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Progress of photodynamic therapy applications in the
treatment of musculoskeletal sarcoma (Review)
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Abstract. Photodynamic therapy (PDT) has clinical approval
for use as a minimally invasive therapeutic procedure that is
able to exert selective cytotoxic activity toward pathological
cells, particularly malignant cells. Following a number of
recent technological improvements, PDT has been widely
applied to the diagnosis and treatment of malignancies,
including lung, esophageal, gastrointestinal, bladder, prostate,
head and neck, oral and skin cancer. Studies have shown that
osteosarcoma is a malignant tumor afflicting young adults
worldwide, and recently, the incidence of bone and soft-tissue
malignant tumors has been shown to be increasing, so the use
of PDT has become an area of focus for the diagnosis and
treatment of musculoskeletal sarcoma.
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1. History and fundamentals of PDT

Photodynamic therapy (PDT), which is based on the
dye-sensitized photooxidation of biological matter in the target
tissue (1), has clinical approval for use as a minimally invasive
therapeutic procedure that is able to exert selective cytotoxic
activity toward pathological cells, particularly malignant cells.
PDT has the potential to fulfill a number of currently unmet
medical requirements. As a consequence, PDT has received
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increasing levels of attention since regulatory approval was
granted to several photosensitizing drugs (2).

History. A medical student named Raab unintentionally
discovered that paramecia incubated in a fluorescent dye
were destroyed once light was introduced (3). Raab's profes-
sors, Jesionek and von Tappeiner, further analyzed this novel
light-based therapy, resulting in the discovery of PDT. The
photodynamic effect was then widely studied in cells, animals
and the clinic. Despite this early success, this novel therapy
did not reach a wide audience and was lost for nearly 50 years.
Dougherty (4) accidentally rediscovered PDT and brought this
novel therapy to the attention of a worldwide audience in the
late 1970s and early 1980s. Based on the previous research,
Dougherty developed commercially suitable photosensitizers
(PSs) and reliable light sources, and performed appropriate
clinical trials to demonstrate the value of PDT to the onco-
logical community. Although a number of other important
individuals contributed to the development of PDT, Dougherty
is referred to as ‘the Father of PDT’ for making an outstanding
contribution in bringing the therapy to light globally. Good
results have subsequently been yielded from PDT, mainly
in early-stage epithelial cancers, including lung (5), esopha-
geal (6), gastrointestinal (7), bladder (8), prostate (9), head and
neck (10), oral (11) and skin (12) cancer.

Fundamentals of PDT. The fundamentals of PDT are based
on an old concept that inert material can be transformed
to active material following irradiation with light. The
components of PDT must be analyzed and defined in order
to achieve an improved understanding of the mechanism of
PDT. Fundamentally, a PS is introduced and activated by light,
which, in the presence of oxygen, may create a photodynamic
reaction (PDR) (13).

The first step in PDT is the delivery of the PS to the target
tissue. Throughout the delivery process, the photophysical,
photochemical and biological characteristics of PSs should be
maintained. The ideal result is for the PS to accumulate only in
the target tissue. Previous studies have shown that a number of
factors contribute to this. For example, Matsubara (14) found
that acridine orange (AO) used in PDT accumulates in malig-
nant musculoskeletal tumors depending on the pH gradient.
The second step in PDT is to bring PS-activating light to the
target tissue. It has been shown that for successful activation
of each PS, a unique wavelength of light and intensity of light
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fluence is required (13). A PDR may then occur upon exposure
of the specific PS to light of the appropriate wavelength and
intensity, ideally allowing for tumor damage without undue
destruction of normal tissues (15).

When bathed in light, the PS changes to an extremely
unstable state and also transfers energy to form molecular
oxygen. A significant and complex cascade of events then
occurs, resulting in local, regional and systemic alterations and
tumor and immune responses. Tumor destruction from PDT
can occur by cellular effects, vascular effects or both. Cellular
lethality may be caused by an imbalance in the mitochondria,
lysosomes, plasma, hydrolytic enzymes, certain cytokines
and calcium, or even by DNA damage. As a result, the tumor
cells are eliminated through the programmed (apoptotic)
and non-programmed (necrosis) cell death pathways (16,17).
Generally, studies have shown that the type of cell death is
dependent on light intensity, with rapid death by necrosis using
a high light intensity, and PDT initiating apoptotic death under
low light doses (18-20). Similar to results found in tumors,
studies have also shown that the PS in the vasculature may
also create a PDR when activated by the appropriate light
parameters (21,22). Gross edema and erythema are always
the first signs of a PDT response, particularly where skin is
involved in the treatment field (23). Eventual vessel occlusion
also appears to be a general phenomenon accompanying PDT.
Overall, vessel occlusion leads to lethality of the tumor by a
rapid loss of blood supply and vascular cell lysis.

Additionally, pre-clinical and clinical studies have shown
that PDT treatment of a tumor can enhance systemic anti-tumor
immunity and surveillance (24).

2. Factors that play significant roles in PDT

PSs. PSs plays a significant role in PDT, as the agents are
natural or synthetic structures that transfer light energy (25).
While a large number of PSs have been tested in vivo and
in vitro in PDT experiments, to date, there have been few that
have shown ideal properties (26). Since the identification of
the first PS and its use in the clinic, novel PSs have regularly
been identified and reported. Although clinicians and chemists
hold different views on which is the ideal PS (25), they are
in agreement on the characteristics that an optimal PS should
possess, for clinical PDT at least.

Firstly, the PS should be commercially available to a
worldwide audience, so that all suitable cancer patients can
benefit from PDT and undergo this therapy. Secondly, the
drug should have chemical purity and be easily shipped and
transported in a stable state. It has been shown that the PS
requires hydrophilicity to travel safely and lipophilicity to
bind appropriately to the target; this combination is termed
amphilicity (27). Thirdly, the ideal PS should also have the
characteristics of chemical and physical stability, good
selectivity towards target cells, low dark toxicity, but strong
photocytotoxicity, activation at a long wavelength and rapid
removal from the body. A previous study showed that agents
accumulated not only in cancer cells, but also in normal cells,
and that light irradiation of normal cells would result in their
death (28). Fourthly, reliable and pain free activation of the PS
are of significant clinical benefit, as few patients are willing
to repeat a painful experience even if it is beneficial to their
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health. As DNA damage is less in PDT-treated cells compared
with those irradiated by other means, it is a great benefit that
PDT does not appear to be carcinogenic when compared with
chemotherapy or radiation therapy. So, fifthly, the PS should
allow the PDT to be integrative and complimentary to other
oncological interventions, including surgery, chemotherapy
and radiation therapy, rather than preventing these treatments
and therefore becoming viewed as competitive in nature (27).
Recently, more PSs have been discovered and attempts have
been made to classify them. Although PSs can be categorized
in various ways, all methods have their limitations. Certain
scholars have tried to separate the PSs based on when they were
generated. Traditionally, porphyrin-based and included hema-
toporphyrin and its derivatives or synthetics are termed first
generation PSs. The PS of this generation are usually mixtures
and have a number of drawbacks, including poor selectivity
and stability, slow clearance, a long retention time in normal
tissues and the easy induction of photoallergic reactions.
Therefore, in order to overcome these supposed deficiencies,
the second generation PSs, including 5-aminolaevulinic acid
(5-ALA) (29), AO and benzoporphyrin (30), were developed in
the late 1980s. The third generation PSs generally refer to the
modifications of the first and second generations and include
molecular conjugates, antibody conjugates, liposome conju-
gates and nanoparticles (31). At present, this generation of PSs
is in the experimental research stage. For each generation, in
order to deliver the PS exactly to the neoplasia or receptors
expressed on specific tumors, the PS requires attachment to
various molecules, such as monoclonal antibodies, antibody
fragments, peptides, proteins and various carbohydrates (32).

Light sources. The light source is also a significant factor
in PDT (33). Sunlight, having the intensity and diversity of
wavelength to activate a number of PSs, was the first light
source used in PDT. While sunlight is easy to use with low
costs, it has a number of disadvantages, including the thermal
effect, shallower tissue penetration, a low light intensity and
difficulty in controlling the dose of spatial and temporal distri-
bution (28). Generally, in order to perform PDT successfully,
it is necessary to ensure that sufficient light reaches all the
diseased tissues and to active more PSs (34).

There are numerous factors affecting the manner in which
light travels through various tissues and correctly reaches the
target molecule. It has been demonstrated that different spectral
light sources may be absorbed by different biological tissues
due to endogenous tissue chromophores, such as hemoglobin,
myoglobin and cytochromes (35). Also, different PSs have
different maximum absorption wavelength ranges. Therefore,
in order to produce a suitable cytotoxic effect, the spectral
characteristics of the light must coincide with the wavelength
range of the PS. The energy dose of the light and the exci-
tation time are also factors that should be considered (32).
Satonaka et al (36) demonstrated that flash-wave light (FWL)
strongly enhanced the cytocidal effect of PDT with AO in a
mouse osteosarcoma cell line.

Due to developments in optical physics, the majority of
these drawbacks can be overcome by carefully designed
light sources, including the xenon lamp, light emitting diode
(LED) (31), laser beam and fiber optic devices. Each method
of illumination has its own advantages and disadvantages. The
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xenon lamp can illuminate a wide tumor area in one burst
and the illuminated range can be easily changed; unfiltered
xenon light has a peak spectrum in the wavelength range of
450 to 550 nm (36). The xenon lamp is also much cheaper
than a laser (37). A laser beam, while possessing a high energy
output, can only illuminate a narrow tumor area. Additionally,
a laser beam does not have a wide wavelength spectrum. LEDs
and fiber optic devices are also used in PDT to treat clinical
disease, although they are not widely used. Through continuing
technological development, in the future, light sources should
even be available using fluorescing agents and nanoparticles.
This development will provide the advantages of minimizing
the dose of PS and light to treat non-cutaneous lesions, as the
light source will be able to interact directly with the tumor bed
and potentially be in extremely close contact with the PS that is
accumulated in the tumor. Therefore, the choice of an optimal
combination of PS, light source and treatment parameters is
crucial for successful PDT (32).

Drug light interval (DLI). The DLI is the interval time from
the introduction of the PS to the illumination by the light
source. The DLI also plays a significant role in controlling the
PDT (38). The PS begins to travel from its vascular origin to
the rest of the vasculature after it has been first introduced.
As time passes, the PS is likely to accumulate in the tumor
and blood. By early illumination, after the entrance of the PS,
the vascular effects may predominate, i.e., a rapid DIL would
favor vascular collapse. Tumor cell effects would be favored
by later illumination. Therefore, potentially, a more selective
tumor destroying effect could be provided by a prolonged
DIL (39), whereas a rapid DLI would be the ideal option for a
highly vascular tumor (40). Overall, the DLI should coincide
with the type of tumor, PS, light source and entrance method
of the PS; i.e., the DLI should be determined following careful
consideration of the combination of these factors.

3. Application of PDT in the diagnosis and treatment of
bone and soft-tissue malignant tumors

Infiltrating growth is the major pathological feature of primary
malignant tumors of the bone and soft tissue. The incidence of
these tumors is ~1% of all malignant tumors. Osteosarcoma is a
malignant tumor afflicting young adults worldwide. A previous
study reported that osteosarcoma is the most common malignant
bone tumor, affecting ~400 children and adolescents annually
in the United States (41). Recently, the incidence of bone and
soft-tissue malignant tumors has been shown to be increasing.
The tumors are highly malignant, with a high rate of metastasis,
a poor prognosis and a high fatality rate; all factors that make
treatment in the clinic difficult. The major therapeutic methods
include operative treatment, radiotherapy, chemotherapy, immu-
notherapy, gene therapy and certain other innovative therapeutic
methods, such as PDT and ultrasound radiation (42). PDT is
becoming more widely applied for the diagnosis and treatment
of malignant tumors. Recent experimental studies (43,44) have
also revealed that PDT is a novel effective approach for treating
malignancies such as osteosarcoma, Ewing's sarcoma of the soft
tissues and synovial sarcoma (SS).

Detection at an early, pre-malignant or intra-operative
stage may increase the number of therapeutic options available

1405

and improve the quality of life and chances of survival for the
patient. Various imaging methods are employed for the extra-
corporeal detection of malignant tumors in the human body,
including scintigraphy X-ray, ultrasound, magnetic resonance
imaging (MRI), computed tomography and other tomographic
techniques. With regard to the surgical margin, identification
of an apparent tumor margin is possible by clinical judgment
and interpretation of the MRI findings, however, these results
are evidently subjective. If MRI could detect a single or small
number of tumor cells, the resection of tumors with a safe or
adequate surgical margin would be easy. A number of these
methods are time consuming and subject to sampling error,
as the majority of dysplastic areas are not visibly distinct (45).
Therefore, at present, it is recommended that surgeons decide
on the surgical margins by relying on their experience and
based on MRI or other imaging methods that are currently
unable to detect single cells. Compared with the aforemen-
tioned techniques, photodynamic diagnosis (PDD) provides an
innovative, non-invasive method for the detection of a single
cell and is a safer imaging technology (31). Stiibel (46) first
recognized the potential of tissue fluorescence for diagnostic
purposes in 1911. PSs, taking AO as an example, have two
characteristics: One is the apparently selective accumulation
in tumors, and the other is the ability to emit fluorescence
when excited by specific light. These two features allow direct
visualization of AO accumulation in tumors and is termed the
fluorovisualization effect (47).

According to previous studies, surgery is the most impor-
tant and widely used method for treating malignant bone
tumors. Surgery should strive to resect the lesion thoroughly
so as to avoid recurrence, while retaining limb function,
therefore, the surgeries are contradictory. As it would be
preferable to be able to distinguish between tumor cells and
normal cells during surgery, Kusuzaki et al (48) studied this
issue and found that the fluorovisualization effect is extremely
useful for detecting tumor tissues during surgery. In the study,
32 patients with musculoskeletal sarcoma lesions were treated;
the resultant figures represented a recurrence rate of 25%,
which is an acceptable result for lesional recurrence, compared
with conventional surgery. The study indicated that residual
tumor tissues even <I mm in diameter can be detected and
excised following tumor excision with an intra-lesional or
minimal margin. Kusuzaki et al (49) also showed that local
tumor recurrence was significantly inhibited (23%) in a group
treated with curettage under fluorovisualization and AO-PDT,
compared with the control group (80%) treated with curettage
alone under ordinary light. Since PDD has the ability to make
a distinction between normal and degenerative cells, fixation
of the appropriate dose and time is an issue that requires
immediate attention. Satonaka et al (50) reported the results
of a study investigating the feasibility of PDD utilizing the
fluorovisualization effect of AO for the extracorporeal detec-
tion of mouse osteosarcoma inoculated into the soft tissues.
It was revealed that the optimal condition for clear detection
of the osteosarcoma was evaluation 2 h after the intravenous
injection of AO at 0.1 mg/kg. However, different PSs and
different types of bone and soft-tissue malignant tumors may
have varying appropriate doses and DLIs. Therefore, in order
for the best usage of PDD in bone and soft-tissue tumors,
it is necessary to consider all factors, which is consistent
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with the aforementioned principal elements. The manner in
which the PSs of PDD are transported includes using local,
intravenous and intratracheal pathways. Studies have shown
that the systemic delivery of AO via intravenous administra-
tion may be useful for the PDD of mouse osteosarcoma; this
method can homogeneously expose all tumor cells without
complications (50,51). Although at present there is no clear
and convincing evidence with regard to which pathway is the
most effective for transportation, it is an area of interest that
is worthy of further study. Overall, PDD using PSs, such as
AO, ALA (31) and methylene blue (52), may be feasible for
the detection of human musculoskeletal sarcomas, including
the use of pre-operative and intraoperative diagnosis, which
also aids in the complete excision of lesions. PDD will play
a significant role in the future clinical diagnosis of bone and
soft-tissue tumors.

With regard to treatment, as studies have shown that tumors
exhibit unusual proliferation and differentiation and abnormal
apoptosis, the enhancement of apoptosis is an important
mechanism behind numerous therapeutic modalities (53,54),
including PDT, which can usually be performed as a day-case
procedure without the requirement for general anesthesia or
strong analgesia. PDT also tends to be a more cost-effective
treatment option. There are consequently a number of innova-
tive studies on the use of PDT in the treatment of bone and
soft-tissue malignant tumors.

Prior to 1980, bone and soft-tissue malignant sarcomas
of the extremities were treated almost exclusively by ampu-
tation in order to achieve adequate margins to control the
disease (55). While amputation has significant morbidity due to
loss of function and disfigurement, wide local excision exhibits
a greater risk of local recurrence. AO (56), which specifically
binds to malignant tumors and immediately accumulates in
tumor cells (57), is a promising novel PS for treating muscu-
loskeletal sarcoma. Therefore AO-PDT has been suggested
to be an innovative therapeutic method for musculoskeletal
sarcoma patients and has been used since 1999. Limb-salvage
surgery aims to balance adequate excision margins for disease
control and the preservation of all important structures in
order to retain maximum functionality (58). Recovery of limb
function subsequent to limb salvage surgery with a wide tumor
resection, followed by limb reconstruction, has not yet been
satisfactorily achieved, therefore, there is a requirement to
explore novel methods for achieving this. In order to inves-
tigate the rate of recovery, Kusuzaki er al (49) performed a
clinical trial using ten patients, including four patients with
SS and single patients with osteosarcoma, chondrosarcoma,
Ewing's sarcoma, rhabdomyosarcoma, periosteal osteosar-
coma, alveolar soft part sarcoma and primary musculoskeletal
sarcoma, respectively, in order to investigate whether AO-PDT
is more useful than other conventional methods. The results
showed that PDT achieved a local recurrence rate of <10%,
excellent limb function and a low metastasis rate.

AO is not the only good choice of PS, as certain others,
including ALA, can generate different results. Further
types, including antibody conjugate, liposome conjugate
and nanoparticles are also good choices. Numerous other
studies have clarified the same idea, and further experi-
ments have been performed, such as those in the study by
Ueda et al (59). Ueda et al (59) demonstrated that PDT with
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AO exerts a rapid cytocidal effect on mouse osteosarcoma
in vitro and in vivo. In their experiment, in order to clarify
which was the appropriate lesion and which was affected by
AO-PDT clinically, the mouse osteosarcoma cell line was
selected.with different concentrations and exposure times as
the variables. Unfiltered xenon light was determined as the
light source for AO-PDT, and PDT was shown to enhance the
cytocidal effect of AO-PDT in the mouse osteosarcoma cells.
As it has been shown that chemosensitive cells are sensitive
to PDT, studies have also been performed to identify whether
PDT would also be a good choice for multidrug-resistant
tumors. Kusuzaki et al (60) discovered that AO-PDT has a
strong cytocidal effect, not only on chemosensitive mouse
osteosarcoma cells, but also on multidrug-resistant mouse
osteosarcoma cells.

Osteosarcoma is the most common primary malignant
bone tumor, and studies have shown that the lung is the
most common target for osteosarcoma metastasis (61).
Asai et al (62) reported that pulmonary metastasis occurs in
40-50% of patients with osteosarcoma and remains a major
cause of a fatal outcome. Studies by Rasalkar ef al (41) showed
that the overall survival rate among patients with localized
osteosarcoma without metastatic disease is 60-70%, whereas
the survival rate reduces to 10-30% in patients with metastatic
disease (63). Metastasis has conferred numerous disadvan-
tages on the treatment of osteosarcoma. Therefore, in order
to avoid these difficulties, certain studies have indicated that
PDT is the best choice of treatment. When working on LMS,
which possesses strong metastatic ability, Satonaka et al (63)
demonstrated that AO-PDT, using FWL as the excitation
light following intravenous AO injection, was highly effec-
tive for inhibiting the growth of pulmonary metastases from
mouse primary osteosarcomas. It was also suggested that
AO-PDT would prevent primary osteosarcoma metastasis to
the lung. However, we do not yet understand the mechanisms
of this function.

PDT is also sensitive and useful in the diagnosis and
treatment of SS, Ewing's sarcomas, malignant fibrous histio-
cytomas (49) and other bone and soft-tissue malignant tumors.
SS frequently involves or invades the major neurovascular
structures and bones, and its local recurrence rate following
simple resection has been reported to be as high as 80% (64).
Kusuzaki et al (64) performed a clinical trial with six cases of
SS to analyze the use of AO-PDT, and concluded that AO-PDT
with 5 Gy irradiation may be an excellent novel therapeutic
modality, together with reduction surgery, to salvage limb
function in SS involving major nerves and vessels or bones.
Through a study of a rare case of periosteal Ewing's sarcoma,
Yoshida er al (65) also suggested that reduction surgery with
PDT may be the strategy of choice to obtain satisfactory limb
function in cases of periosteal Ewing's sarcoma.

The use of PDT combined with other therapies, such
as metronomic or nanoparticle PDT, may also lead to the
advancement of PDT. For example, there are several addi-
tional advantages of AO therapy combined with electronic
magnetic hyperthermia treatment (EMHT): i) Visualization
of the tumor cell by fluorescent microscopy during the
surgery; ii) removal of the visualized target cell without
damage to healthy tissues; and iii) residual AO-labeled
tumor cells seated in deep areas are killed by low-dose
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radiation following surgery. With these advantages, the
combination of AO therapy and EMHT has the ability to
replace conventional tumor surgery and radiotherapy in
certain cases (66). Therefore, it may strongly be suggested
that PDT can be widely used in the diagnosis and treatment
of bone and soft-tissue malignant tumors in the future.

4. Summary

The survival rate for bone and soft-tissue malignant tumors
remains low, although there has recently been great prog-
ress in their diagnosis and treatment, in the use of salvage
surgery with various types of endoprostheses, and in the
wide development of bone allografts or autografts for the
treatment of musculoskeletal sarcomas. Recent experimental
studies have revealed that PDT is a novel effective approach
for treating bone and soft-tissue malignancies. However, the
poor penetration of light through biological tissues is a major
limitation of the clinical application of PDT, and the ideal PS
and light source require further in-depth research. However,
PDT remains a novel and promising anti-tumor strategy.
Compared with surgery, chemotherapy or radiotherapy,
PDT has the advantages of reducing long-term morbidity,
low-compromising to future disease, a good efficacy for
repeated usage and carries no risk to immunity. To overcome
the shortfalls of PDT in the treatment of bone and soft-tissue
malignant tumors, improvements could be made by finding
an ideal PS and light source. PDT combined with other
therapies, such as metronomic or nanoparticle PDT, would
also aid the advancement of PDT. Overall, the development
of PDT to diagnose and treat bone and soft-tissue malignant
tumors should progress rapidly with the identification of a
novel ideal PS and light source, and PDT is likely to become
a routine treatment for tumors in the future.
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