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INTRODUCTION

Conventional photodynamic therapy (PDT) is 

primarily based on the differentiation of concen-

trations of photosensitizers between normal and 

tumor tissues using systemic administration of 

clinical therapy in patients with lung cancer1-4). 

With this therapy, the use of large pharmaceu-

tical doses is necessary in order to achieve fl ow 

throughout the entire body to reach adequate 

concentrations in the tumor. This results in the 

possibility for insuffi cient effects and strong ad-

verse drug actions. Pheophorbide a (Pba) is one 

of the most favorable candidates for use as a 

photosensitizer in PDT because it can easily be 

prepared and purifi ed from chlorophyll a and 

has a high extinction coeffi cient in the red re-
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gion. Pba has a high affi nity for lymph ducts, 

and its absorption coeffi cient is larger than that 

of other photosensitizers5-12). On the other hand, 

the lungs are characterized by the fact that pul-

monary lymph ducts are concentrated in the 

pulmonary hilum, separate from the pulmonary 

veins.

Taking into consideration these two points, 

we designed a new PDT for use during surgery 

for lung cancer (Fig. 1). During surgery for 

lung cancer, the pulmonary veins are fi rst sepa-

rated so that the tumor cells are not scattered 

throughout the entire body (Fig. 1B). This al-

lows the drug dosage in the body to be signifi -

cantly reduced (Fig. 1C). In addition, the level of 

the drug in the body decreases, except for that 

in the lymph nodes, because the pulmonary lobe 

in which the drug is administered is removed. 

After lobectomy, a laser is used to irradiate the 

lymph nodes (Fig. 1D). As a fi rst step, we evalu-

ated how Pba accumulates in metastatic lymph 

nodes in a rat model and whether administering 

PDT for metastatic lymph nodes is possible.

MATERIALS AND METHODS

Photosensitizer

Structurally, Pba (CAS 15564-29-6) is derived 

from chlorophyll a following the removal of phy-

tol and magnesium by the actions of chlorophyl-

lase or acid (Fig. 2). The crude pigments were 

purifi ed by reversed-phase HPLC, and were 

fi nally converted to sodium salt to be soluble di-

rectly in water13).

Tumor cells

RERF-LC-AI human lung squamous cell car-

cinoma cells were cultured in minimum essential 

medium containing 10% fetal bovine serum. The 

cells were grown as a monolayer at 37˚C in a 5% 

CO2 atmosphere in a humidifi ed incubator. For 

implantation, the tumor cells were adjusted to a 

concentration of 1×106 viable cells per 0.5 ml of 

the same medium.

Animals and tumor model

Male nude rats (F344/rnu-rnu) were obtained 

at four weeks of age from Clea Japan and ac-

Fig. 1.   New PDT during surgery for lung can-
cer. 1A: Schema of lung cancer in the 
right upper lobe. 1B: The pulmonary 
veins are fi rst separated so that the tu-
mor cells are not scattered throughout 
the entire body. 1C: The photosensitizer 
is injected around the tumor. The pho-
tosensitizer does not fl ow into the veins. 
1D: The laser irradiates the lymph nodes 
after lobectomy. H: pulmonary hilum.

Fig. 2.  The structural formula of Pba.
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climated for one week before undergoing cell 

implantation. Five-week-old rats weighing 80-

130 g were subjected to 500 rad of whole-body 

X-irradiation. Six hours later, the tumor cells 

were subcutaneously injected into the foot pads 

of the rats. The present model was newly estab-

lished for this study, and the details have already 

been reported in the Japanese Journal of Lung 

Cancer14). The tumor cells were subcutaneously 

injected into the foot pads of the nude rats af-

ter X-irradiation. Two months later, metastasis 

to the popliteal lymph nodes occurred at a high 

rate. All animal experiments were approved by 

the University of Yamanashi Animal Care and 

Use Committee.

Measurement of the Pba concentrations in the pop-

liteal lymph nodes

Under shading, 3 mg/kg of Pba was injected 

around the tumors in the foot pads two months 

after cell implantation. The dosage of Pba used 

was based on that reported by Fujishima15). The 

Pba concentrations in the popliteal lymph nodes 

were examined after 20 min, 40 min, 80 min, 

three hours and six hours. At these times, the 

lymph nodes were obtained, frozen promptly in 

liquid nitrogen and stored in a deep freezer at 

–80˚C. They were then placed in 1 ml of 99% 

methanol and crushed with a glass homogenizer. 

A further 4 ml of methanol was then added, and 

the samples were sonicated for 30 sec and left to 

stand for 2 hr at 0˚C to extract the Pba. After 

centrifugation at 4,000 rpm for 5 min, the super-

natant was passed through a 0.22-um germ-free 

fi lter, and the absorption spectrum was meas-

ured with a spectrophotometer at an emission 

wavelength of 666 nm. The Pba concentration 

was determined from the absorption spectrum 

using the Lambert-Beer formula. 

Photodynamic therapy 

Under shading, 40 min after injection of Pba, 

the 4 popliteal lymph nodes were irradiated 

with 670-nm light from a diode laser at 180 J/

cm2 (300 mW/cm2) for 600 sec. Next, 80 min af-

ter injection, the 6 lymph nodes were irradiated 

under the same conditions. In addition, irradia-

tion with the laser beam was confi rmed by ob-

serving fl uorescence of Pba in the lymph nodes 

without wavelength of nearby 670 nm. After la-

ser irradiation, the rats were again kept under 

shading. Forty-eight hours after irradiation, the 

lymph nodes were excised, fi xed in 10% forma-

lin, stained with H&E and examined histologi-

cally to study the effects of PDT. We examined 

the lymph nodes across their largest cut surface 

and determined the relative area of necrosis (= 

area of tumor cell necrosis / (necrosis + area of 

non-necrotic tumor cells)) using an optical mi-

croscope.

Statistical analysis

The signifi cance of differences was evaluated 

using the Mann-Whitney U-test, with P values 

lower than 0.05 being considered signifi cant.

RESULTS

Tumor growth and metastasis to popliteal lymph nodes

The take-rate of the tumors in the foot pads 

was high, as confi rmed on histopathological ex-

amination of H&E-stained samples showing that 

the characteristics of the tumors did not change. 

The tumors grew gradually after a latent period 

of approximately one week. Two months after 

cell implantation, the largest of the popliteal 

lymph nodes measured 6 mm in diameter and 

the smallest lymph node measured 3 mm in di-

ameter. Samples of the popliteal lymph nodes 

were easily obtainable by naked eye observa-

tion. Metastasis to the popliteal lymph nodes 
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occurred at a high rate, and a histopathological 

study showed invasion of the tumor cells into the 

cortex and medulla occupying over one half of 

the node (Fig. 3). 

Pba concentrations in the popliteal lymph nodes

The popliteal lymph nodes were observed to 

be dyed 5 min after local injection of Na-Pba 

around the tumors, and accumulation of Pba was 

confi rmed with the naked eye (Fig. 4). The ab-

sorption spectrum of the popliteal lymph nodes 

after local injection of Pba exhibited the same 

two major peaks as that of Pba. The retention-

time course curve for the lymph nodes is shown 

in Fig. 5. The concentrations of Pba in the pop-

liteal nodes became maximal within 40 min of 

local application, reaching 209±128 pmol/mg 

(n=6), and maintained approximately the same 

values until six hours.

Histological appearance of the lymph node metastases 

after PDT

Widespread tumor cell necrosis was histo-

logically evident in the specimens sampled 48 hr 

after PDT (Fig. 6). Some specimens showed 

complete cell necrosis with a total loss of tumor 

cells. The relative proportion of the necrotic 

areas resulting from PDT 40 min after local in-

jection of Pba was 56.7±19.9% (n=4). Because 

allowing time for the drug to be incorporated 

into the cells might be necessary, we examined 

the specimens 80 min after local injection. The 

relative proportion of the necrotic areas result-

ing from PDT 80 min after local injection was 

91.3±8.1% (n=6) (Fig. 7). The most marked 

damage in the tumor cells caused by PDT was 

evident at 80 min.

DISCUSSION

The ideal photosensitizer for use in PDT is 

one that accumulates specifi cally in tumor cells 

and exhibits high cytotoxicity. Pba has a Soret 

band of approximately 400 nm and a Q absorp-

tion band in the visible light range. The Q ab-

sorption band is approximately 667 nm, which 

is longer than that of Photofrin. Furthermore, 

the absorbance coeffi cient of Pba is very large. A 

Fig. 3.   Macrograph of metastatic popliteal lymph nodes. A light 
micrograph (H&E, × 200) showing lymph node me-
tastases.
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long-wavelength laser can penetrate tissue easily, 

thus allowing for PDT in deeply seated tumor 

cells. A high concentration of Pba has been re-

ported by our group to accumulate in human 

lung squamous cell carcinoma RERF-LC-AI cells 

after local injection of Pba, which allows suffi -

ciently effective use of PDT in vitro16-18). On the 

other hand, Pba is known to be very fat-soluble, 

showing marked affi nity for lymph ducts. There-

fore, we considered that Pba would accumulate 

easily in the lymph node metastases after local 

injection of Pba around the tumors. We herein 

reported the histological effectiveness of PDT 

for treatment of lymph node metastases in a 

nude rat model.

It has been reported that the maximum con-

centration of Pba in tumor cells is 10.2±2.8 

pmol/mg after intravenous injection at a dose 

of 20 mg/kg10). In comparison, the Pba concen-

trations in the popliteal lymph node metastases 

Fig. 4.   a: Dyeing of the popliteal lymph nodes (fi ve minutes after 
local injection of Pba). The popliteal lymph nodes were 
dyed fi ve minutes after local injection of Pba around the 
tumors, and accumulation of Pba was confi rmed with 
the naked eye. b: Fluorescence fi ndings of the popliteal 
lymph nodes using laser irradiation (shading light of 
670-nm wavelength). Fluorescence of Pba was observed 
in the lymph nodes.
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after local injection were over 100 times greater. 

In the present model, Pba showed marked ac-

cumulation in the target lymph nodes. In terms 

of damage to tumor tissue, it has been reported 

that the local curative effects of PDT are strong-

er than those of chemotherapy. In addition, 

PDT with Photofrin for brain glioma reportedly 

produces complete necrosis of 11.8±6.5% and 

focal necrosis of 59.4±3.7% of the tumor cell 

area19). The corresponding rate of complete 

Fig. 5.   The Pba concentrations in the popliteal lymph nodes after local 
injection of Pba. Each point indicates the mean ± SEM of fi ve to 
seven animals. The concentrations of Pba in the popliteal lymph 
nodes reached a peak 40 min after local application and main-
tained approximately the same levels until six hours.

Fig. 6.   Light microscopic fi ndings of the popliteal lymph nodes 
following PDT (H&E, × 10). Histological fi ndings of the 
popliteal lymph nodes following PDT (H.E., × 200). 
The tumors were sampled 48 hr after a 180 J/cm2 PDT 
session with a 670 nm laser with 3 mg/kg of Pba. There 
was evidence of complete cell necrosis with an entire loss 
of the usual arrangement of the tumor cells.
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necrosis in the present experimental trial of 

PDT was 91.3±8.1%, with little focal necrosis. 

Although the 2 experiments are not directly 

comparable because of differences in the target 

cells used, PDT with Pba induced stronger dam-

age in the tumor tissue. Therefore, Pba appears 

to show promise as a new photosensitizer since it 

has few side effects and a high cytotoxity. 

For patients with early lung cancer without dis-

tant metastasis, direct cancer extension to other 

organs or mediastinal lymph node metastasis, 

surgery is the fi rst-choice treatment. The cur-

rent normal surgical method is lobectomy and 

systematic hilar and mediastinal lymph node dis-

section. If a photosensitizer could be initially in-

jected around the primary lung tumor followed 

by PDT after lobectomy and systematic lymph 

node dissection (or after lobectomy alone), then 

administering adjuvant therapy for metastases 

in lymph nodes and lymph ducts, which can-

not be resected completely with surgery, would 

become possible. As for the effects of adjuvant 

PDT, it has been reported that rats subjected to 

PDT after resection of implanted breast cancer 

tumors show better outcomes than rats subject-

ed to resection alone20). Therefore, it is expected 

that the use of PDT with Pba along with surgery 

will improve the long-term prognoses of patients 

with lung cancer.

In conclusion, Pba accumulates abundantly in 

metastatic lymph nodes following local adminis-

tration around primary tumors, and administer-

ing PDT to treat these tumors is thus considered 

to be possible and effective in a rat model.
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