability of PD in a clinical context. Different formulations of
Hy have been investigated using nontoxic pharmaceutical additives
such as N-methyl pyrrolidone, polyvinylpyrrolidone, polyethylene-
glycol, proteins or colloidal carriers such as emulsions or liposomes
[38,41–46]. Furthermore, polymeric nanoparticles have been sug-
gested to improve the delivery of Hy [20,47]. In a previous study,
we have demonstrated the efficacy of this delivery system in vitro
with ovarian cancer cells [48].

In the present study, we first produced and characterised Hy-
loaded PLA NPs in terms of size and drug loading. Following, the
feasibility of fluorescence photodetection using the Hy encapsu-
lated in NPs was evaluated in comparison to free Hy on ovarian
cancer-bearing Fischer 344 rats [10,49]. The selective accumula-
tion of Hy was qualitatively determined by fluorescence endos-
copy, and then quantified by tissue extraction.
2. Materials and methods

2.1. Animals

Female Fischer rats F-344 (150–200 g) were obtained from
Charles River Laboratories (L’Arbresle, FR), and housed in a patho-
gen-free animal facility. They were given commercial basal diet
and water ad libitum. All the aspects of the animal experiment
and husbandry were carried out in compliance with the national
regulations and approved by the cantonal veterinary office of Gen-
eva, Switzerland.

2.2. Cell line and tumour implantation

The NuTu-19 cell line, a poorly differentiated Fischer 344 rat-
derivative epithelial ovarian cancer cell line was kindly provided
by Dr. A. Major [10,49]. Cells were maintained in DMEM medium
(Gibco Life Technologies, Carlsbad, US) supplemented with 10% fe-
tal calf serum (FCS, Brunschwig, Amsterdam, NL) and 100 U/ml
penicillin–streptomycin (Gibco Life Technologies, Carlsbad, US) at
37 �C in a 5% CO2 atmosphere. Before tumour implantation,
NuTu-19 cells were washed twice with PBS (Gibco Life Technolo-
gies, Carlsbad, US), harvested using 0.5 % Trypsin-EDTA (Gibco Life
Technologies, Carlsbad, US) and counted. After centrifugation, a
suspension in an equal mixture of complete culture medium and
MatrigelTM matrix (BD Biosciences, Bedford, US) was prepared.
One million cells in 1.5 ml were intraperitoneally injected into
the Fischer rats (n = 20), and tumour development was allowed
for 5 weeks.

2.3. Photosensitizer formulation and characterisation

Hypericin (Hy, purity P 98%) was provided by Alexis Corpora-
tion (Lausen, CH). A stock solution of Hy was prepared in ethanol
(Fluka Chemie AG, Buchs, CH) at 5 mg/ml and stored at �20 �C in
the dark. Two formulations of Hy were compared for in vivo stud-
ies. Hy was either dissolved in a mixture of ethanol, polyethylene-
glycol 400 (PEG, Merck, Hohenbrunn, DE) and water (2:3:5) or
incorporated into polymeric nanoparticles. Polylactic acid (PLA)
was obtained from Lakeshore Biomaterials, Inc. (Birmingham,
US). Poly(vinyl alcohol) (PVAL) (Mowiol 4–88) from Hoechst
(Frankfurt/M, D) was used as a surfactant.

The nanoparticles of PLA were produced by the nanoprecipita-
tion method as previously described [48]. Briefly, an organic phase
containing PLA (100DL 4A, 54 kDa) and Hy dissolved in acetone
was poured under magnetic stirring into an aqueous PVAL solution
(0.4%, w/w). The organic solvent was evaporated under atmo-
spheric pressure at room temperature, and the NPs were purified
by centrifugation (Beckman, AvantiTM 30, Fullerton, US). Finally,
NPs were freeze-dried (Edwards, Modulyo, Oberwil, CH) with
D(+)-trehalose dihydrate (Sigma Chemical, St. Louis, US) as a lyo-
protectant and stored at +4 �C until use.

NPs were characterised in terms of size and drug loading. The
mean size was determined by photon correlation spectroscopy
using a Zetasizer� 3000HS (Malvern instruments, Worcestershire,
UK). The zeta potential was measured in 10�3 M NaCl using the
electrophoretic mode with the Zetasizer� 3000HS. The drug load-
ing was determined by reversed-phase HPLC after solubilization
of NPs in acetone (Fluka Chemie AG, Buchs, CH) as previously de-
scribed [48]. The residual PVAL was determined using a method
based on the formation of a stable complex of PVAL with iodine
in the presence of boric acid [50].

2.4. Fluorescence imaging

Before administration to tumour-bearing rats, dilutions of free
Hy in a mixture of ethanol, PEG 400 and water for free Hy or Hy
encapsulated in NPs in NaCl 0.9% (Bioren SA, Couvet, CH) were
freshly prepared. Hy was administered intravenously in the tail
vein to the tumour-bearing rats at a dose of 2 mg/kg.

To determine the accumulation of Hy in tumour tissues, the rats
were sacrificed by CO2 asphyxia 3, 6 and 24 h after Hy administra-
tion (n = 3). The abdominal cavity was opened to reach the tumour
for fluorescence imaging using a D-light system� (Karl Storz GmbH
& Co. KG, Tuttlingen, DE) connected to a CCD camera (Telecam SL-
PDD, Karl storz GmbH & Co. KG, Tuttlingen, DE). Images were com-
pared under white and blue light.

2.5. Determination of hypericin concentration in tissues and blood

Blood and tissue samples (tumour, surrounding muscles, liver,
spleen and lung) were collected from Fischer rats, 3, 6 and 24 h
after Hy administration, weighted and kept at �20 �C until analy-
sis. Control samples were also taken from rats receiving no drug.
The tissues were homogenised with tetrahydrofuran (THF) with a
tissue homogeniser (Eurostar digital, IKA�-Werke, Staufen, DE).
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The blood samples were extracted with THF under sonication five
times for 5 s (sonifier S-450D�, Branson Ultrasonic S.A, Geneva,
CH). After centrifugation, the supernatants were evaporated under
nitrogen. The residues were dissolved in 0.3 ml DMSO. The fluores-
cence was determined with a microplate reader (Safire�, Tecan,
Salzburg, AT) with excitation and emission wavelengths set at
530 and 645 nm, respectively. The background fluorescence of con-
trol samples, taken on rats receiving NaCl 0.9%, was subtracted. The
Hy concentration was calculated from the calibration curve
(0.04�10 lg/ml).

2.6. Statistical analysis

Values of Hy concentrations and ratio of Hy concentrations be-
tween tumour and surrounding muscles are expressed as the
mean ± SD, and the significance of the differences was calculated
by Student’s t test. Values of p < 0.05 were considered as
significant.

3. Results

3.1. Nanoparticle characterization

NPs with a mean diameter of 268 nm (polydispersity index of
0.121) and a negative zeta-potential (-28 mV) were obtained by
Fig. 1. Images of ovarian metastases at different times after iv administratio
nanoprecipitation. A high entrapment efficiency of Hy (74%) was
achieved to reach a drug loading of 3.7%. As PVAL, used as a surfac-
tant, is reported to be non-biodegradable, its intravenous adminis-
tration should be minimised as much as possible. For this purpose,
a step of purification by centrifugation was added. The residual
PVAL was as low as 6% (w/w) on the freeze-dried NPs. This minimal
residual amount of PVAL, as a thin hydrophilic layer around NP, is
necessary to allow the redispersion of NPs in aqueous solution
after freeze-drying.

3.2. Fluorescence imaging

The abdominal cavity of Fischer rats was opened at 3, 6 and 24 h
after Hy administration (2 mg/kg), either in solution (free Hy) or as
NP suspension, and the distribution of Hy was visualised by endos-
copy under white and blue light (Fig. 1). The intraperitoneal injec-
tion of NuTu-19 cells in a mixture of cell culture medium and
matrigelTM resulted in the tumour development in 100 % of rats
(see Supplementary information). Indeed, tumour nodules of a
few mm were scattered in the entire peritoneal cavity either indi-
vidually or forming omental tumour masses. Tumour nodules were
found adherent to the different parts of the abdomen such as
abdominal wall, diaphragm, bowel, liver and spleen. Furthermore,
the presence of a haemorrhagic malignant ascite of dozens of ml
was observed 5 weeks after tumour implantation. 3 h after admin-
n of free Hy or Hy-loaded NPs under white light and under blue light.
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istration, under blue light, a slight red fluorescence from tumour
nodules was already visible with both formulations (Fig. 1). At 6
or 24 h, no visible contrast between tumours and surrounding
muscles could be observed with free Hy. On the contrary, with
NPs, the fluorescence contrast increased as a function of time
post-administration. Twenty-four hours after Hy-loaded NP
administration, tumour nodules exhibited a bright red fluores-
cence. The contrast of fluorescence and thus the selectivity for tu-
mours were higher when NPs were used as compared to the
solution. With both formulations, no photobleaching was observed
during the investigation time (15–30 min).

3.3. Hy biodistribution

To further quantify the drug distribution as a function of the
formulation, Hy was extracted from different tissues collected at
3, 6 and 24 h after iv injection (2 mg/kg). The blood clearance
was faster for free drug (Fig. 2A). Hy encapsulated in NPs had a
longer circulation time with a peak at 6 h. A substantial amount
of Hy-loaded NPs were taken up by the liver and spleen (Fig. 2B/C).
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Fig. 2. Biodistribution profile of Hy after iv administration at a dose of 2 mg/kg to
Fischer F-344 rats bearing NuTu-19 tumours. (A) Plasma concentration profile,
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administration of free Hy (B) or Hy-loaded NPs (C). Each data point represents the
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injected with free Hy (Student’s t test, p < 0.05).
However, Hy was effectively removed from these tissues as the
concentration rapidly decreased. Similar levels were measured in
the lung for free Hy and Hy-loaded NPs.

Tumour selective localisation, as observed with endoscopy, was
confirmed by analysis of Hy concentration in tumours and sur-
rounding muscles over the time, as shown in Fig. 3. For the free
drug, tumour concentration was maximal after 3 h and decreased
thereafter leading at 6 h to a lower Hy concentration in tumour than
in muscle. With NPs, tumour concentration gradually increased,
and the highest value was observed at 24 h. After 3 h, the muscle
concentration was significantly higher after free Hy administration
than following administration of Hy-loaded NPs. Moreover, the
muscle concentration decreased faster when NPs were used, con-
firming the rapid elimination from healthy tissues. To corroborate
the selectivity of Hy for malignant tissues, tumour to muscle ratios
were calculated for both formulations (Fig. 4). More selective accu-
mulation in ovarian micrometastases was achieved with NPs as
compared to free drug. Indeed, the maximal tumour-to-muscle ra-
tios were observed for free Hy at 3 h postinjection (t/m ratio = 2.3)
and for Hy-loaded NPs at 24 h (t/m ratio = 3.5).

4. Discussion

The high recurrence and lethality of ovarian cancer at advanced
stages is problematic, especially due to the development of numer-
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Fig. 4. Tumour to surrounding muscles ratios regarding hypericin concentration at
different times after iv administration of free Hy (Q) or Hy-loaded NPs (j) at a dose
of 2 mg/kg to Fischer F-344 rats bearing NuTu-19 tumours. Each data point
represents the mean (±SD) of three animals. *Significantly different from ratio of
concentration for rats injected with free Hy (Student’s t test, p < 0.05).
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ous micrometastases scattered throughout the abdominal cavity.
Fluorescence photodetection (PD) used in combination with surgi-
cal resection of malignant tissues might improve recovery. In our
study, we evaluated the potential of hypericin-loaded nanoparti-
cles for fluorescence photodetection of ovarian metastases. The
purpose was to assess the selective accumulation of entrapped
Hy compared to the free drug in ovarian micrometastases.

The choice of animal models used in the PD research is of crit-
ical importance for the relevance of pre-clinical studies. The in vivo
model should be as close as possible to the clinical situation, which
in this case is advanced metastatic ovarian cancer. Orthotopic
xenografts or chemically induced tumours are presumably the
most pertinent models [19,51]. Although NuTu-19 ovarian cancer
grafting is not an orthotopic model, the injection in the bursal
membrane surrounding the ovaries leads to similar spreading of
ovarian tumour nodules [52]. Moreover, tumours have been shown
to arise from the appropriate cell type and have the histological
characteristics of the most frequent subtype of human ovarian can-
cer, the poorly differentiated papillary serous ovarian carcinoma
[49]. This syngeneic tumour model with a low immunogenicity
represents several advantages over orthotopic models developed
in nude mice or more frequent subcutaneous xenografts [53].
The latter generally use animals with a lack of immune response
that can significantly influence the distribution of the drug
[49,51,52] and are suboptimal with respect to the localisation of
intraperitoneal metastatic diseases such as ovarian cancer
[19,51]. Indeed, the microenvironment of tumours, not reproduced
with heterotopic models, is thought to play a crucial role in their
development and behaviour [6,54]. For example, molecular signal-
ling pathways using growth-promoting factors such as VEGF, pres-
ent in high levels in ascites, regulate angiogenesis and permeability
of tumour vasculature, cancer cell proliferation, survival, motility
and invasion but are also responsible for drug resistance mecha-
nisms. Besides these advantages, the NuTu-19 ovarian cancer mod-
el used in this study closely mimics advanced clinical ovarian
cancer with the observation of haemorrhagic ascites and the dis-
semination of metastasis in the peritoneal cavity.

Photodetection using exogenous markers such as Hy has several
advantages over endogenous fluorophores [7,19,21], but the main
problem restricting the clinical use of mostly lipophilic PS is their
systemic administration in an acceptable pharmaceutical solution.
Therefore, the design of adequate PS delivery systems is critical for
optimising the outcome and acceptability of PD in a clinical con-
text. The formulation of Hy in a biocompatible and stable vehicle
is still a challenge and has been widely studied [44,45]. It is obvi-
ous that the physical state of a photoactive drug will influence its
pharmacokinetics and efficiency. Hy, for example, is known to form
aggregates in aqueous solvents. These aggregates will not only af-
fect the fluorescence properties of Hy but also its distribution in
the body as shown by Van de Putte et al. [55]. Polymeric nanopar-
ticles help to overcome these delivery and stability problems and
enable intravenous administration of Hy. In this study, Hy-loaded
PLA NPs were produced with the following properties: (i) mean
size of 268 nm, (ii) negative zeta potential, (iii) low residual surfac-
tant and (iv) drug loading of 3.7% (w/w). These NPs were easily
administered intravenously to Fischer rats and can thus be used
for fluorescence photodetection of ovarian cancer. In the studies
using Hy for the photodetection of bladder cancer, the technique
of instillation used to administer the drug is described as the main
limitation, leading to the exclusion of patients with intravesical
clots, diverticula, small bladder capacities or lacking mobility
[37,38]. The iv injectable NPs are attractive to avoid the constraint
of instillation.

The use of exogenous markers for fluorescence photodetection
requires a good selectivity for malignant tissues [56]. The use of
nanoparticulate carriers for the passive targeting of tumours by
low-molecular weight compounds could be advantageous com-
pared to the free molecule in solution [57]. Indeed, the blood net-
work in tumours is known to be disorganised due to the fast
neovascularisation needed to supply oxygen and nutrients to the
rapidly growing tissue. Several abnormalities such as defective
vascular architecture, higher vascular permeability, large intersti-
tial volume, and lack of lymphatic drainage are well described
and exploited for cancer therapy through the so-called enhanced
permeability and retention (EPR) effect [58–61]. Our Hy-loaded
NPs take advantage of the EPR effect to passively target the ovarian
metastases. The leaky vasculature facilitates the extravasation of
the 200–300 nm NPs and the impaired lymphatic drainage reduces
the NPs clearance from the tumours. As shown by analysis of tu-
mour content (Fig. 3), the NPs were entrapped and retained in
ovarian tumours at higher concentrations for an extended period
of time (up to 24 h) whereas free Hy was rapidly eliminated from
tumours by diffusion. Consequently, entrapping Hy into NPs im-
proved PS availability within tumours and at the same time im-
proved the tumour detection by fluorescence. Moreover,
compared to free drug, the NPs did not extravasate from normal
vessels and thus lower Hy concentrations were found in the
healthy surrounding tissues. This selective accumulation is illus-
trated by the higher tumour-to-muscle ratios obtained with the
NP formulation (Fig. 4). Another drawback with some xenobiotics
is their associated toxicity [21,47] and numerous photosensitizers
are known to induce skin photosensitivity. The targeted delivery of
Hy using PLA NPs resulted in higher bioavailability of the drug at
its site of interest, and therefore less side effects are expected.
The analysis of tissue content (Figs. 2 and 3) showed a rapid de-
crease of Hy concentrations in surrounding muscles and other
healthy organs when NPs were used. This rapid elimination, in
the range of hours, from healthy tissues might help to avoid un-
wanted photosensitivity reactions and thus a better compliance
for patients.

The time interval between drug administration and photodetec-
tion is also source of concern [19,21]. Indeed, the optimal time de-
lay after PS administration, corresponding to the high tumour-to-
normal tissue ratio, will vary for each PS and for each clinical situ-
ation. For this purpose, the NPs could also be beneficial as they of-
fer a larger time window for the fluorescence photodetection. As
shown by Hy accumulation in ovarian tumours when NPs were
used (Figs. 3 and 4), higher drug amounts were retained in tumours
for a longer time than with free Hy. Several methods have been
developed to enhance this positive aspect of NPs by increasing
the blood circulation time. Indeed, Hy associated with NPs
(Fig. 2A) remained longer in the bloodstream than free drug. How-
ever, NPs are quickly opsonised, removed from the bloodstream
and sequestrated in organs of the reticuloendothelial system
(RES) such as the liver and spleen (Fig. 2C) [62]. One major ap-
proach to avoid RES tropism, already applied to other PS-loaded
NPs, is PEGylation [63–67]. The decoration of our Hy-loaded NPs
with PEG moieties could further improve the selective accumula-
tion in ovarian metastases.

Hy is also evaluated as a potential tool for PDT. In vivo and
in vivo studies have demonstrated the photoactivity of Hy
[22,23,68,69]. In a previous study, Hy-loaded nanoparticles have
been shown to be active after irradiation in NuTu-19 ovarian can-
cer cells [48]. A major concern with PDT of invasive cancers such as
ovarian or bladder cancer is the high risk of normal tissue damage
if the PS selectivity for malignant cells is not sufficient. Due to the
high dissemination of ovarian tumour nodules, a selective irradia-
tion of each abnormal lesion is impossible, although whole perito-
neal cavity irradiation could be considered. To avoid collateral
damage, a high selectivity for malignant tissues is crucial and the
concept of PDT using Hy-loaded NPs could be promising. Therefore,
NPs could also be advantageous for the therapeutic use of Hy.
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5. Conclusion

This study provides an in vivo proof-of-concept for using Hy-
loaded NPs for fluorescence photodetection. Nanoencapsulation
of Hy in PLA allows the intravenous administration of this hydro-
phobic PS. Moreover, higher in vivo selective accumulation in
malignant ovarian tissues was reached with loaded NPs compared
to free drug. Fluorescence detection using Hy-loaded NPs could im-
prove the eradication of the disease by improving the surgical abla-
tion of all detectable tumour nodules. The selectivity of Hy-loaded
NPs also favours possible therapeutic approaches using Hy-loaded
NPs for PDT.
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