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Abstract: In order to avoid the problems of long exposure time and high incidence of photosensitivity by intravenous
injection of photosensitizer, our study explore the safety, efficacy, and possible mechanisms of photodynamic thera-
py (PDT) by intrathoracic administration of hematoporphyrin injection in the treatment of disseminated pleural ma-
lignancies of Lewis lung carcinoma in mice to provide a theoretical basis for thoracic PDT in the clinic. Hematopor-
phyrin was administered into the thoracic cavity of tumor-bearing mice, and the concentrations of hematoporphyrin
in normal and tumor pleural tissues were detected by high-performance liquid chromatography. The tumor-bearing
mice were randomly divided into four groups: model control, pure laser irradiation, PDT low-dose, and PDT high-
dose groups. Hematoxylin and eosin (H&E) staining was used to observe the histological changes in normal pleural
tissue. H&E and DNA in situ nick end-labeling staining were used to detect necrosis and apoptosis in the tumor tis-
sues. The tumor volume in each group from high to low was as follows: model control group > pure laser irradiation
group > PDT low-dose group > PDT high-dose group. Inflammatory cells infiltrated the normal pleural tissue of the
PDT group. Necrosis was observed to different extents in the tumor tissues of the PDT group. The apoptosis index
of each group from high to low was as follows: PDT high-dose group > PDT low-dose group > pure laser irradiation
group > model control group. The differences were statistically significant (P<0.05). Hematoporphyrin selectively ac-
cumulated in tumor pleural tissues. PDT with intrathoracic administration of hematoporphyrin injection could inhibit
the thoracic implant tumors in mice by inducing necrosis and apoptosis.
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Introduction lung cancer cannot undergo surgery because

of advanced age, severely impaired lung func-

According to statistics, pleural spread of non-
small cell lung carcinoma (NSCLC) occurs in
10-50% of patients during the course of lung
cancer, and the median survival of patients
with pleural spread of NSCLC is usually 6-9
months [1]. Currently, the treatment methods
for lung cancer include surgery, chemotherapy,
radiotherapy, molecular targeted therapy, and
immunotherapy, along with several other op-
tions [2]. Surgical treatment is the first choice
for patients with early-stage lung cancer [3].
However, more than 20% of patients with early

tion, and other complications [4]. It is usually
difficult to operate in patients with advanced
lung cancer due to uncontrolled invasion and
metastasis.

As a minimally invasive treatment method, pho-
todynamic therapy (PDT) has been increasingly
used against malignant tumors. The basic prin-
ciple of PDT is that when the photosensitizer
selectively accumulates in the diseased tissue,
the tissue is irradiated with a light source of
a specific wavelength, and the photochemical
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reaction occurs, destroying tumor cells [5, 6].
PDT has been used to treat various cancers,
including lung, head and neck, brain, pancreas,
abdominal cavity, breast, prostate, skin, and
liver cancers [7-9]. Based on previous studies,
PDT is feasible and effective in the treatment
of diffuse malignant tumors in the thoracic or
peritoneal cavity, bladder, and brain [10-15].

In the 1970s, hematoporphyrin derivatives as
photosensitizers were successfully applied to
the treatment of bladder cancer, which created
a precedent for PDT to treat tumors [16]. The
photosensitizers discovered so far that can be
used for photodynamic therapy can be roughly
divided into three generations according to the
chronological order of appearance. The photo-
sensitizers used for lung cancer treatment
mainly include hematoporphyrin, Photofrin, and
NPe6. However, only the first generation of
hematoporphyrin is available in domestic mar-
kets; therefore, we chose hematoporphyrin as
the photosensitizer in this experiment. When
these drugs available, we will also choose other
photosensitizers in the future.

Common complications of PDT mediated by
hemoporphyrin injection in the treatment of
respiratory tumors include photosensitive re-
action, cough, dyspnea, fever, and hemoptysis,
among which the incidence of photosensitive
reaction is the highest, ranging from 5% to
28% [17-19]. Therefore, patients need to be
protected from light for a long time after PDT,
which brings a lot of inconvenience to daily life
[20, 21]. Studies have shown that photosensi-
tizers can enter the body through intravenous,
intraperitoneal, and percutaneous local injec-
tions and are eventually absorbed by tumor
cells [22]. Our study aimed to explore the appli-
cation of thoracic photodynamics in pleurally
disseminated disease and malignant pleural
effusion. To avoid the problems of long expo-
sure time and high incidence of photosensitivi-
ty by intravenous injection of photosensitizers,
we used intrathoracic administration of hema-
toporphyrin injection and explored the efficacy
and possible mechanisms of this PDT approa-
ch in the treatment of diffuse NSCLC.

Materials and methods
The animal experimental procedure was app-

roved by the Model Animal Research Center of
Tianjin Medical University General Hospital and
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was conducted in accordance with the Insti-
tutional Animal Care and User guidelines.

Animals

C57BL/6 male mice (6-8 weeks old, weight of
20-22 g) were purchased from SPF Biotech-
nology Company (Beijing, China). The animals
were kept at a constant temperature (22-25°C)
and humidity (30-45%) in the room.

Reagents and instruments

Hematoporphyrin  (Xiporfin) was purchased
from Chongging Milelonge Biopharmaceutical
Company (China). The DNA in situ nick end-
labeling (TUNEL) kit was purchased from Roche
(Basel, Switzerland). The photodynamic thera-
py instrument was manufactured by the Gui-
lin Xingda Optoelectronic Medical Equipment
Company (China). The output wavelength was
630 nm. The mode of operation was continu-
ous and adjustable from O to 780 mW.

Cell culture

The Lewis lung carcinoma cell line (LLC) was
purchased from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The
recovered mouse Lewis lung cancer cells were
cultured in a high-glucose DMEM medium with
10% (v/v) fetal calf serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin. The cells were
then cultured in an incubator at 37°C and 5%
CO,. The cell concentration was adjusted to
2.5%10° cells/50 pl cell suspension using PBS.

Thoracic implant tumor models

Based on our previous research, the mice were
injected with 5x10° cells/100 pL cell suspen-
sion percutaneously into the right lateral thorax
at the dorsal axillary line approximately one
centimeter above the caudal edge of the rib-
cage, with a depth of approximately 5 mm.
During our repeated exploration and operation,
the absence of bubbles through the negative
pressure back syringe indicated successful
injection of the cell suspension into the tho-
racic cavity. The respiration of the mice was
monitored during injection. Eight days after the
inoculation of LLC cells, the animals were visu-
alized using the Inliview-3000B animal po-
sitron emission tomography-computed tomog-
raphy (PET-CT) device to observe the tumors in
the thoracic cavity.
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Figure 1. PET image of tumor model in mice showed that there were multiple radioactive concentrated shadows in
the thoracic cavity of mice (A). CT image of tumor model in mice showed that there were multiple space-occupying
lesions in the thoracic cavity of mice, and the boundary with hilum of lung was not clear (B). Representative tumor
burden 8 days after inoculation with LLC cells. Black arrows indicate millimeter-sized nodules exposed on the sur-

face of the pleura after lung and heart resection (C).

Figure 2. The process of PDT.

Determination of hematoporphyrin concentra-
tion injected into the thoracic cavity

Hematoporphyrin at a dose of 10 mg/kg was
slowly injected into the thoracic cavity. The
mice were dissected after 4 h of injection, and
hematoporphyrin concentrations in normal and
tumor pleural tissues were determined by high-
performance liquid chromatography (HPLC).
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Photodynamic therapy

The model was considered to
be successfully established
when the PET-CT images
showed multiple radioactive
concentrating shadows in the
thoracic cavity (Figure 1). After
9 days of cell inoculation, 24
tumor-burdened mice were
randomly divided into four
groups: the control group (no
photosensitizer, no laser irra-
diation), the pure laser irradia-
tion group (with laser irradia-
tion but without photosen-
sitizer), the PDT low-dose
group (laser irradiation after
photosensitizer at a dose of 5
mg/kg), and the PDT high-dose
group (laser irradiation after
photosensitizer at a dose of 10
mg/kg was administered). The same as tumor
modeling, hematoporphyrin was injected into
the right thoracic cavity of mice. After protec-
tion from light for 4 h, illumination of the tho-
racic cavity was accomplished using a cylindri-
cal diffusing fiber (active length: 1 cm; diameter:
200 pm) (Figure 2). lllumination was performed
using a 630 nm diode laser for 10 min at a
power of 700 mW.
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Figure 3. Determination of hematoporphyrin concen-
tration in normal pleural tissue and tumor pleural tis-
sue. The mean concentrations of hematoporphyrin in
normal pleural tissue and tumor pleural tissue were
3.965 ug/mg and 7.854 ug/mg by HPLC 4 h after
injection of hematoporphyrin injection into the tho-
racic cavity. The concentration of hematoporphyrin
in tumor pleura tissue was significantly higher than
that in normal pleura tissue, and the difference was
statistically significant ("""P<0.001).

Evaluation of the effect of PDT

After 48 h of PDT, PET-CT was performed again
to evaluate the efficacy. The comparison of
PET-CT images and assessment of tumor spa-
tial distribution were performed by professional
radiologists. Thereafter, the mice were sacri-
ficed by cervical dislocation. The thoracic cavity
of mice was opened to further observe the
spatial distribution of tumors. Digital photo-
graphs were used to record the spatial dis-
tribution of tumors. Tumors on the pleural sur-
face, pulmonary hilar and mediastinal lymph
nodes, and other tumor nodules visible to the
naked eye were completely extracted. The
length and short diameter of the tumors were
measured with a vernier caliper, and the vol-
ume of single tumor tissue was calculated
using the formula V=1/2xAB2 (mm?3) (a: long
diameter; b: short diameter). The total volume
of the tumor was equal to the sum of the single
tumor volumes. The counting process was per-
formed independently by two investigators
(Xue and Han), and differences were resolv-
ed through consensus to obtain the final
number.
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H&E staining

The retained tissue samples were fixed in a
4% (w/v) paraformaldehyde solution for 24 h.
Water was gradually removed from the tissue
using. The paraffin in the sections was removed
with xylene and then rehydrated with high and
low concentrations of ethanol. The histological
changes in tissues were observed under an
optical microscope.

TUNEL cell apoptosis detection

Water was removed from the paraffin slices
with xylene and ethanol. The samples were in-
cubated with proteinase K at 37°C for 30 min,
and 50 pl of TUNEL reaction solution was added
to the tissue. Then, DAPI dye solution was
added to the circle. Finally, the slices were
observed under an inverted fluorescence
microscope. The number of normal tumor cells
and apoptotic tumor cells were counted using
ImageJ software. The apoptosis index was cal-
culated according to the following formula:
apoptosis index = number of apoptotic tumor
cells/(number of apoptotic tumor cells + num-
ber of normal tumor cells).

Statistical analysis

SPSS23.0 software was used for statistical
analyses. All experimental data were express-
ed as the mean + standard deviation (xxs). The
overall data of multiple groups were compar-
ed using single-factor analysis of variance
(ANOVA). The pairwise comparison between
groups was analyzed by LSD-t-test. All P values
were two-tailed, and P values <0.05 were con-
sidered statistically significant.

Results

Determination of hematoporphyrin concentra-
tions

The average hematoporphyrin concentrations
in normal and tumor pleural tissues were
3.965 and 7.854 ug/mg, respectively (Figure
3). The concentration of hematoporphyrin in
tumor pleural tissues was significantly higher
than that in normal pleura tissues, and the
difference was statistically significant (P<
0.05).
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Figure 4. Comparison of PET-CT images before and after treatment in model
control mice. By comparing the PET-CT images before and after treatment
in the model control group, it can be seen that the volume of the tumor in
the thoracic cavity was larger than before, and the area of the lung field was

smaller than before.

Figure 5. Comparison of PET-CT images before and after treatment in the
PDT low-dose group. By comparing the PET-CT images before and after
treatment in the PDT low-dose group, it can be seen that the volume of the
tumor in the lung hilum reduced than before, and the area of the lung field
increased than before.

In situ PDT could inhibit tumor growth

Eight days after the inoculation, the PET-CT
images showed that there were multiple radio-
active concentrated shadows in the thoracic
cavity of mice, which were round or oval in size,
and it could be concluded that the tumors were
widely distributed on the right, tail, and ventral
sides of the mice, and disseminated intratho-
racic masses with a serosanguinous pleural
effusion on both sides (Figure 1). For the mice
with successfully established thoracic implant
tumor models, the metastasis rate visible to
the naked eye after dissection was 100%. By
comparing the PET-CT images before and after
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treatment in each group, the
tumor load of the PDT group
was found to be significantly
lower than those of the model
control and pure laser irradia-
tion groups. The PET-CT imag-
es of the model control group
before and after treatment are
shown in Figure 4. The PET-CT
images of the low-dose PDT
group before and after treat-
ment are shown in Figure 5.
The tumor volumes in the
model control, pure laser ir-
radiation, PDT low-dose, and
PDT high-dose groups we-
re 64.22+6.83, 61.75+13.26,
47.72+4.47, and 45.47+3.21
mm3, respectively. The differ-
ences in tumor volumes bet-
ween the groups were stati-
stically significant (P<0.05).

H&E staining results of normal
pleural tissue

The H&E staining images of
normal pleural tissues in each
group are shown in Figure 6.
Compared with the model con-
trol and pure laser irradiation
groups, fractured fibrous tis-
sue and a small amount of in-
flammatory cell infiltration we-
re observed in the low-dose
PDT group. Congested bleed-
ing blood vessels and a large
number of infiltrated inflamma-
tory cells were observed in the
high-dose PDT group.

The H&E staining results of tumor tissues

There were a large number of LLC cells in all
four groups, which were closely arranged, with
large H&E staining areas of tumor pleural tis-
sue showing hyperchromatic nuclei and many
nuclear fission images (Figure 7). The nuclei of
the tumor cells were blue, the cytoplasms were
red, and the interstitial staining was pink.
Almost no necrotic tumor cells were observed
in the model control group and the pure laser
irradiation group. Punctate necrosis of tumor
cells was observed in the low-dose PDT group.
In the high-dose PDT group, the tumor cells
were loosely arranged, the blood vessels were

Am J Cancer Res 2022;12(4):1502-1510
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Figure 6. Histology of normal pleural tissues in each group under a
microscope (x200). The nucleus was blue, and the cytoplasm was
red. Compared with the model control group and pure laser irradia-
tion group, the PDT low-dose group showed fractured fibrous tissue, a
small amount of inflammatory cell infiltrated. The high-dose PDT group
showed congested, bleeding blood vessels, and a large number of in-
flammatory cell infiltrated. A. Model control group. B. Pure laser irradia-
tion group. C. PDT low dose group. D. PDT high dose group. Scalar bars:
50 um.

Figure 7. Histology of tumor tissues
in each group under a microscope
(x200). The nucleus was blue, the cy-
toplasm and interstitial staining was
pink. There were a large number of
tumors cells in the four groups, which
were closely arranged, with large
deeply stained nucleus and mitotic
figures, suggesting that the thoracic
implant tumor model was successfully
established. There were almost no ne-
crotic tumor cells in the model control
group and pure laser irradiation group.
There was punctate necrosis of tumor
cells in the PDT low-dose group, and
there was focal necrosis of tumor cells
in the PDT high-dose group. A. Model
control group. B. Pure laser irradiation
group. C. PDT low dose group. D. PDT
high dose group. Scalar bars: 50 um.

dilated and hyperemic, the nucle-
us was pyknotic, and focal necro-
sis of tumor cells was observed.

TUNEL apoptosis detection of
tumor tissues

The TUNEL staining results of
tumor tissues in each group are
shown in Figure 8, where normal
tumor nuclei are indicated by blue
color, and apoptotic cells are indi-
cated by green fluorescent stain-
ing. Apoptotic cells were scattered
among the tumor cells. The apop-
tosis index of the model control
group, pure laser irradiation gr-
oup, PDT low-dose group, and PDT
high-dose group were 6.33%z*
1.62, 9.25%+0.87, 26.68%+1.40,
and 29.57%+2.73, respectively.
The apoptosis index of the PDT
group was significantly higher th-
an those of the model control and
pure laser irradiation groups, and
the difference was statistically sig-
nificant (Figure 9).

Discussion

To better represent the impact
of the intrathoracic microenviron-
ment on lung tumors, we perfor-
med intrathoracic inoculation of
LLC cells to construct a thoracic
implant tumor model. Based on
the literature we have previously
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Figure 8. TUNEL apoptosis detection of tumor cells in each group (x400).
Normal tumor cells were blue, and apoptotic cells were green fluorescent
cells. Apoptotic cells were found in the tumor tissue in each group. The
apoptotic cells were scattered among tumor cells. The number of apoptotic
cells in the PDT group was significantly more than that of model control
group and pure laser irradiation group. The number of apoptotic cells in
the PDT high-dose group was more than that in the PDT low-dose group. A.
Model control group. B. Pure laser irradiation group. C. PDT low-dose group.
D. PDT high-dose group. Scalar bars: 25 um.
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Figure 9. The apoptosis index of tumor cells in each group. The apoptosis
index of the PDT group was significantly higher than those of the model con-
trol and pure laser irradiation groups, and the difference was statistically
significant (""P<0.001, ""P<0.01).

reviewed, it is easier to operate in the right tho-
racic cavity. Therefore, we decided to inoculate
tumor cells and photosensitizers in the right
thoracic cavity. Ten percent of the mice died
when they were injected with tumor cells or
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photosensitizers. The death of
mice usually occurred within
the five minutes following the
operation, which may be relat-
ed to the puncture of large
blood vessels or the heart or
caused by pneumothorax or
hemothorax.

When PDT is used to treat
tumors clinically, intravenous
administration is preferred.
This method is easy to oper-
ate, but it produces systemic
skin photosensitivity, and pa-
tients need to be protected
from light for a long time after
treatment. Thus, we locally
administered the photosensi-
tizer in the thoracic cavity to
shorten the time between
administration and laser irra-
diation. Our experimental re-
sults showed that hematopor-
phyrin accumulated specifical-
ly in the tumor tissue after
topical administration.

Previous studies have shown
that PDT can inhibit the grow-
th of Lewis lung carcinoma tis-
sue in mice [23]. By comparing
the volume of tumors in
groups, we concluded that
PDT could inhibit tumor tissue
growth and that the pure laser
irradiation group had no obvi-
ous inhibitory effect on tumor
tissue. There was punctate
and focal necrosis of tumor
cells in the PDT group, sug-
gesting that PDT could cause
tumor cell necrosis. TUNEL
staining showed that PDT
could induce apoptosis of
tumor cells. As the concentra-
tion of the photosensitizer
increased, the degree of apop-
tosis induced by PDT increas-
ed.

There are three main mechanisms of tumor cell
death mediated by PDT in vivo: (1) The oxidative
stress generated by PDT can directly cause
tumor cell death; (2) PDT can damage the vas-
cular system associated with the tumor, leading

Am J Cancer Res 2022;12(4):1502-1510
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to ischemia of the tumor tissue; and (3) PDT
can activate acute inflammatory response and
induce host defense immune response, there-
by Killing tumor cells [24]. Determination of
the optimal conditions for PDT requires joint
research in multiple disciplines such as phys-
ics, biology, chemistry, pharmacology, medi-
cine, and other disciplines [25]. PDT can direct-
ly cause cell death through three pathways:
apoptosis, necrosis, and autophagy. Apoptosis
is a process in which chromatin condenses,
DNA lyses into nucleosomes, cell atrophies,
membrane blisters, and apoptotic bodies form.
PDT can also induce non-apoptotic cell death
by inducing autophagy [26].

In conclusion, this study explored the efficacy
of intracavitary PDT on tumors in situ and its
mechanism by establishing thoracic implant
tumor models. The results showed that hema-
toporphyrin selectively accumulated in the
pleural tumor tissue after local injection and
that PDT via intrathoracic injection of photo-
sensitizer can inhibit the growth of thoracic
implant tumors in mice. Furthermore, the me-
chanism of tumor cell death may involve necro-
sis and apoptosis. The specific signal transduc-
tion pathways involved in the process require
further investigation. A limitation of this study
was that only a single light dose was adopted,
so it was not possible to explore the effects
of different light doses on tumor inhibition.
Moreover, the duration of irradiation and the
time interval between the administration of the
photosensitizer and the irradiation, as well as
the saturation point of the photosensitizer
dose, may also affect the efficacy. PDT can also
Kill tumor cells by destroying the blood supply
of tumors and generating immune responses.
Due to the limited number of tumor speci-
mens obtained in this experiment, further
experiments are required to conduct in-depth
investigations.
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