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Abstract. Nanoparticles are promising novel drug delivery 
carriers that allow tumor targeting and controlled drug release. 
In the present study, we prepared poly butyl-cyanoacrylate 
nanoparticles (PBCA-NP) entrapped with hypocrellin B (HB) 
to improve the effect of photodynamic therapy (PDT) in 
ovarian cancer. An ovarian cancer ascites model using Fischer 
344 rats and PBCA-NP entrapped with HB (HB-PBCA-NP) 
were formed successfully. The pharmacodynamic charac-
teristics and biodistribution of the HB-PBCA-NP system 
were evaluated by comparison with HB dimethyl sulfoxide 
(HB-DMSO) and testing at various time-points following 
intraperitoneal drug administration. HB-PBCA-NP-based 
PDT combined with cytoreductive surgery was then admin-
istrated to the tumor-bearing animals. Kaplan-Meier survival 
analysis was performed to assess the therapeutic effect of the 
nanoparticle system. The serum HB concentration peaked 4 h 
after drug administration in the nanoparticle system, and 1 h 
with HB-DMSO. The peak exposure time of tumor tissues was 
also extended (4 vs. 2 h), and PBCA-NP remained present for 
much longer than HB-DMSO. Although PDT combined with 
surgery prolonged the survival time significantly compared 
with surgery alone (84 days, P<0.05), there was no significant 

difference in the survival time of animals that received either 
HB-PBCA-NP- or HB-DMSO-based PDT after cytoreductive 
surgery (99 vs. 95 days, P=0.293). PBCA-NP exhibited poten-
tial advantages in controlled drug release and tumor targeting, 
which was beneficial for HB-based PDT. PDT combined with 
surgery prolonged the survival time, suggesting that this might 
be an alternative treatment option for ovarian cancer.

Introduction

Ovarian cancer is responsible more than half of the deaths 
caused by gynecological malignancies (1). It is a highly 
metastatic disease that is rarely diagnosed when it is confined 
to the ovaries due to a lack of characteristic symptoms (2). 
Peritoneal metastasis is the principal cause of death in patients 
with advanced or recurrent ovarian tumor (3-5). Even aggres-
sive peritoneal or cytoreductive surgery leave large areas of 
the peritoneal cavity untreated (6). Although chemotherapy 
is a traditional adjuvant choice, experience over the past few 
decades has suggested that it does not enhance patient survival. 
Therefore, a novel adjuvant therapy is needed urgently.

Photodynamic therapy (PDT) is a promising alternative 
to the conventional therapeutic strategies for the manage-
ment of intraperitoneal carcinomas (7). PDT is based on the 
delivery of a photosensitizer followed by exposure to light of 
a specific wavelength, which converts oxygen into reactive 
singlet oxygen (1O2). This causes selective cancer cell death, 
because cancer cells uptake more photosensitizers than do 
normal cells (8,9). Singlet oxygen eliminates tumor tissue by 
causing microvascular acute injury, blocking vessels and also 
inducing cancer cell apoptosis (10-12). Another interrelated 
mechanism of the antitumor effects of PDT is the induction of 
a local inflammatory reaction that leads to the development of 
systemic immunity (13).

Hypocrellin B (HB) is a traditional Chinese drug that is 
extracted from fungus (Hypocrella bambuase) of a Chinese 
herb; it is an excellent natural photosensitizer. In China, it is 
commonly used to treat rheumatoid arthritis, and gastric and 
skin diseases (14). Several studies have suggested that it is a 
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promising non-porphyrin photosensitizer, because it causes 
high singlet oxygen quantum yields, has a low tendency for 
aggregation and rapid metabolism in vivo (15).

The development of nanotechnology has introduced more 
choices for cancer treatment. Nanoparticle delivery systems 
allow specific tumor targeting. The leaky vasculature in 
tumor tissues promotes the uptake of nanoformulations, 
and the impaired and poor lymphatic drainage traps nano-
sized particles inside tumor tissues (16,17) in the so-called 
‘enhanced permeation and retention’ (EPR) effect. Therefore, 
drugs encapsulated in nanoparticles could accumulate at high 
levels in tumor tissues for a longer time. Studies have shown 
that nanoparticles carrying anticancer agents prolonged drug 
retention in tumors, which could inhibit tumor growth (18-20) 
and improve the efficiency of cancer therapy (17). The 
materials used for nanoparticle preparation are often biode-
gradable; therefore, the drugs they encapsulate can be released 
gradually and then degraded slowly. This ensures that the drug 
concentrations in target tissues remain high. Recent studies 
have revealed that poly(butyl-cyanoacrylate) nanoparticles 
(PBCA-NPs) are effective drug carriers (21,22). In the present 
study, we synthesized PBCA-NP encapsulated with HB 
to perform tumor-targeted PDT in ovarian cancer-bearing 
Fischer 344 rats.

Materials and methods

Preparation of HB-PBCA-NP. Dextran-70 and Pluronic F-127 
(Sigma-Aldrich, St., Louis, MO, USA) were dissolved in 5 ml 
distilled water and the pH was adjusted to 1.5. The solution 
was mixed with α-butyl-cyanoacrylate (BCA; Shunkang 
Pharmaceutical Co., Ltd., Beijing, China) by magnetic stir-
ring at 600 rpm for 4 h at 25˚C, and the pH was then raised 
to 7.0. The solution was stirred for another 30 min until 
polymerization was complete. The filtered nanoparticles were 
kept at 4˚C for 12 h. Then, 2.5 ml HB (Chinese Academy of 
Science, Beijing, China) in ethanol (0.5 mg/ml) was added to 
nanoparticle solution and sonicated. The suspension was then 
incubated for an additional 12 h at 4˚C and vacuum-freeze 
dried to obtain HB-PBCA-NP. The size and other features 
of the particles were tested using laser dynamic light scat-
ting (DLS; Malvern Instruments Ltd., Worcestershire, UK) 
and transmission electron microscopy (TEM, Tecnai G2 F20 
S-TWIN; FEI Co., Hillsboro, OR, USA).

Cell line and animals. The poorly differentiated Fischer 344 
rat-derived epithelial ovarian cancer line NuTu-19 was main-
tained in the Basic Medicine Laboratory of Qilu Hospital. 
Cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Sigma) supplemented with 10% heat-inactivated 
FCS (Gibco-Life Technologies, Grand Island, NY, USA), and 
incubated under standardized conditions (37˚C, 5% carbon 
dioxide and 100% humidity). NuTu-19 cells were harvested 
using 0.25% trypsin and 0.02% EDTA, and were washed twice 
with PBS. All experiments were performed using exponen-
tially growing cells.

Animal model. Pathogen-free female Fischer 344 rats (Beijing 
Weitong Lihua, Beijing, China), weighing 100-120 g, were 
housed in a pathogen-free animal facility and given a standard 

laboratory diet and water. A total of 2x106 cells were injected 
into the peritoneal cavity of each rat. The temperature of 
the cage was kept at 22±2˚C, and relative humidity was kept 
between 45-65%. The present study was performed in strict 
accordance with the Guide for the Care and Use of animals of 
Qilu Hospital, Shandong University, China. The protocol was 
also approved by Ethics Committee of Animal Experiments 
of Qilu Hospital of Shandong University. The experiment was 
performed in accordance with the Guide for the Care and Use 
of Laboratory Animals. The animals were then observed daily 
and weighed twice a week. Sodium pentobarbital was injected 
intraperitoneally before surgery and all efforts were made to 
minimize suffering.

Pharmacokinetic and distribution of HB in animals. 
HB-PBCA-NP and HB were freshly prepared prior to use by 
dissolving in normal saline and DMSO, respectively. Tumor-
bearing Fischer 344 rats were divided into two groups, which 
received 10 mg/kg of either HB-DMSO or HB-PBCA-NP by 
intraperitoneal injection. Blood samples were then collected 
from the postcava vessel at various time-points (10, 30, 
40 min, 1, 2, 4, 6, 12 and 24 h). All blood samples were coagu-
lated for 2 h at room temperature, and were then centrifuged 
at 2x103 g to separate the serum. The rats were sacrificed 
1, 2, 4, 6, 12 and 24 h after drug injection, and their tissues 
(liver, spleen, lung, kidney, small intestine, uterus and tumor) 
were harvested. Two hundred microliters of tetrahydrofuran 
(THF; Shiyou Biotech Co., Ltd., Tianjin, China) was added 
to the serum and minced tissue samples, which were then 
centrifuged again. The supernatants were analyzed using 
high performance liquid chromatography (HPLC; Agilent 
Technologies, Palo Alto, CA, USA). The concentration of 
HB in the different samples was determined at various time-
points according to the areas under the curve. The data were 
processed using DAS (drug and statistics for Windows) to 
obtain pharmacokinetic parameters.

PDT in vivo. The tumor-bearing rats were divided randomly 
into four groups 6 weeks after inoculation. The control 
groups included untreated animals (group A) and those that 
received only cytoreductive surgery (group B). Animals in 
group C received cytoreductive surgery and PDT followed by 
intraperitoneal injection with 10 mg/kg HB-DMSO. Group D 
received surgery and PDT followed by intraperitoneal injec-
tion with 10 mg/kg HB-PBCA-NP. The PDT was performed 
when the concentration of drug reached a peak in tumor 
tissues. Food was removed from the cages 12 h before the 
operation, and rats were anesthetized using 40 mg/kg sodium 
pentobarbital (Sigma). An incision ~5 cm in length was made 
on the abdominal wall to fully expose the organs in the 
abdominal cavity. Cytoreductive surgery was then performed 
to remove the maximum amount of tumor lesions. The laser 
output energy delivered to the surface of the peritoneal cavity 
of each rat was 50 J/cm2 with total energy of 200 mW. During 
laser irradiation, warm normal saline was dripped into the 
peritoneal cavity to reduce the loss of body fluid. The opera-
tions were performed under sterile conditions, and the animals 
were kept warm with a heating device until they awoke. All 
animals were then followed, and survival data were collected 
for further analysis.
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Statistical analysis. Data were analyzed using SPSS 13.0 for 
Windows (SPSS) software. The significance of differences 
among groups was analyzed using two-way ANOvA and 
Student-Newman-Keuls q-test. Survival studies were assessed 
using Kaplan-Meier survival analysis. P<0.05 was used to 
indicate statistical significance.

Results

Features of nanoparticles. The mean size of PBCA-NP was 
95 nm in diameter (range, 30-200 nm). TEM pictures revealed 
that the nanoparticles were well separated, and spherical in 
appearance. The drug encapsulation efficiency was 92.7% 
and drug-loading content was 15% for PBCA-NP; therefore, 
HB was efficiently encapsulated into the nanoparticles. The 
HB-PBCA-NPs were adequate for use in subsequent experi-
ments.

Fischer 344 rat tumor model. Six weeks after the injection 
of NuTu-19 cells, all rats developed ovarian tumors in their 
abdominal cavity. A large number of cancer nodules appeared 
on the surface of the peritoneum, omentum, diaphragm, bowel, 
and reproductive organs. The images presented in Fig. 1A 
show the nodules and principal tissues in the abdominal cavity. 
Malignant bloody ascites were also detected in the abdominal 
cavity. Pathological analysis of tumor tissue sections confirmed 
the presence of adenocarcinoma (Fig. 1B).

Pharmacokinetic parameters. Pharmacokinetic parameters 
were calculated to assess the controlled drug release tendency 
of the NP. The half-lives of HB in the blood delivered using 
HB-DMSO and HB-PBCA-NP was 9.45 and 12.99 h, respec-
tively. The area under the curve (AUC) of HB-PBCA-NP 

was 10.42 µg/ml/h, which was larger than that of HB-DMSO 
(2.60 µg/ml/h). The time-to-peak was 1 and 4 h for HB-DMSO 
and HB-PBCA-NP, respectively. These data confirmed that 
HB carried by nanoparticles was cleared more slowly than 
HB-DMSO.

Distribution of HB in vivo. Serum HB levels increased rapidly 
in the HB-DMSO group. The highest concentration was 
0.99 mg/l, which was reached at 1 h after injection. However, 
very little HB was detected at 12 h after injection. However, 
HB levels in the serum of the HB-PBCA-NP group increased 
much slower. The highest concentration (0.8954 mg/l) was 
reached 4 h after injection. More importantly, the HB concen-
trations in the serum remained relatively high (0.3187 mg/l) 
after 12 h compared with the HB-DMSO group (Fig. 2).

Figure 1. The anatomical structure of rats. (A) The indicated tissues are tumor nodules (----▶), ovary (---▶), uterus (---▶) and omentum (---▶). The pathological 
section of tumor nodules in peritoneal cavity of rat. (B) H&E staining shows the tissue is adenoid structure. The glands arrange closely and the eosinophil part 
in the center part of gland is secretion. 

Figure 2. Serum distribution of HB at different time-points after delivery 
using the two systems.
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The levels of HB in each tissue at various time-points after 
treatment are shown in Figs. 3 and 4. The peak time at which 
the maximal concentration of HB was obtained was delayed 
in the HB-PBCA-NP group in all tissues compared with the 
HB-DMSO group. For example, the peak time in tumor tissue 
(Fig. 3A) and the liver (Fig. 4A) was 4 and 2 h in HB-PBCA-NP 
and HB-DMSO groups, respectively. The concentrations in 
the uterus (Fig. 3B), small intestine (Fig. 3C), spleen (Fig. 4B) 
and lung (Fig. 4D) peaked at 2 h, which was later than in 
the HB-DMSO group (1 h). An additional important finding 

was that HB levels in HB-PBCA-NP remained higher than 
DMSO group in all tissues even 24 h after drug administration 
(Figs. 3 and 4). For example, the levels of HB in tumors in the 
HB-PBCA-NP group 24 h (0.26±0.13 µg/g) were much higher 
than in the HB-DMSO group (0.11±0.04 µg/g). In addition, HB 
levels were higher in all tissues in the HB-PBCA-NP compared 
with the HB-DMSO group, 4 h after drug administration except 
for the uterus and kidney (Fig. 4C). Fig. 4 demonstrates that 
the spleen (Fig. 4B) and liver (Fig. 4A) of tumor-bearing rats 
had the highest concentration of HB, followed by the kidney 

Figure 3. The HB distribution in different tissues at each time-point. The HB-DMSO gathered more rapidly in tissues than HB-PBCA-NP. The levels of 
HB-PBCA-NP in tumor reached a peak 4 h after injection (A), which was higher than (B) in the uterus and (C) the small intestine. 

Figure 4. The levels of HB in two delivery methods for (A) liver, (B) spleen, (C) kidney and (D) lung. The HB-PBCA-NP was greatly enriched in the liver and 
spleen, while at low level in the kidney.
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(Fig. 4C) and lung (Fig. 4D). The spleen captured a large 
number of PBCA-NP (four-times more than the liver). Notably, 
the levels of HB in the liver and spleen 4 h after injection in 
HB-PBCA-NP group were 16.6±1.67 and 49.62±2.952 µg/g, 
respectively, compared with 0.57±0.02 and 4.68±1.17 µg/g in 
the HB-DMSO group. The difference of the highest levels of 
HB in other tissues was not as great as in the two groups.

Efficacy of PDT. The images of PDT process are shown in 
Fig. 5. Four rats died within 10 days of surgery as a result of 
the invasive operation. These animals were excluded from the 
survival analysis. All animals were followed up until death. 
Kaplan-Meier survival curves (Fig. 6) revealed that the median 

survival time of groups A and B was 76 (95% CI, 69.8-82.2 days) 
and 84 days (95% CI, 81.08-86.92 days), respectively. Rats in 
both groups showed progressive cachexy. The median survival 
time of groups C and D was 95 (95% CI, 86.68-103.316) and 
99 days (95% CI, 90.24-107.74), which were both longer than 
the control groups. Surgery alone improved animal survival, 
whereas surgery combined with PDT could more effectively 
extend survival time. These difference in survival time when 
each group was compared with the others individually was 
significant (P<0.05), except for groups C and D (P=0.293).

Discussion

Two thirds of patients with ovarian cancer have already devel-
oped peritoneal carcinomatosis at diagnosis (23). The curative 
rate decreases substantially, once the disease has metastasized 
to the pelvic organs, the abdomen or beyond the peritoneal 
cavity (2). PDT can destroy cancerous tissue selectively, 
sparing normal tissue (24). Therefore, it might be a choice for 
the treating the superficial or microscopic lesions that remain 
after debulking surgery in ovarian cancer. The feasibility of 
this approach was demonstrated in clinical studies (6,25).

Nanoparticle delivery systems allow tumor targeting and 
prolonged drug release. Therefore, we hypothesized that 
PBCA-based nanoparticle systems carrying the photosensitizer 
HB could enhance the efficiency of PDT. HB is an excellent 
second-generation natural photosensitizer that is extracted 
from a parasitical fungus in China. However, the clinical use 
of natural HB is severely restricted by its poor water solu-
bility (15). In the present study, HB was captured inside PBCA 
NP to develop a water soluble HB-PBCA-NP system that 
could be used directly. Importantly, the HB-PBCA-NP system 
significantly delayed the clearance of HB from rat serum. 
The peak time was extended from 1 to 4 h by the injection 
of HB-PBCA-NP. Accordingly, the half-life of HB in the NP 
group was also prolonged from 9.45 to 12.99 h. Twenty-four 
hours after injection, HB remained detectable in the serum 

Figure 5. Photodynamic therapy applied on a rat. (A) The rat receiving cytoreductive surgery with fully exposed intraperitoneal cavity. (B) The rat receiving 
laser irradiation.

Figure 6. Kaplan-Meier survival curves for tumor-bearing Fischer 344 
rats. The survival time of two groups (animals that received no treatment 
and cytoreductive surgery alone) compared with the two treatment groups 
(surgery and PDT).
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of the NP group at relatively high concentrations, which was 
important for achieving a minimum effective concentration 
of HB. The area under the curve of HB in the NP particle 
group was also larger than control, meaning a higher bioavail-
ability of the drug. An ideal drug delivery formulation should 
release the drug at a minimum effective concentration over a 
longer period of time to achieve maximum efficiency (17). In 
the present study, the HB-PBCA-NP system achieved all these 
characteristics.

Similar to the serum metabolism, the peak time of HB in 
the NP group was delayed in tissues. The peak time in tumor 
tissue was 4 and 2 h in the NP and HB-DMSO groups, respec-
tively. PDT was administered when HB levels reached their 
peak. The concentration in other tissues, particularly in the 
small intestine and uterus, was lower. This helped to achieve 
the optimal therapeutic effect using a minimum dose of laser. 
This helped reduce internal damage, such as perforation of the 
small intestine. HB levels remained high in the NP group 24 h 
after drug administration, which would theoretically allow 
PDT to be repeated.

The HB-PBCA-NP system also altered the biodistribu-
tion of HB. The spleen and liver absorbed more HB than the 
other tissues in NP group. In the DMSO group, there was no 
significant difference in the HB levels among tissues. The 
spleen and liver are both reticuloendothelial system (RES) 
organs that capture foreign materials entering the body. In the 
present study, HB-PBCA-NPs were delivered intraperitone-
ally rather than intravenously; therefore, they were captured 
in large numbers by the spleen and liver. To evade the RES, 
nanoparticles should be further modified on their surface. To 
achieve this, we have synthesized an addition type of NP that 
is modified by folate on the surface, making it suitable for 
intravenous applications (unpublished data). The maximum 
concentration of HB in the kidneys of the HB-PBCA-NP 
group was lower than in the HB-DMSO group. Therefore, 
most PBCA-NP decomposed in the body rather than being 
excreted by the kidney.

The Kaplan-Meier survival curves revealed that both 
HB-DMSO- and HB-PBCA-NP-based PDT could signifi-
cantly prolong animal survival compared with control. 
This could be attributed to the killing effect of PDT on the 
residual nodules that could not be removed surgically. We 
demonstrated previously that PDT could efficiently reduce 
the volume of subcutaneous tumors in nude mice using 
hemoporfin (26). PDT was performed after surgery without 
causing excess injury to the animals. The surgical procedure 
also allowed an adequate operating area for the application of 
PDT. However, there was no statistical difference in survival 
time between group C and D. There were many factors that 
could have influenced this observation. The unavoidable 
capture of NP by the RES might reduce the concentration of 
HB in the tumor tissues. Therefore, the nanoparticles need 
to be modified further and be made small enough to achieve 
maximum targeting to the tumor tissue. Although the levels 
of HB in the DMSO group were higher than those in the 
NP group, this difference was not significant, and perhaps 
contributed little to the effect of PDT in vivo. In addition, 
photochemical oxygen consumption might overwhelm the 
oxygen in the microvasculature during PDT (27) which might 
also influence the outcome of the PDT.

A good animal model is essential for medical research. 
Immunodeficiency mice are commonly used for tumor-based 
experiments, because they can be used as tumor-bearing animal 
models. However, this kind of mouse was not suitable for our 
current study because of their susceptibility to microbes. As 
such, we needed a model that is strong enough to undergo the 
surgical and PDT procedures. We selected the Fischer 344 rat, 
which has a normal immune system, to build an ovarian cancer 
model. The NuTu-19 cell line is derived from Fischer 344 rat 
poorly differentiated papillary serous ovarian adenocarcinoma. 
Pathological analysis confirmed that all rats had developed 
ovarian adenocarcinoma after the intraperitoneal injection of 
NuTu-19 cells. The progressive tumor growth in abdominal 
cavity resembled the growth of ovarian cancer in humans; the 
death that arose from disease complications was also consistent 
with human disease (28). Previously, we successfully applied 
surgery and PDT on tumor-bearing Fischer 344 rats using an 
alternative photosensitizer (hematoporphyrin monomethyl 
ether) to prolong the median follow-up time (29). In the present 
study, the immune system of Fischer 344 rats was efficient, and 
only four rats died after surgery and/or PDT treatment. In addi-
tion, the peritoneal cavity of Fischer 344 rats is large enough. It 
also allowed the more convenient collection of blood samples 
and delivery of laser light to the abdominal cavity. Therefore, 
we believe that Fischer 344 rats are particularly well suited for 
PDT experiments.

In conclusion, although there was no statistically signifi-
cant difference between the survival time of the HB-DMSO 
and HB-PBCA-NP groups, PBCA-NP remains a promising 
drug delivery system for ovarian cancer PDT. PBCA-NP 
showed potential advantages for controlled drug release and 
tumor targeting, which might contribute to the efficacy of 
HB-based PDT. PDT combined with surgery could prolong 
animal survival time, which might result in a novel choice for 
the treatment of ovarian cancer.
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