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ARTICLE INFO ABSTRACT

Keywords: Traumatic heterotopic ossification (HO) represents an intractable sequela following trauma with no currently
Photodynamic therapy effective prophylaxis or treatment. Photodynamic therapy (PDT) is a non-invasive treatment for various pro-
ROS . o liferative diseases. However, the specific effects of PDT on HO development remain unclear. In this study, the
Ig::zz;zpm ossification therapeutic potential of a near-infrared (NIR) probe-WL-808, composed of type II collagen-binding peptide

(WYRGRL) and a PDT photosensitizer (IR-808), was evaluated for the innovative HO-targeted PDT approach. In
vitro studies indicated that WL-808 could induce chondrocyte apoptosis and inhibit cell viability through ROS
generation under NIR excitation. In vivo, the efficacy of WL-808-mediated PDT was tested on the tenotomy HO
model mice. WL-808 specifically targeted the type II collagen cartilaginous template of HO, promoting cell
apoptosis and enhancing extracellular matrix (ECM) degradation under 808 nm NIR excitation, which inhibited
the final ectopic bone formation. Moreover, no obvious toxicity or side effects were detected after treatment with
WL-808. Taken together, WL-808-mediated PDT significantly diminished ectopic cartilage and subsequent bone

Targeted therapy

formation, providing a new perspective for HO prophylaxis and treatment.

1. Introduction

Traumatic heterotopic ossification (HO) is an intractable sequela
that occurs after orthopedic surgeries, burns, and neurologic injuries.
HO is characterized by the pathological differentiation of stromal cells of
mesenchymal origin, resulting in the inappropriate deposition of the
cartilage and bone matrix at extraskeletal sites, such as tendons and
muscles [1]. The debilitating nature of HO is evidenced by its capacity to
cause severe symptoms and complications, including chronic pain,
diminished range of joint motion, impaired prosthetic wearing, neuro-
vascular compression, and poor wound healing, all of which lead to
reduced quality of life [2]. Despite surgical resection being the current
standard therapeutic option for symptomatic HO, it has a high recur-
rence rate [3]. Limited prophylactic measures, including radiotherapy
and non-steroidal anti-inflammatory drugs, may lead to severe systemic
or adjacent tissue complications due to the lack of targeting ability [4,5].
Consequently, there is an urgent clinical need to develop a safe, effective
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and non-invasion therapy with minimal adverse reactions for HO pre-
vention and treatment.

Although the etiology of HO remains unclear, studies research sug-
gests that the cartilaginous intermediary plays a major role in the
pathogenesis of HO, as observed in the burn/tenotomy or ACVR¥** HO
models [6-9]. In both cases, ectopic bone formation occurs through two
steps: chondrocytes initially undergo proliferation and hypertrophy to
form a template-cartilage extracellular matrix, on which osteoblasts
then undergo differentiation to produce matrix calcification [10,11].
Previous studies have demonstrated that conditional deletion of
vascular endothelial growth factor-A (VEGFA), a crucial pro-osteogenic
cue during normal bone development and homeostasis, in chondrocytes,
significantly reduces HO volume [12]. Additionally, inhibition of hyp-
oxia inducible factor-la (Hifla), one particular signaling mediator
critical for normal chondrogenesis [13,14], effectively suppresses HO
formation in the initial step [15,16]. Therefore, targeting the early phase
of HO development-cartilage formation and the chondrocytes that play a
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key role at this stage would be sufficient to minimize or inhibit HO
formation.

Photodynamic therapy (PDT) is a non-invasive and spatiotemporally
controllable modality used for various proliferative diseases like ma-
lignant carcinomas and hypertrophic scars [17-26]. The mechanism of
PDT involves a photosensitizer generating high levels of reactive oxygen
species (ROS) under appropriate light irradiation to induce the apoptosis
of the over-proliferating tumor cells or fibroblasts. Previous study has
also shown that ROS-induced oxidative stress contributes to the
dysfunction and apoptosis of chondrocytes as well as the progressive
degradation of extracellular matrix (ECM), which plays a crucial path-
ogenic role in osteoarthritis development [27-29]. Furthermore, a loss
of functional chondrocytes was observed in tissue culture after 5-amino-
levulinic acid-based PDT (5-ALA-PDT), with increasing light doses
progressively negatively affecting the cartilage [30]. As mentioned
above, HO can also be classified as a proliferative disease characterized
by inappropriate deposition of the bone and cartilage matrix within
extraskeletal sites. However, the specific effects of ROS generated by
PDT on early cartilage formation in HO are still unknown.

In our prior work, we developed a near-infrared (NIR) probe called
WL-808 for early HO diagnosing by targeting type II collagen (Col2al)
in the HO cartilage lesions, which allows detecting HO formation as
early as one one-week post-surgery through NIR imaging [31]. The
probe consists of a Col2al-binding peptide (WYRGRL) and a cyanine dye
(IR-808), of which IR-808 has demonstrated excellent photodynamic
properties for treating tumors [32]. In this study, we first evaluated the
photodynamic property of WL-808. Then, both in vitro and in vivo studies
were carried out to investigate the effect of ROS generated by PDT on the
inhibition of HO cartilage and bone lesion formation using 808 nm
irradiation, with the assistance of WL-808 (Scheme 1).

2. Experimental section
2.1. Characterization and single oxygen detection of WL-808

The absorption and emission spectra of WL-808 and YW-808 in FBS
(2.5 mM) were examined with a SpectraMaxs M2 Microplate Reader
(Molecular Devices, USA). Singlet oxygen (102) sensor green (SOSG,
MesGen Biotechnology, China) was used to detect 'O, generation.
Firstly, 1 mL WL-808 or IR-808 (10 pM) and SOSG (2.5 pM) were mixed
and irradiated with an 808 nm laser for 2 min (1 W/cm?). Then, an
appropriate amount of solution was placed on the SpectraMaxs M2
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Microplate Reader to detect singlet oxygen generation.
2.2. Dark cytotoxicity evaluation

Chondrocytes were seeded in 96-well plates at a density of 10,000
cells/well. Then, cells were treated with different concentrations of WL-
808 or IR-808 (0, 0.1, 1, 2.5, 5, 10, 20, 50 and 100 pM) for 24 h and 48 h.
The culture medium was replaced by 100 pl fresh medium with 10 pl of
CCK-8 solution (Biosharp, China) for 2 h. The absorption was evaluated
at 450 nm using a microplate reader (Thermo Fisher Scientific, USA).

2.3. Cellular uptake and localization assay

Chondrocytes were seeded into 20-mm confocal laser dishes (NEST,
China) at a density of 10,000 cells/well. The cells were then incubated
with WL-808 or IR-808 (20 pM) for 30 min, 1 h, 2 h, 4 h and 6 h. Hoechst
33342 was used to stain the nuclei. The subcellular localization of WL-
808 or IR-808 on the mitochondria in chondrocytes was assessed
using the Mito-Tracker Green (Beyotime Biotechnology, China). After
Hoechst 33342 staining, the cells were sequentially incubated with 200
nM Mito-Tracker Green for 30 min and 20 pM WL-808 or IR-808 for 2 h.
The fluorescence signals were detected with a confocal laser scanning
microscope (CLSM, Leica, Germany) at 430-480 nm (Aex = 405 nm) for
Hoechst 33342, 500-550 nm (Aex = 488 nm) for Mito-Tracker Green,
and 650-800 nm (Aex = 638 nm) for WL-808 or IR-808.

2.4. Intracellular ROS generation assay

Chondrocytes were seeded into 24-well plates at a density of 10,000
cells/well and incubated for 24 h. Hoechst 33342 was used to stain the
nuclei. Following treatment with 20 pM WL-808 or IR-808 for 2 h, the
cells were incubated with 10 pM of DCFH-DA (Beyotime Biotechnology,
China) for 20 min. Subsequently, DCFH-DA was removed, and the cells
were treated in the dark or irradiated (808 nm; 1 W/cm?) for 3min on ice
to eliminate the photothermal effect. An 808-nm laser device (Lasever,
China) was used to provide irradiation. ROS generation was detected
using CLSM.

2.5. Cell apoptosis assay after PDT therapy

Chondrocytes were seeded into 6-well plates at a density of 10,000
cells/well. After 2 h of incubation with 10 pM WL-808 or IR-808, the
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degradation

HO inhibition

Chondrocyte

Scheme 1. Schematic illustration of WL-808 with NIR irradiation generating ROS to inhibit HO formation.
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cells were irradiated (808 nm, 1 W/cm?) for 2 min on ice. Apoptosis
analysis was conducted 24 h later with the Annexin V Binding Buffer
apoptosis detection kit (Elabscience, China) following the protocol. The
signal was measured using a flow cytometer.

2.6. Cell viability evaluation after PDT therapy

Chondrocytes were seeded into 24-well plates at a density of 10,000
cells/well. After treatment with 20 pM WL-808 or IR-808 for 2 h, the
cells were irradiated (808 nm, 1 W/cm?) for 2min on ice. A calcein-AM/
PI double stain kit (KeyGEN BioTECH, China) was used to dye dead and
live chondrocytes after 24 h according to the protocol. The fluorescence
signals were measured using a fluorescence microscope following the
manufacturer’s instructions.

2.7. Western blotting

Western blotting was performed to evaluate protein expression.
Total protein was extracted using a radioimmunoprecipitation assay
buffer, while nuclear protein was extracted using a nuclear protein
extraction kit. Western blot analysis was performed as previously
described [33]. The relevant information about all primary antibodies is
listed in Table S1. The blots were visualized using enhanced chem-
iluminescence on an imaging system and the gel imaging software was
utilized for photograph and analysis.

2.8. Establishment of the HO model

All animal experiments were performed according to the Guide for
the Care and Use of Laboratory Animals of the National Institutes of
Health and approved by the Experimental Animal Welfare Ethics Com-
mittee of Zhongnan Hospital of Wuhan University under animal protocol
number ZN2022266. After being anesthetized by intraperitoneal
pentobarbital sodium (1%, 5 mL/kg; Sigma-Aldrich, USA), a hundred
male wild-type C57BL/6 mice received the Achilles tendon transection
on the left hind limb, as previously described [34].

2.9. In vivo drug degradation study

Three weeks after surgery, HO mice were administrated 100 pL of
either WL-808 (5 mg/kg) or IR-808 (2.5 mg/kg) via intravenous injec-
tion (n = 3). At different time points post-injection (1 h, 2 h, 6 h, and 12
h), fluorescence images were taken using a Bruker Xtreme BI imaging
system (Bruker, USA), with an exposure time of 2 s and the excitation
and emission wavelengths of 750 and 790 nm, respectively. The injured
tendons at different time points were harvested from the tendon inser-
tion into the calcaneus to the distal gastrocnemius to make paraffin-
embedded sections (n = 3). The sections were stained with DAPI and
scanned using the CLSM.

2.10. In vivo treatment protocol

To evaluate the prophylactic effect of PDT with WL-808 on HO
development, mice were randomly assigned to four groups one-week
post-surgery: the WL-808 + 1 W/cm? laser group, the IR-808 + 1 W/
cm? laser group, the laser group and the control group (without any
intervention) (n = 9). After 6 h of intravenous injection of either WL-808
(5 mg/kg) or IR-808 (2.5 mg/kg), the Achilles tenotomy sites were
irradiated for 2 min (808 nm, 1 W/cmz) followed by a second round of
irradiation 5 min later on ice to eliminate the photothermal effect. The
same 808-nm laser device used in cell experiments was used to provide
irradiation. The treatment was administered twice a week for 3 weeks.
To evaluate the power density-dependent inhibitory effect of PDT with
WL-808 on HO formation, other mice were also randomly divided into
four groups one-week post-surgery: the WL-808 + 1 W/cm? laser group,
the WL-808 + 0.5 W/cm? laser group, the WL-808 + 0.25 W/cm? laser
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group and the control group (n = 6). To evaluate the therapeutic effect
of PDT with WL-808 on HO development after the formation of ectopic
cartilage, another group of mice (n = 3) were treated with WL-808 + 1
W/cm? laser twice a week for 3 weeks from 4 weeks post-surgery.

2.11. In vivo PDT assessment

After the last irradiation, the HO samples were excised immediately
from all groups (n = 3). In vivo ROS generation was visualized with a
DHE (dihydroethidium) assay kit (Beyotime Biotechnology). Three days
after the final irradiation, 3 mice in each group were sacrificed and the
left hind limbs were collected for Safranin O red/fast green (SOFG)
staining to evaluate ectopic cartilage formation. Immunohistochemical
staining of the collagen II, MMP-9 and MMP-13 with respective anti-
bodies was also conducted. The relevant information about all primary
antibodies is listed in Table S2. A TUNEL assay (Roche, Switzerland) was
performed to assess cell apoptosis in the ectopic cartilage lesions. Major
organs from both the WL-808 + laser and control groups were harvested
and stained with H&E. At 10 weeks after surgery, Masson’s Trichrome
staining was performed to evaluate the ectopic bone formation (n = 3).
High-resolution micro-CT scans of the left hind limbs were also per-
formed using a micro-CT system (SkyScan 1176; Bruker microCT,
Belgium) to examine the volume of HO.

2.12. Bioinformatics analysis

Three days after the last treatment, the HO samples in control and
WL-808 + 1 W/cm? laser groups were collected for total RNA extraction
(n = 3). The transcriptome was sequenced using the Illumina sequencing
platform. DEGs were analyzed using the DESeq R package (1.10.1). In
addition, potential functions of the DEGs were predicted by KEGG
pathway analyses.

2.13. Statistical analysis

All relevant data are presented as mean =+ standard deviation (SD),
and GraphPad Prism 8.3 (GraphPad Software., USA) was used for data
analysis. Student’s t-test was employed to compare the quantitative data
between the two groups. Comparisons among the groups were analyzed
using the one-way ANOVA analysis of variance followed by Tukey’s post
hoc test. Statistical significance was assigned for P < 0.05 (*P < 0.05,
**P < 0.01, ***P < 0.001).

3. Results
3.1. Characterization and single oxygen production of WL-808

The influence of the WYRGRL on the optical properties of IR-808 was
studied. The maximum emission wavelength of WL-808 and IR-808 in
FBS were 814 nm and 813 nm, respectively, while their maximum ab-
sorption wavelengths were 798 nm and 796 nm, respectively (Fig. 1A).
These results showed that WL-808 and IR-808 displayed similar fluo-
rescence excitation and emission patterns.

As a photosensitizer, the photodynamic characteristics of IR-808 are
critical for therapeutic effects. Herein, to assess the photodynamic
property of WL-808, we evaluated the production of 0, with a SOSG
probe. The fluorescence intensity of SOSG in WL-808 and IR-808 was
remarkably higher than that in blank PBS (Fig. 1B), indicating that WL-
808 could theoretically serve as a photosensitizer for PDT applications.
However, the fluorescence intensity of SOSG in WL-808 was lower than
that in IR-808. The reason for this phenomenon is unknown, but we
speculated that the introduction of WYRGRL might change some func-
tional groups of IR-808 and ultimately lead to the weakened ability to
produce 10, of WL-808.



Z. Wang et al.

Materials Today Bio 23 (2023) 100822

500 1000+ — WL-808
A IR-808 IR-808 B 100 IR-808
_ 400+ — WL-808 3 800 — WL-808 80 A
3 o 3 Control
< 300 § 600 S o4
i i 3
8 200 S 400+ 5 40+
c -1 c
- Q2 c
100+ < 200 = 204
0 T T T 0 T T T T 1 0 T T T T 1
750 800 850 650 700 750 800 850 900 520 540 560 580 600
Wavelength(nm) Wavelength(nm) Wavelength(nm)
C IR-808 IR-808
1507 == WL-808 150 == WL-808 F 1501 IR-808
_ ns ns s WL-808
g g 3
2 100 3 100- 3 100
= = =
s 2 - @
> S ch
= 507 2 so0- £ 50+ -
o ] £
(8] - —
1 0
0 01 1 25 5 10 20 50 100 0 01 1 25 5 10 20 50 100 051.02.04.06.0 0.51.02.04.06.0
Concentration (uM) Concentration (M) Time(h)
D : E ;
30 min 1h 2h 4 h 6h 30 min 1h 2h 4 h 6h
- -
2 2
[*] 4 3
g 85
T =

G H

Mito-Tracker
Green

Hoechst
33342

IR-808 Merge

WL-808

Merge

Mito-Tracker
Green

Hoechst
33342

Merge

Fig. 1. The optical properties and cellular uptake of WL-808. (A) The absorption and emission spectra of WL-808 and IR-808 in FBS. (B) The fluorescence signal of
SOSG. (C) Cell viability of chondrocytes upon treatment with different formulations in the dark. (D, E) CLSM images of chondrocytes cultured with WL-808 and IR-
808 at different time points (0.5-6 h). (F) Statistics of mean fluorescence intensity of WL-808 and IR-808. (G, H) Mitochondrial localization of WL-808 and IR-808 in
chondrocytes by co-staining with Mito-tracker Green. Data were shown as mean + SD, n = 3. ns: not significant. CLSM: confocal laser scanning microscope. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.2. Invitro dark cytotoxicity

Before conducting further cell experiments, we evaluated the dark
cytotoxicity of WL-808 and IR-808 on chondrocytes with different
concentrations (0-100 pM) after 24 h or 48 h of incubation. Both WL-
808 and IR-808 showed no significant cytotoxicity up to 20 pM
(Fig. 1C). As the concentration increased from 50 pM to 100 pM, IR-808
and WL-808 generated obvious cytotoxicity. Therefore, the following in
vitro experiments were conducted at concentrations below 20 pM.

3.3. Cellular uptake and localization

The uptake behavior of WL-808 and IR-808 by chondrocytes showed
a positive correlation with time (Fig. 1D-F), which is highly advanta-
geous to generate singlet oxygen in the cells. Furthermore, IR808 has a
stronger uptake ability than WL-808, which might be attributed to the

better lipid solubility of the IR-808 than WL-808 (CLogP: 8.585 vs.
4.132) or the introduction of WYRGRL increasing the molecular mass
and changing the functional groups of IR-808. Mitochondria play a
central role in producing reactive oxygen species as byproducts of
metabolism and energy production. The mitochondrial targeting prop-
erty of WL-808 and IR-808 was investigated using a mitochondrial
tracker (Fig. 1G and H). Pearson’s correlation factors for WL-808 and IR-
808 were 0.752 and 0.972, respectively. The high overlap of the red
fluorescence of WL-808 with the green fluorescence of Mito-tracker
indicated that WL-808 has an ideal mitochondrial targeting property.

3.4. Intracellular ROS generation

The PDT efficacy depends on ROS generation. Herein, the intracel-
lular ROS generation was first evaluated by DCFH-DA, which would be
converted to the fluorescent DCF (green) by the generated ROS. The WL-
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808 + 1 W/cm? laser and IR-808 + 1 W/cm? laser groups both showed
significantly higher ROS generation than the non-laser irradiation
groups and single laser irradiation group, as revealed by CLSM images
(Fig. 2A and B). Furthermore, the chondrocytes morphology also
responded to the differences in ROS production. In the non-laser irra-
diation groups and single laser irradiation group, chondrocytes dis-
played a healthy morphology. In contrast, chondrocytes in the WL-808
+ laser and IR-808 + laser groups presented the dying feature of
retracting “blebs” due to excessive ROS production. Similar to the results
of single oxygen production, ROS induced by WL-808 was also less than
that induced by IR-808 in chondrocytes, again demonstrating that the
introduction of targeted peptides could reduce the photodynamic effect
of the parent photosensitizer -IR-808.

3.5. Invitro PDT efficacy

The efficacy of PDT with WL-808 for inducing chondrocyte apoptosis
was evaluated using flow cytometry with Annexin V and PI staining
(Fig. 2C). Chondrocytes in these groups had less than 5% apoptosis rate
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without laser irradiation, which further signified the excellent bio-
compatibilities of WL-808. After irradiation, chondrocytes in different
groups had significantly different apoptosis rates. Single laser irradia-
tion did not affect cell viability, indicating that the 808 nm light shows
no obvious negative impact on the cells. The PDT effects of IR-808 and
WL-808 both have strong cell-killing effects, and the apoptosis rate
significantly increased to 94.8% and 53.3%, respectively (Fig. 2D).
Then, the PDT effect of WL-808 on chondrocyte viability was further
assessed by co-staining with calcein AM (live cells) and PI (dead cells).
The intensity of the red fluorescence from PI, indicating the dead cells,
was stronger in the WL-808 -+ laser and IR-808 + laser groups than in the
non-laser irradiation groups and single laser irradiation group (Fig. 2E
and CF). Furthermore, tremendous ROS generation in the WL-808 +
laser group further enhanced the expression of cleaved Caspase-3 and
Bax, and suppressed Bcl-2 expression, implying enhanced mitochondria-
mediated apoptosis (Fig. 2G-J). Together, these results demonstrated
that WL-808 could effectively induce ROS overload-mediated apoptosis
and inhibit cell viability, although the introduction of WYRGRL reduces
the photodynamic properties of the parent photosensitizer-IR-808.
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Fig. 2. Invitro PDT efficacy of WL-808. (A) CLSM results of intracellular ROS levels and white light images of chondrocytes in different groups after laser irradiation.
(B) Statistical analysis of intracellular ROS levels. (C) Flow cytometry results of chondrocytes apoptosis under different treatments for 24 h. (D) Statistical analysis of
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AM and PI after various treatments for 24 h. (G) Cell viability of chondrocytes

after various treatments for 24 h. (H) Western blot analyses of the expression of Bax, Bcl-2 and cleaved Caspase-3 in chondrocytes under different treatments for 24 h.
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3.6. WL-808 degradation in vivo

To investigate the degradation of WL-808 in cartilage lesions of HO,
Bruker Xtreme BI imaging system was used to observe the fluorescence
signal in the injury sites at different time points post-injection (1 h, 2 h,
6 hand 12 h). The NIR fluorescence intensity of the injury site in the WL-
808 group gradually increased and peaked at 6 h post-injection. Then, a
decline of fluorescence intensity over time indicated gradual degrada-
tion of WL-808 (Fig. 3A). CLSM images also showed that WL-808
adhered to the cartilage lesions of HO and could accumulate in
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WL-808
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WL-808 + Laser

Control
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chondrocytes after intravenous injection of WL-808 (Fig. 3B and C).
However, no obvious fluorescence was observed at the injured site after
injection of IR-808 both in vivo and ex vivo. Even though the above re-
sults showed that the photodynamic effect of IR-808 was better than that
of WL-808, IR-808 could not target the cartilage lesions of HO. During
the chondrogenic phase of HO formation, the cartilage matrix molecules
like collagen types II and X and aggrecan are produced, while the
collagen type II expression is not detected in normal Achilles tendons
[10]. Thus, WL-808 cannot be deposited in the healthy tendon, and the
fluorescence was not observed in the contralateral Achilles tendon. For
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Fig. 3. Invivo assessment of ectopic cartilage-affinity ability of WL-808 in tendon HO model mice. (A) Representative fluorescence images of WL-808 absorption and
degradation in cartilage lesions of HO at different time points post-injection. (B) CLSM images of HO samples and contralateral healthy Achilles tendon post-injection.
(C) Quantitative analysis of average NIR intensity in HO samples and contralateral healthy Achilles tendon post-injection. (D) H&E staining results of major organs
harvested from mice after the last injection of WL-808. Data were shown as mean + SD, n = 3.
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the in vivo toxicity of WL-808, H&E staining of the major organs har-
vested at 4 weeks post-surgery indicated no apparent damage or
inflammation compared with the control group (Fig. 3D). Taken
together, WL-808 could effectively target and accumulate to the ectopic
cartilage with good biological safety, which is expected to serve as an
effective photosensitizer suitable for HO-targeted PDT.
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3.7. In vivo PDT efficacy on HO model mice

Encouraged by the promising in vitro performance of WL-808, we
further selected an Achilles tenotomy mouse model to evaluate its in vivo
PDT efficacy on HO formation (Fig. 4A). Temperature measurements at
the Achilles tenotomy sites showed no significant difference between
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Fig. 4. PDT with WL-808 inhibited ectopic cartilage formation in HO model mice. (A) Schematic illustration of the animal experimental procedure. (B) In vivo ROS
generation detected by a DHE assay kit in HO tissue. (C) Statistical analysis of in vivo ROS levels. (D) Representative SOFG staining images within the lesion site from
control, laser, IR-808 + 1 W/cm? laser and WL-808 + 1 W/cm? laser groups at 4 weeks after tenotomy. The black circle indicated the ectopic cartilage. Original
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tissues. (G) Apoptosis index (TUNEL-positive cells/total cell number [DAPI]) in each group. ns: not significant. Data were shown as mean + SD, n = 3. ns: not
significant. DHE: dihydroethidium. SOFG: Safranin O red/Fast green. (For interpretation of the references to color in this figure legend, the reader is referred to the
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different groups after irradiation (Fig. S1), thus ruling out the possibility
of a PTT effect of WL-808. We then analyzed the in vivo ROS generation
immediately after the last irradiation using the DHE assay kit. Obvious
red fluorescence of DHE was observed only at the tendon injury site in
the WL-808 + laser group (Fig. 4B and C), indicating the high specificity
for targeting the HO cartilage lesions and the ideal photodynamic effect
of WL-808. Subsequent SOFG staining of the lesion tissue sections at 4
weeks post-surgery revealed a significant decrease in cartilage areas in
the WL-808 + laser group compared to the control group (Fig. 4D and E).
In contrast, single irradiation or irradiation with IR-808 had no effect on
the formation of cartilage lesions, further indicating that WL-808 had
HO-targeted therapeutic ability while IR-808 did not. In addition, the
cell apoptosis rate in the HO tissues was also investigated using TUNEL
assays. The results demonstrated that PDT with WL-808 caused sub-
stantially increased cell apoptosis within the HO tissues from mice in the
WL-808 + laser group compared to the other three groups (Fig. 4F and
G). Taken together, we hypothesized that the ROS-based PDT by WL-808
could be effective in HO prophylaxis and treatment because it would
target the chondrogenic steps of HO and induce chondrocyte apoptosis.

Subsequently, to explore the specific molecular mechanism of PDT
for HO inhibition, differentially expressed genes (DEGs) were identified
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was
performed to clarify the differences in signaling pathways between the
control and WL-808 + laser groups. The results showed 473 down-
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regulated genes and 105 up-regulated genes in the WL-808 + laser
group (fold change >2, p-value <0.05) (Fig. 5A-C). A subsequent
comparison of the gene expression differences between the WL-808 +
laser and control groups and KEGG analysis (Fig. 5D) revealed alter-
ations in the p53 and PI3K-Akt signaling pathways reportedly involved
in apoptosis mediated by ROS [35,36]. We further verified whether
WL-808/PDT could regulate ROS-related proteins by western blotting.
WL-808/PDT increased the protein level of p53 while decreasing that of
p-Akt and PI3K (Fig. 5 E-H). Overall, the results further indicated that
PDT with WL-808 could induce cell apoptosis to inhibit HO formation
via regulating ROS-related apoptosis pathways.

Furthermore, collagen II, an important component of ECM in HO
cartilage lesion, was also examined by immunohistochemistry (Fig. 6A).
Extensive deposition of collagen II was observed in the control group,
but significantly reduced after PDT with WL-808 (Fig. 6B). Moreover,
the expressions of MMP-9 and MMP-13, which influence collagen
metabolism, were also evaluated using immunohistochemistry staining
(Fig. 6C-F). The increased expression of MMP-9 and MMP-13 was pro-
portional to enhanced PDT based on quantifying analysis, confirming
that PDT with WL-808 could promote ECM degradation of ectopic
cartilage in vivo. As ECM serves as the important template for mineral-
ization, degradation of ECM might lead to the inhibition of the final
ectopic bone formation.

The final measurement of ectopic bone formation is crucial for
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ns: not significant.

evaluating the prophylactic effect. Thus, Masson’s trichrome staining
was performed on samples taken 10 weeks after tenotomy to highlight
the ectopic bone matrix. The WL-808 + 1 W/cm? laser group showed a
less conspicuous ectopic bone matrix compared to the other three groups
(Fig. 7A). Additionally, micro-CT revealed a significant reduction in
ectopic bone volume in the WL-808 + 1 W/cm? laser group (Fig. 7B and
C). Moreover, treating with PDT assisted by WL-808 resulted in a power
density-dependent decrease in ectopic cartilage (Fig. 8A and B) and bone
formation (Fig. 8C-E) after tenotomy at the power densities from 0.25
W/em? to 1 W/em?, which could be attributed to the fact that ROS
generation increased with the enhanced irradiation. Taken together,
PDT with WL-808 triggers cell apoptosis in ectopic cartilage lesions
through ROS-mediated oxidative stress and thus exerts an ideal effect on
suppressing eventual HO formation. We also tested the effects of PDT
with WL-808 on ectopic bone formation in mice with ectopic cartilage
developed via Achillotomy for 4 weeks. Masson’s trichrome staining
(Fig. S2A) and micro-CT analysis (Fig. S2B) revealed that PDT with WL-
808 could notably inhibit ectopic bone formation, suggesting that

treatment with PDT with WL-808 at later stages of cartilage formation
could also significantly suppress eventual HO formation.

4. Discussion

HO is an intractable sequela caused by pathological chondrogenic
and osteogenic differentiation of tissue-resident mesenchymal progeni-
tor cells (TMPCs) and subsequent deposition of the bone and cartilage
matrix at extraskeletal sites [1]. During HO formation, chondrocytes
firstly proliferate, undergo hypertrophy and death; the cartilage extra-
cellular matrix is mineralized; finally osteoblast differentiation leads to
replacement of the cartilage tissue with bone [10]. Inhibiting or mini-
mizing HO formation by targeting the early phase of cartilage formation
has been shown to be effective [15]. Previously, we assessed the po-
tential of a near-infrared probe, WL-808, for early diagnosis of HO by
targeting ectopic cartilage lesions [31]. In this study, we aimed to
evaluate the therapeutic potential of WL-808 for the innovative HO-PDT
approach. We have demonstrated for the first time that PDT with
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WL-808 could inhibit the development of tendon HO via inducing
chondrocyte apoptosis and ECM degradation in ectopic cartilage lesions.

PDT is a promising non-invasive treatment option for various pro-
liferative diseases, such as malignant carcinomas and hypertrophic scars
[17-26]. IR-808 has been reported to exhibit excellent photodynamic
properties for tumor therapy via generating ROS [32]. However, IR-808
lacks specificity in HO lesions. Similar to the normal articular cartilage,
large Col2al cartilaginous templates are detected in the tendon injury
sites at the proliferative stage of HO formation, making them a potential
target for HO treatment. In contrast, type III collagen and type I collagen
are the dominant structural components of tendon tissue, while the
Col2al expression was not detected in healthy tendons [10,11]. In the
present study, we aimed to enhance the specificity of IR-808 for ectopic
cartilage lesions in HO with the Col2al-targeting peptide (WYRGRL)
modification. Chondrocytes are the critical cells during pathological
chondrogenesis, and they initially undergo proliferation and hypertro-
phy to form a template-cartilage extracellular matrix. For the group
treated with WL-808-PDT compared to the control group, elevated
intracellular ROS in chondrocytes was found, which correlated with the
singlet oxygen detected by the DPBF probe. However, WL-808 exhibited
weaker singlet oxygen and intracellular ROS generation than IR-808. We
hypothesized that this might be related to the poor lipid solubility of
WL-808 leading to less drug entry into chondrocytes or the introduction
of WYRGRL increasing the molecular mass and changing the functional
groups of IR-808.

A regulated basal level of ROS is essential and advantageous to cell
growth and differentiation [37]. For instance, chondrocytes exhibited
increased survival after 5-aminolevulinic acid-based PDT (5 J/cm?)
[30]. However, excessive levels of ROS have been considered to induce
cellular dysfunction and organismal death via the destructive oxidation
of intra-cellular components. In patients with osteoarthritis (OA), ROS
levels are significantly higher in the cartilage compared to healthy
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individuals. ROS-induced oxidative stress contributes to the dysfunction
and apoptosis of cartilage-resident chondrocytes and ECM degradation,
which exerts a major pathogenic role in the progression of OA [38]. In
this study, we investigated the efficacy of PDT using WL-808 on chon-
drocytes in vitro. At a radiation power density of 720 J/cm?, WL-808
induced significant chondrocyte apoptosis and upregulated
apoptosis-specific genes (Bcl-2, Bax, and cleaved-Caspase3) in vitro.
These findings are important for the in vivo application of the
WL-808-PDT. Additionally, previous studies have shown that photo-
biomodulation induced by single irradiation (808 nm; 0.8 J or 1.4 J)
increased chondrocyte proliferation and provided chondroprotection
[39]. The results of our in vitro studies showed no difference in cell
viability between the control and laser groups, which might be attrib-
uted to differences in radiation power density.

In our in vivo study, we observed a significant inhibition of HO for-
mation following treatment with WL-808 both at the early stage of
cartilage formation and after the ectopic cartilage had developed under
NIR laser irradiation, without any side effects. This presents a practical
option for imaging-guided therapy. Similar to the in vivo PDT effects,
PDT with WL-808 remarkably increased cell apoptosis within the HO
tissues. KEGG analysis also revealed that p53 and PI3K-AKT signaling
pathways, reportedly involved in ROS-mediated apoptosis, were altered
in the WL-808 + laser group. It has been confirmed that p53 activation
and PI3K/AKT inactivation can induce cell apoptosis by regulating the
downstream mitochondrial apoptotic signaling pathway [35,36,40].
Moreover, western blotting analysis further confirmed that compared to
the control group, PDT with WL-808 enhanced the expression of p53 and
decreased the expression of PI3K and p-AKT in the tendon injury sites.
Therefore, we believe that PDT with WL-808 triggers cell apoptosis in
ectopic cartilage lesions through ROS-mediated oxidative stress and thus
exerts an ideal effect on preventing HO formation.

Matrix metalloproteinases (MMPs) are a major member of the
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proteolytic enzyme family, participating in chondrocyte apoptosis and
the degradation of ECM components (aggrecan and collagen II) in
cartilage. During the progress of OA, the levels of MMP-9 and MMP-13
significantly increase, resulting in the degradation of articular cartilage
[41]. Previous studies have shown that collagen deposition significantly
reduces and the expression of MMP-3, which influences collagen
metabolism, increases after PDT treatment for hypertrophic scars [18,
42]. Interestingly, there were more expressions of MMP-9 and MMP-13
and less expression of collagens II in the tendon injury sites after PDT
with WL-808, which were correlated with the formation of smaller
cartilage matrixes, indicating that PDT could also enhance ECM degra-
dation of ectopic cartilage. As ECM serves as the important template for
mineralization, degradation of ECM leads to the inhibition of the final
ectopic bone formation.

Our study had several limitations. First, The ROS generation ability
of WL-808 was significantly weaker than that of its parent
photosensitizer-IR-808 after the introduction of WYRGRL. We are still
committed to developing new cartilage targeting photosensitizers with
enhanced ROS generation ability for HO-PDT. The design and synthesis
methods of the photosensitizers for tumor PDT therapy may provide us
with new ideas to develop photosensitizers with better performance and
safety for HO-PDT [20,21,43,44]. Second, in the present study, we only
tested the effects of PDT with WL-808 on ectopic bone formation at 1
and 4 weeks after Achillotomy. Whether PDT has a therapeutic effect in
the later stages of HO has not been studied. Therefore, future researches
are warranted to investigate these problems to accelerate the clinical
application of this novel method.

5. Conclusion

WL-808 is an ideal photosensitizer for targeting HO cartilage lesions.
Moreover, PDT assisted by WL-808 effectively diminishes ectopic
cartilage formation and subsequent bone formation in the tenotomy HO
model. This effect appears to be related to the chondrocyte apoptosis
and ECM degradation of ectopic cartilage within the early HO forma-
tion. Our findings suggest a novel perspective for HO prophylaxis and
treatment with PDT by producing excessive ROS.
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