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Abstract
Background and Objective—Bacterial arthritis does not respond well to antibiotics and
moreover multidrug resistance is spreading. We previously tested photodynamic therapy (PDT)
mediated by systemic Photofrin® in a mouse model of methicillin-resistant Staphylococcus aureus
(MRSA) arthritis, but found that neutrophils were killed by PDT and therefore the infection was
potentiated.

Study Design/Materials and Methods—The present study used an intra-articular injection of
Photofrin® and optimized the light dosimetry in order to maximize bacterial killing and minimize
killing of host neutrophils. MRSA (5 × 107 CFU) was injected into the mouse knee followed 3
days later by 1 μg of Photofrin® and 635-nm diode laser illumination with a range of fluences
within 5 minutes. Synovial fluid was sampled 6 hours or 1–3, 5, and 7 days after PDT to
determine MRSA colony-forming units (CFU), neutrophil numbers, and levels of cytokines.

Results—A biphasic light dose response was observed with the greatest reduction of MRSA
CFU seen with a fluence of 20 J cm−2, whereas lower antibacterial efficacy was observed with
fluences that were either lower or higher. Consistent with these results, a significantly higher
concentration of macrophage inflammatory protein-2, a CXC chemokine, and greater
accumulation of neutrophils were seen in the infected knee joint after PDT with a fluence of 20 J
cm−2 compared to fluences of 5 or 70 J cm−2.
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Conclusion—PDT for murine MRSA arthritis requires appropriate light dosimetry to
simultaneously maximize bacterial killing and neutrophil accumulation into the infected site, while
too little light does not kill sufficient bacteria and too much light kills neutrophils and damages
host tissue as well as bacteria and allows bacteria to grow unimpeded by host defense.
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photoinactivation; antimicrobial effect; neutrophil-mediated host defense; chemokine; macrophage
inflammatory protein-2

INTRODUCTION
Treatments for bacterial infections in orthopedic fields, for example, arthritis and
osteomyelitis, usually involve some difficulties because the blood supply to tissues is less in
bone and cartilage. In addition, frequent use of artificial biomaterial implants made from
metal or resin easily facilitates the formation of a biofilm [1,2]. Infections caused by
multidrug-resistant bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) are
particularly resistant to conventional therapies including conservative antibiotic therapy.
Patients who suffer from these infections have to undergo invasive treatment such as
surgical excision and curettage or continuous irrigation in addition to long-term antibiotic
administration, resulting in prolonged hospitalization and diminution in the quality of life
[3,4]. Therefore, alternative strategies to antibiotics are needed.

Photodynamic therapy (PDT) is a promising therapeutic modality for diseases caused by
unwanted tissues or cells. A photosensitizer, such as Photofrin®, accumulates in
proliferative tissues such as tumors. After accumulation, the photosensitizer is activated by
visible light and induces the generation of singlet oxygen, which damages unwanted cells
[5–10]. Over the past decade, there have been an increasing number of reports on
therapeutic applications of PDT for bacterial infections, especially for infections with
multidrug-resistant bacteria. However, although favorable results of in vitro PDT for
cultured bacteria have been described in many reports, good results in vivo in animal models
of localized infections have only been described in a few reports [11–16].

We recently demonstrated [17] that in vivo PDT using Photofrin® via a systemic
(intravenous) injection for murine MRSA arthritis was not effective, although we confirmed
bactericidal activity of the PDT for cultured MRSA in vitro. Pathological examination
revealed that intra-articular leukocytes, mainly neutrophils, that had accumulated in the joint
to control the MRSA infection died immediately after PDT using Photofrin®. These results
suggest that the influence of PDT on leukocytes that have been accumulated in the local
infectious site must be considered to achieve clinically effective PDT. Neutrophils have a
potent phagocytic activity and thereby play a crucial role in the innate immune system in
elimination of invading bacteria, especially S. aureus [18–20]. Malfunction of the
phagocytic immune system therefore renders the host susceptible to bacterial infections [21].
If PDT injures neutrophils in the infectious foci, it will impair neutrophil-mediated host
defense against bacterial infection, resulting in prolongation and deterioration of the focal
infections. When considering a clinical situation of involving PDT of infection we should
pay attention to how PDT affects immune cells, especially phagocytes such as neutrophils
that may play a role in controlling the infections.

We have speculated that in vivo PDT can induce a sufficient antimicrobial effect in local
infections when the damage to leukocytes, particularly neutrophils, by PDT is well
controlled. The objective of this study was to verify this hypothesis. Hamblin and Dai [22]
reported that direct administration of a photosensitizer to the infected lesion and immediate
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photoirradiation after administration of the photosensitizer are crucial for reducing damage
to mammalian host cells in PDT for local bacterial infection. Along this line, in the present
study, we changed the administration route of Photofrin® from intravenous injection to
intra-articular direct injection and performed PDT immediately after Photofrin®

administration to decrease the affinity of Photofrin® for leukocytes to the minimum level.
PDT using Photofrin® via an intra-articular direct injection was carried out in a murine
MRSA arthritis model to determine the optimal conditions, especially that of light dose, that
minimize the damage to leukocytes and achieve the greatest bactericidal effect in vivo.
Relationships between the kinetics of intra-articular leukocyte numbers after PDT and the
therapeutic efficacy of PDT under various irradiation conditions were also investigated.

MATERIALS AND METHODS
This study was conducted in accordance with the guidelines of the Institutional Review
Board for the Care of Animal Subjects at the National Defense Medical College.

MRSA Strain
MRSA isolated from clinical specimens of a patient in the National Defense Medical
College Hospital was used [17]. MRSA was grown in brain heart infusion (BHI, Difco
Laboratories, Detroit, MI) supplemented with oxacillin for 48 hours at 37°C under aerobic
conditions. Cell density was monitored by absorbance at 600 nm (OD of 0.8 = 1× 108 cells
ml−1).

PDT for Cultured MRSA
Photofrin®(Wyeth Lederle Japan, Tokyo) was dissolved in 1×Dulbecco’s phosphate-
buffered saline (DPBS; Invitrogen, Japan, Tokyo) (final concentration of 100 μg ml−1).
MRSA was suspended in DPBS (final cell density of 1 × 108 CFU ml−1). Then 0.5 ml
Photofrin® solution and 0.5 ml MRSA suspension were mixed and transferred to wells of a
12-well plate (Asahi Glass, Tokyo, Japan) under dark conditions at 37°C, and the mixed
solutions were immediately irradiated with continuous wave (CW) laser (wavelength of 635
nm; B&W Tec, Newark, NY) at a specified fluence rate for a time sufficient to deliver the
required fluence (Table 1). A power meter (Field Master; Coherent, Santa Clara, CA) was
used for adjustment of the light fluence rate. Immediately after the irradiation, each mixed
solutions were cultured on BHI agar for 24 hours under dark conditions and the numbers of
colonies were visually counted. The colony number (colony-forming units; CFU) of MRSA
was estimated on the basis of dilution ratio.

Murine MRSA Arthritis Model
Eight to nine-week-old male C57BL/6NCr mice (Japan SLC, Hamamatsu, Japan) were
anesthetized using inhalation with isoflurane (Schering-Plough Animal Health, Tokyo,
Japan) and the left knees were shaved. Ten microliters of MRSA suspension (5 × 109 CFU
ml−1) was intra-articularly injected into the left knee joint through the midline of the patellar
ligament using a syringe with a 29 G needle (Terumo, Tokyo, Japan).

PDT for Murine MRSA Arthritis Model in vivo
Under general anesthesia with isoflurane inhalation, 10 μl of Photofrin® solution (100 μg
ml−1) was directly administered into the left knee joint 3 days after MRSA administration.
The left knee was immediately (drug-light interval<1 minutes) irradiated using the CW laser
using six different fluences ranging from 5 to 70 J cm−2 (Table 1). Four other groups of
mice were prepared as controls: (1) a PS+IR− group, which received 10 μl of Photofrin®

solution (100 μg ml−1) without subsequent photoirradiation, (2) a PS−IR+ group, which
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received 10 μl of DPBS without Photofrin® followed by photoirradiation, (3) a PS−IR−
group, which received 10 μl of DPBS without subsequent photo-irradiation, and (4) a no
treatment group (NT group), which did not receive Photofrin® or DPBS administration and
received no photoirradiation.

Mice of the NT group were sacrificed 3 days after MRSA administration, and other groups
were sacrificed 6 and 24 hours, 2, 3, 5, and 7 days after PDT for analysis of synovial fluid
collected from the left knee joint using a syringe with a 27 G needle (Terumo).

Determination of MRSA CFU in Synovial Fluid
The whole collected fluid was immediately dissolved in DPBS. A series of dilutions of the
synovial fluid solutions were prepared and cultured on BHI agar for 24 hours under dark
conditions. The MRSA CFU in synovial fluid was estimated on the basis of dilution ratio.

Leukocyte Analysis in Synovial Fluid
The collected synovial fluid (2 μl) was immediately mixed with 38 μl of Hanks’ balanced
salt solution (HBSS; Sigma–Aldrich, St. Louis, MO), and the number of leukocytes in each
synovial fluid was measured using an automatic blood cell counter (PCE-210; Erma, Tokyo,
Japan).

Another synovial fluid (2 μl) was immediately mixed with 10 μl of HBSS and 8 μl of
0.4%trypanbluesolution (Sigma–Aldrich), and 10 μl of the mixed solution was dropped onto
a Burker-Turk hemacytometer (Erma) and leukocytes were observed using a bright field
microscope (CX41, Olympus, Tokyo, Japan). Trypan blue-stained and unstained leukocytes
were counted, and the viability of leukocytes (Trypan blue-unstained leukocytes/Total
leukocytes per unit field) was calculated. We defined the number of viable leukocytes as the
product of viability of leukocytes and total number of leukocytes.

Histopathological Evaluation of the Infected Knee Joint
Mice were sacrificed without collecting synovial fluid. Knee joints were extracted and fixed
with 10%formaldehyde solution for 48 hours and then decalcified with 10%
ethylenediaminetetraacetic acid (EDTA)-2Na solution (pH 7) for 14 days. The tissue
samples were then processed for hematoxylin–eosin (HE) staining.

Measurement of Cytokine and Chemokine Levels in Synovial Fluid
Synovial fluid (2 μl) collected from the left knee joint was immediately mixed with 138 μl
of DPBS (1:70 dilution) and centrifuged at 200 × g for 10 minutes. Hundred microliters of
supernatant was collected. Concentrationsofinterleukin-1β (IL-1β), tumor necrosis factor-α
(TNF-α), interleukin-6 (IL-6), and keratinocyte-derived chemokine (KC) in synovial fluid
were determined using a Bio-Plex Suspension Alley System (Bio-Rad Laboratories Japan,
Tokyo, Japan). The kits specific for each protein were purchased from Bio-Rad Laboratories
and used according to the manufacturer’s instructions.

The supernatant was further diluted to 1:700 and the concentration of macrophage
inflammatory protein-2 (MIP-2) in synovial fluid was determined by ELISA using Mouse
CXCL2/MIP-2 Immunoassay (R&D Systems, Minneapolis, MN) according to the
manufacturer’s instructions.

Statistical Analysis
Data are expressed as means ± SE. We first tested variance homoscedasticity between data
sets. For the data sets exhibiting equality of variance (homoscedastic), one-way analysis of
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variance (ANOVA) test followed by Fisher’s least significant difference (LSD) post-hoc test
was used, and a nonparametric method using the Kruskal–Wallis test followed by
Bonferroni’s post-hoc test was used for the datasets exhibiting unequal variance. Two-way
repeated-measures ANOVA test was used for data analysis of time courses. SPSS ver.16
was used for each data analysis. P-values < 0.05 were considered statistically significant.

RESULTS
PDT for Cultured MRSA In Vitro

The results shown in Figure 1 demonstrate that PDT using Photofrin® for cultured MRSA
exerted light-dose-dependent bactericidal effects with fluences ranging from 5 to 70 J cm−2.
The results also demonstrate that there was an initial sharp decline in the numbers of CFU
that became a shallower decline as the total fluence increased, which is consistent with
photobleaching of Photofrin at higher fluences.

PDT for Murine MRSA Arthritis; MRSA Counts in Synovial Fluid
Next PDT was carried out for murine MRSA arthritis to examine the relationship between
light dose of PDT and MRSA CFU in synovial fluid 24 hours after PDT (Fig. 2). Six
different fluences were employed (5, 10, 20, 30, 50, and 70 J cm−2). The lowest three
fluences (5, 10, and 20 J cm−2) showed an increasing antibacterial effect compared to the
controls (no treatment, light alone, and Photofrin® alone). However, the next three fluences
(30, 50, and 70 J cm−2) showed exactly the opposite effect with a dose-dependent increase
in the number of CFU until after the highest (70 J cm−2) the CFU were the same as the
control groups. The most effective therapeutic dose of in vivo PDT was 20 J cm−2 and the
antimicrobial effect was lessened when the light dose was either lower or higher than 20 J
cm−2. This remarkable biphasic light dose response curve has not to our knowledge been
previously observed in PDT studies.

Leukocyte Counts and Viability in Synovial Fluid
The number and viability of leukocytes in synovial fluid collected from the NT group, and
from each PDT treated group (5, 20, and 70 J cm−2) collected 6 or 24 hours later were
examined. A significant decrease in the viability of leukocytes was seen in all groups 6
hours after PDT (Fig. 3). However, the 20 J cm−2 group showed a significant increase 24
hours after PDT compared to that seen at 6 hours, while neither the 5 J cm−2 or group nor
the 70 J cm−2 2 group showed such an increase (Fig. 3). Although each group showed a
decrease in the number of viable leukocytes 6 hours after PDT, the 20 J cm−2 group showed
a significant increase in the number of viable leukocytes at 24 hours, while neither the 5 J
cm−2 group nor the 70 J cm−2 group showed a significant increase (Fig. 4). In the 24-hours
post-PDT phase, the number of viable leukocytes in the 20 J cm−2 group reached 1.6 times
the level of the NT group, while neither the 5 J cm−2 group nor the 70 J cm−2 group showed
such a remarkable increase. In addition, a significant linear correlation (R2 = 0.9, P < 0.05)
between the number of viable leukocytes and the MRSA CFU was seen at the 24-hours post-
PDT phase (Fig. 5).

Histopathological Change in Infected Knee Joints
A large number of polymorphonuclear leukocytes, namely neutrophils, were accumulated in
MRSA-infected knee joints after 3 days (the NT group), and these neutrophils appeared to
be normal by inspection (Fig. 6a). In the 5 J cm−2 PDT group, neither an apparent
morphological change in neutrophil appearance nor a change in their number was seen at 6
and 24 hours after PDT, and the structure of synovial microvessels remained intact (Fig.
6b,e,e′). In the 20 J cm−2 group, neither morphological change nor change in the number of
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neutrophils was seen at 6 hours after PDT (Fig. 6c), while neutrophils that were
morphologically intact were markedly increased 24 hours after PDT and synovial
microvessels showed normal structure (Fig. 6f and f′). In the 70 J cm−2 group, synovial
microvessels were damaged and red blood cells were seen in the synovial tissue 6 hours
after PDT (Fig. 6d), and the emergence of an atrophic synovium with hemorrhage and
irregularly shaped neutrophils were observed 24 hours after PDT (Fig. 6g,g′).

Quantitative Analysis of Cytokines and Chemokines in Synovial Fluid
The level of MIP-2, a CXC chemokine that is closely involved in neutrophil chemotaxis [23]
was significantly increased in the synovial fluid 6 hours after PDT in the 20 J cm−2 group
but not in the 5 or 70 J cm−2 group. Significant increase in the IL-1β level of synovial fluid
was not seen in any groups 6 hours after PDT. TNF-α, IL-6, and KC levels in the synovial
fluid were correlated with light doses, thus indicating that these cytokines/chemokines
reached the highest levels when the light dose was 70 J cm−2(Fig. 7). Twenty-four hours
after PDT, however, the cytokines or chemokines did not show a significant elevation in
each energy group when compared to the level of the NT group (data not shown).

Time Courses of Intra-Articular MRSA and Leukocyte Counts
Intra-articular leukocytes in synovial fluid were increased in all samples taken from 24 hours
to 5 days after PDT with a fluence of 20 J cm−2 (Fig. 8a). At this light dose, the MRSA CFU
were remarkably decreased in the early period (from 24 hours to 3 days) after PDT
compared to those in the control PS−IR− group at each time point (Fig. 8b). In the 5 J cm−2

group, an increase in leukocytes was only seen 3 days after PDT and this rise was transient
(Fig. 8a); however, the MRSA CFU were not significantly different from those in the
control group at each time point (Fig. 8b). In the 70 J cm−2 group, leukocytes did not
significantly increase after PDT (Fig. 8a). Although MRSA CFU decreased to the minimum
level 6 hours after PDT with a fluence of 70 J cm−2, the CFU markedly increased at 24
hours. As a result, the MRSA CFU was not significantly different from that in the control
group at each time point in the period from 24 hours to 7 days after PDT (Fig. 8b).

DISCUSSION
Based on our previous results [17] and the suggestion by Hamblin and Dai [22], PDT using
Photofrin® via an intra-articular direct injection was carried out immediately after
administration of Photofrin® in murine MRSA arthritis models to decrease the affinity of
Photofrin® for leukocytes and thus to reduce the damage to leukocytes caused by PDT.
Although in vitro PDT using Photofrin® showed a light-dose-dependent bactericidal effect
on cultured MRSA, in vivo PDT exhibited a remarkable biphasic light dose response of
MRSACFU in synovial fluid. PDT with a fluence of 20 J cm−2 gave a clear maximal
antibacterial effect on MRSA, while simultaneously maximizing the number and viability of
leukocytes, mainly neutrophils, accumulated at the infection site. We speculated that PDT
with this light dose might facilitate leukocyte accumulation to the infected knee joint as well
as killing bacteria, resulting in a further favorable neutrophil-mediated therapeutic effect of
PDT on MRSA arthritis. On the other hand, PDT with a fluence of 70 J cm−2 severely
injured leukocytes/neutrophils in the infected tissues without a corresponding increase in the
bacterial killing, and the overall effect was to produce a lesser antibacterial effect, which
was similar to previous results we obtained using intravenously injected Photofrin®-PDT
[17].

Di Poto et al. [24] have reported results from in vitro experiments of PDT on a
staphylococcal biofilm: PDT followed by incubation of biofilms with phagocytes or with
antibiotics produced a higher bactericidal effect compared to PDT alone, suggesting that in
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vivo PDT might also induce an effective bactericidal effect only with the cooperation of
phagocytes or antibiotics as well. In general, spatially homogeneous photoirradiation on
living tissue is difficult because of its anatomical complexity and optical inhomogeneity.
Some bacteria inevitably survive even after a high-fluence PDT and resume proliferation
and growth. Therefore, in vivo PDT requires the assistance/cooperation of a host defense
system against bacteria, such as neutrophil-mediated defense; hence, regulation/suppression
of the PDT-induced damage to neutrophils is important to maintain neutrophil-mediated host
defense and exert effective bactericidal activity of PDT.

Although many studies have demonstrated neutrophil accumulation after anti-tumor PDT
[25–30], the influence of neutrophil accumulation after PDT on the anti-tumor effect has
remained controversial: some studies have shown a strong correlation between accumulated
neutrophils and anti-tumor effect [25–28], while such a correlation was not found in other
studies [29,30]. In the case of bacterial infection, neutrophils are crucial for host defense
against bacterial invasion and proliferation [18–20]. The present study confirmed for the
first time a strong correlation between accumulated neutrophils and bactericidal effect after
PDT. PDT using an appropriate fluence (20 J cm−2) facilitated neutrophil accumulation into
the local infection site, leading to an enhanced therapeutic effect of PDT against focal
bacterial infection.

PDT using Photofrin® with a fluence of 20 J cm−2 increased synovial MIP-2 level and also
increased leukocyte/neutrophil count in the infected knee joint. MIP-2 is a CXC chemokine
secreted from macrophages and synovial fibroblasts as a signal for attracting neutrophils
into the infectious site by its concentration gradient [23]. Göllnick et al. [25] have
demonstrated that MIP-2 is closely related to neutrophil accumulation in a PDT-treated
malignant tumor lesion. Although synovial MIP-2 level had returned to the initial level at 24
hours after PDT, a significant increase of leukocytes in the PDT-treated knee joint was
observed for 5 days, suggesting that the initial elevation of MIP-2 in the infectious site is
important to induce neutrophil chemotaxis.

Although PDT using Photofrin® with a fluence of 70 J cm−2 remarkably reduced the colony
number of MRSA 6 hours after PDT, MRSA rapidly re-increased at 24 hours. Not only
synovial tissue including microvessels but also intra-articular leukocytes were severely
injured 6 hours after PDT with a fluence of 70 J cm−2, and atrophic synovium with
hemorrhage and irregularly shaped neutrophils were found at 24 hours. TNF-α, IL-6, and
KC (butnotMIP-2) levels, which reflect tissue injuries, were significantly increased 6 hours
after PDT, suggesting that PDT with an excessive light dose injures synovial tissue and also
accumulated leukocytes. These findings are reinforced by results of studies regarding PDT-
induced injury to synovial tissue and/or blood vessels [31–34]. Degenerative atrophy of the
synovium and destruction of blood vessels in synovial tissue were observed by histological
examination after PDT. Thus, reduction of the therapeutic efficacy of PDT with a fluence of
70 cm−2 was presumably due to damage to (1) intra-articular neutrophils, (2) macrophages
and fibroblasts, which are MIP-2-producing cells, and (3) synovial tissue and vessels, which
are routes of neutrophil supply.

The therapeutic window of Photofrin®-PDT is narrow because Photofrin lacks selectivity for
bacteria over host cells. Even when the PDT parameters are optimized, it is likely that a
good therapeutic effect would be difficult to obtain clinically. The present study suggests
that an ideal photosensitizer for this disease must have properties of selective accumulation
in bacteria and of avoiding accumulation in immune cells or host tissue. A photosensitizer
that shows high selectivity for bacteria and low accumulation in host cells may allow
effective treatment of bacterial arthritis.
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With regard to clinical applicability, besides the use of a selective photosensitizer, the
development of a device that enables uniform and efficient light irradiation is required to a
site that has a complicated anatomical structure such as a knee joint. A device using diffuse
irradiation-type optical fiber or a surrounding cuff type irradiation equipment should be
considered.

In conclusion, directly administrated Photofrin®-PDT raised synovial MIP-2 level and
facilitated neutrophil accumulation into a local infection site, leading to an optimal
therapeutic effect of PDT when the light dose was 20 J cm−2. The therapeutic efficacy of
Photofrin®-PDT was closely related to the preservation of intra-articular leukocytes and
tissue structure including microvessels after PDT. When PDT is applied for in vivo local
bacterial infections, irradiation conditions, particularly with regard to the state of
immunocompetent cells, should be considered to elicit a favorable therapeutic effect.
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Fig. 1.
Correlation between light dose of PDT and number of MRSA colonies after PDT in vitro
using Photofrin® (Log10 CFU ml−1). Concentration of Photofrin® was fixed at 100 μg ml−1.
n = 1 each.
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Fig. 2.
Effect of photodynamic therapy for murine MRSA arthritis models. PDT groups were
photoirradiated at each fluence (J cm−2) immediately after Photofrin® administration intra-
articularly into the left knee joint at the concentration of 100 μg ml−1. The PS+IR− group
was not photoirradiated after Photofrin® administration. The PS−IR+ group was
photoirradiated after administration of Dulbecco’s phosphate-buffered saline (DPBS)
instead of Photofrin®. The PS−IR− group was not photoirradiated after DPBS
administration. n = 5 in each group. *P < 0.05, **P < 0.01.
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Fig. 3.
Viabilities of leukocytes in synovial fluid from knee joints of murine MRSA arthritis models
without Photofrin® administration or photoirradiation (NT group), 6 hours after
photoirradiation performed immediately after Photofrin® administration (6 hours groups)
and 24 hours after photoirradiation (24 hours groups) at fluences of 5, 20, or 70 J cm−2. n =
5 each. *P < 0.05, **P < 0.01 compared to NT group; ‡P < 0.01.
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Fig. 4.
Number of viable leukocytes in synovial fluid from knee joints of the same murine models
as shown in Figure 3. n = 5 each. *P < 0.05 compared to NT group; †P < 0.05, ‡P < 0.01.
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Fig. 5.
Correlation between number of viable leukocytes and number of MRSA colonies at 24-
hours post-PDT phase. A significant correlation was found between the two parameters (R2

= 0.9437, P < 0.05).
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Fig. 6.
Histopathological images of knee joints of murine MRSA arthritis models. The lesions were
collected without Photofrin® administration or photoirradiation (NT group, a), 6 hours after
photoirradiation (b–d) and 24 hours after photoirradiation (e–g, e′, f′, g′), HE staining.
Before photoirradiation (a), many polymorphonuclear leukocytes (neutrophils) with normal
appearance are seen in proliferated synovial tissue. No morphological change or variation in
number of neutrophils is seen in the PDT-treated knee joints with a fluence of 5 J cm−2 at
each time (b, e, e′), whereas no morphological change are seen in the PDT-treated knee
joints with a fluence of 20 J cm−2 at 6 hours after photoirradiation (c), and a remarkable
increase of morphologically intact neutrophils is seen 24 hours after photoirradiation (f, f′).
However, in the case of PDT with a fluence of 70 J cm−2, blood vessel destruction
complicated with hemorrhage is seen at 6 hours after irradiation (d), and nonspheroidal
leukocytes and atrophic changes of the synovium are seen at 24 hours after irradiation (g, g
′). Bar = 30 μm.
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Fig. 7.
Values of intra-articular cytokines and chemokines of murine MRSA models prior to PDT
(NT) and 6 hours after PDT. IL-1β value shows no significant difference between the
groups, whereas MIP-2 value shows a significantly higher level in the 20 J cm−2 group. The
values of TNF-a, IL-6, and KC tend to be higher in proportion to the light doses. n = 5
each. *P < 0.05, **P < 0.01.
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Fig. 8.
Time courses of the numbers of intra-articular leukocytes (a) and MRSA colonies (b) after
photodynamic therapy. n = 5 each. *P < 0.05, **P < 0.01 compared to the number in the
same period of the control (PS−IR−) group.
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TABLE 1

Applied Light Doses of Photodynamic Therapy

Fluence (J cm−2) Fluence rate (mW cm−2) Time (seconds)

5 10 500

10 20 500

20 40 500

30 60 500

50 71.4 700

70 100 700
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