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Vascular-targeted photodynamic therapy (V-PDT) is an effective treatment for port wine stains
(PWS). However, repeated treatment is usually needed to achieve optimal treatment outcomes,
possibly due to the limited treatment light penetration depth in the PWS lesion. The optical
clearing technique can increase light penetration in depth by reducing light scattering. This study
aimed to investigate the V-PDT in combination with an optical clearing agent (OCA) for the
therapeutic enhancement of V-PDT in the rodent skinfold window chamber model. Vascular
responses were closely monitored with laser speckle contrast imaging (LSCI), optical coherence
tomography angiography, and stereo microscope before, during, and after the treatment.
We further quantitatively demonstrated the effects of V-PDT in combination with OCA on the
blood flow and blood vessel size of skin microvasculature. The combination of OCA and V-PDT
resulted in significant vascular damage, including vasoconstriction and the reduction of blood flow.
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Our results indicate the promising potential of OCA for enhancing V-PDT for treating vascular-

related diseases, including PWS.
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1. Introduction

Port wine stains (PWS) are congenital and
progressive capillary malformations and affect
0.3-0.5% of the population.! PWS lesions are most
commonly located on the head and face regions and
can progressively deepen in color with age and
develop tissue hypertrophy and nodularity if left
untreated.”®  Vascular-targeted = photodynamic
therapy (V-PDT) has proven to be a safe and ef-
fective treatment for PWS and has been successfully
used to treat PWS in China since 1991.%°
The therapy involves the intravenous administration
of a photosensitizer followed by light illumination of
the PWS lesion area with laser light at an
appropriate wavelength to activate the photosensi-
tizer. Activating the photosensitizer in the presence
of oxygen triggers a series of photochemical reactions
and produces intravascular cytotoxic singlet oxygen,
which damages vascular endothelial cells and even-
tually leads to target vascular closure without
destroying surrounding normal tissues.””!! V-PDT
has also been used to prevent or treat other
vascular-related diseases, including age-related
macular degeneration (AMD) and pancreatic and
prostate cancers.'” 19

Although V-PDT is an effective treatment
modality for PWS, repeated V-PDT treatment is
usually needed in most PWS patients to obtain an
optimal treatment outcome, especially for the pur-
plish-red or thickened types.’-'?-'6 This may be due
to the limited treatment light penetration depth in
the PWS lesion. The 532 nm laser light combined
with the photosensitizer hematoporphyrin mono-
methyl ether (HMME) is often used to treat
PWS.1" 1 The 532nm green laser light is highly
scattered through the skin and absorbed primarily
by more superficial cutaneous vessels. Hence, an
insignificant quantity of green laser light reaches the
deeper dilated malformed vascular.?’

One approach to improve the V-PDT treatment
for PWS would be to change the optical
characteristics of the skin, improving the light
penetration. Optical clearing techniques can make

the in vivo skin optically transparent.’!?> Optical
clearing agent (OCA) can increase the light
penetration depth without increasing power,
avoiding producing unacceptable tissue heating.
Because of the matching of refractive indices be-
tween tissue components and interstitial fluid
changed by an OCA diffused into the tissue, the
optical clearing technique can decrease light scat-
tering and improve the light penetration depth.?’
A previous study showed that a mixture of PEG-
400, sucrose, and thiazone has the optimal capacity
to enhance imaging performance.?* Our previous
study also showed that topical application of this
OCA improves the imaging depth and contrast of
optical coherence tomography angiography in PWS
patients and increases the imaging depth in human
opisthenar skin by approximately 0.16 & 0.03 mm.?’
The skins recovered quickly after applying normal
saline both 4n vivo in mouse and human skin.?*?°
With repetitive use of this OCA, no side effects were
observed on the skin. Previous studies have also
demonstrated that the combination of OCA and
PDT can improve the effectiveness of PDT in
treating melanoma in an immunocompromised
mouse model in vivo.?%?” Due to a resultant re-
fractive index matching, OCA-treated tumors are
more optically homogenous, improving the PDT
response.”® Their results showed that topical ap-
plication of OCA reduces the light scattering at the
cutaneous melanoma model, increasing the light
penetration in depth. However, it remains unknown
whether V-PDT, in combination with OCA, may
improve the effects of V-PDT in the skin.

In this study, we aimed to investigate the V-PDT
in combination with OCA for enhancing V-PDT-
induced vascular damage in the rodent skinfold
window chamber model. Vascular responses were
closely monitored with laser speckle contrast imaging
(LSCI), optical coherence tomography angiography
(OCTA), and stereo microscope before, during, and
after the V-PDT treatment. Vascular metrics, such
as blood flow and blood vessel size, were
quantitatively compared between the groups with
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and without topical application of OCA, demon-
strating the potential of OCA for enhancing V-PDT
for treating vascular-related diseases, including
PWS.

2. Materials and Methods
2.1.

Dorsal window chambers (APJ Trading Co., Ven-
tura, CA, USA) were surgically implanted in Balb/
C female mice at 21-25 g body weight (8-11 weeks,
SPF (Beijing) Biotechnology Co., Ltd., China)
using established methods.?” Before surgery, the
dorsal hair was carefully shaved, and the residual
hair was removed by depilatory cream. In essence,
the skin on one side of the window was excised,
making it possible to visualize the subdermal mi-
crovasculature of the opposing skin. During surgery,
mice were anesthetized with the isoflurane—oxygen
mixture (1-2% at a rate of 1.0 L/min). All the an-
imal procedures were approved by the Beijing In-
stitute of Technology Ethical Committee.

Animal model

2.2,

A new OCA designed for skin optical clearing was
used in this study, and the detail for preparing this
OCA has been described elsewhere.?**> In brief,

Skin optical clearing agents
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three main agents: PEG-400, sucrose, and thiazone,
were used in this study. PEG-400 was first mixed
with thiazone at a volume ratio of 9:1 and then
mixed with sucrose at a volume ratio of ~1:1. It
should be noted that sucrose was prepared as a
saturated aqueous solution with a 67.1% mass
fraction. Combining these chemical agents in this
ratio has demonstrated higher in vivo skin optical
clearing efficacy than other combinations and ratios
of agents.?!

2.3.

A domestically produced photosensitizer (PS)
HMME (Hemoporfin) was used in this study. Ani-
mals were randomly divided into four groups (n = 3
per group), ie., V-PDT group, V-PDT+OCA
group, PS+OCA group, and laser+OCA group. For
the V-PDT, V-PDT+OCA, and PS+OCA groups,
the animals received an intravenous administration
of a 150 pl saline solution of HMME with a dose of
30mg/kg body weight. Light irradiation was per-
formed immediately after the intravenous injection
of the photosensitizer. The microvascular treatment
responses were assessed by stereo-microscope,
LSCI, and OCTA. Figure 1(a) shows the schematic
of the LSCI for real-time monitoring of the window
chamber during laser irradiation. A 532nm green
solid-state laser (MGL-F-532 nm, Changchun New

Study protocols

Microscope

Platform with heating pad

532 nm laser

A-

Experimental setup for window chamber imaging during V-PDT. (a) Schematic of the LSCI for real-time monitoring of the
window chamber during laser irradiation. (b) The 532 nm laser light was reflected by a mirror passed right through the epidermal
side. The mouse was placed on a temperature-controlled heating pad (37°C) and the window chamber screws were positioned in the
predrilled holes in the imaging platform plate.

Expander
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Industries Optoelectronics Technology Co., Ltd.,
Changchun, China) was used to activate the pho-
tosensitizer with a power density of 100 mW/cm?
and an irradiation time of 20min, following the
clinical light dose.” '! The 532 nm laser light passed
right through the epidermal side, penetrating the
skin and eventually reaching the subdermal micro-
vascular (as shown in Fig. 1(b)). The subdermal
side was positioned under the LSCI system, and the
subdermal vascular changes can be readily visual-
ized through the window. Following previous stud-
ies, OCA was applied topically on the epidermal
side in the window 5min before the intervention,
and adhesive tape stripping was used to remove the
stratum corneum before OCA application.*?-3!

During the intervention, the vascular change was
closely monitored with LSCI. Before and after the
intervention, the skinfold window chamber was
evaluated with LSCI, OCTA, and stereo-micro-
scope, respectively. For all the imaging procedures,
the mouse was placed on a temperature-controlled
heating pad (37°C) and fitted to a rodent mask to
maintain anesthesia with ~1-2% isoflurane-oxygen
mixture. The window chamber screws were
positioned in the predrilled holes in the imaging
platform plate to prevent movement during
imaging.

2.4. Laser speckle contrast imaging

(LSCI)

The LSCI system was provided by Wuhan XunWei
Optoelectronic Technology Co. Ltd. The LSCI system
was based on a stereo microscope body (SZ-61,
Olympus, Japan). The system consisted of a continu-
ous-wave laser source with a wavelength of 785 nm
and a charge-couple device (CCD) camera (Baumer
TXG03, Germany; pixel size = 7.4 x 7.4 um?). The
CCD exposure time in this study was 31 ms. The raw
data were processed to generate blood flow images
based on the laser speckle temporal contrast analysis.*”

2.5. Optical coherence tomography
angiography (OCTA)

The swept source OCT (SS-OCT) was provided by
TianJin HoriMed Medical Technology Co., Ltd.
TianJin, China. An X-Y galvo-scanning mirrors
were adopted in the sample arm to facilitate 3D
imaging at an A-scan rate of 200 kHz. Using a swept

laser source with a central wavelength of 1300 nm,
an axial resolution of ~12 ym and a lateral resolu-
tion of ~9 um can be achieved. A visible red light
was coupled to the interferometer to guide SS-OCT
imaging. The OCTA image of the vasculature was
obtained by employing the well-established com-
plex-based OCT angiography algorithm, which has
been previously reported to deliver superior vascu-
lar imaging performance in a phase-stable system.*?

2.6.

OCTA data and white light images were analyzed
using Matlab (The MathWorks, Inc.) and ImageJ
(Fiji). The LSCI data were analyzed with the
RTLBI software (Real-time Laser Blood Flow
Imaging, Wuhan National Laboratory for Opto-
electronics, Wuhan, China). Microvascular para-
meters, such as blood flow and blood vessel size,
were quantified for each group. The blood flow of
each selected blood vessel was measured three times
within the region of interest in the LSCI image.
Three representative veins and arteries were se-
lected and measured to calculate the average blood
flow for each mouse. The diameter of each selected
blood vessel was measured three times in the white
light image, and three representative veins and ar-
teries were selected and measured to calculate the
average diameter. Empirical knowledge based on
the anatomic structure, blood flow velocity, and the
reflection color of blood vessels was used to identify
arteries and veins. Vasoconstriction of blood vessels
after V-PDT was also quantified by the decrease in
vascular diameter after V-PDT divided by the vascu-
lar diameter before V-PDT. Data are presented as
means + standard deviations (SD). All the measured
data were graphed using OriginPro 9.1 software (Ori-
ginLab Corporation, MA, USA). The paired Student’s
t-test was used to compare the differences immediately
before, during, and after V-PDT. P-values below 0.05
were considered statistically significant.

Data analysis

3. Results

3.1. In vivo assessment of vascular
effects of V-PDT in combination

with OCA

Figure 2 shows the representative images for the
window chamber model before and after topical
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Fig. 2. Example of skinfold window chamber before and after topical application of OCA. Before: (a) White light image of the
epidermal size of the skin, (b)—(d) white light image, LSCI image, and en face OCTA image and the cross-sectional OCTA images
corresponding to the location indicated by the light blue dashed line of the subdermal size of the skin. After: (¢) White light image of
the epidermal size of the skin, (f)-(h) white light image, LSCI image, and en face OCTA image and the cross-sectional OCTA
images corresponding to the location indicated by the light blue dashed line of the subdermal size of the skin.

application of OCA. Five minutes after topical
application of OCA, the turbid skin on the epidermal
side became transparent (Fig. 2(e)). White light
images, LSCI images, and OCTA images from the
subdermal side were also taken by stereo-microscope,
LSCI, and OCTA, before and after the topical
application of OCA. There are no apparent vascula-
ture changes in the white light images, LSCI images,
and en face OCTA images from the subdermal side.

Figure 3(a) shows the representative changes in
blood flow with time by comparing the LSCI images
immediately before, during, and after HMME-me-
diated V-PDT after the topical application of OCA
on the window chamber. This change can also be
observed from the en face OCTA images and the
representative cross-sectional OCTA images ac-
quired before and after V-PDT (Fig. 3(b)) and the
white light images (Fig. 3(c)). As both the LSCI
signal and OCTA signal are sensitive to the blood
flow, the disappearance of blood vessels in the LSCI
images and en face OCTA images may indicate the
creation of blood clots or the closure of blood

vessels. The blood flow and vascular diameters were
further quantified (Figs. 3(d) and 3(e)). We found
that the blood flow decreased remarkably 5min
after initiation of V-PDT and then remained almost
disappeared throughout the treatment. The results
showed that the combination of OCA and V-PDT
resulted in significant vascular damage, including
vasoconstriction and the reduction of blood flow.
However, the blood vessels were found to have a
slight recovery in blood flow and blood vessel size
one hour after V-PDT.

3.2. Comparison study of vascular
effects of V-PDT with and without
0CA

Figures 4(a)-4(d) provide representative LSCI
images taken from V-PDT+4+OCA, V-PDT,
PS+0OCA, and laser+OCA groups, respectively.
The LSCI images were recorded immediately before
(Omin), during (5min, 10 min, 15 min, and 20 min),
and after (80 min) the intervention for each group.
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Fig. 3. Responses of the microvasculature to V-PDT (100 mW /cm?, 20 min) after topical application of OCA. (a) LSCI vascular
images immediately before V-PDT (0 min), during V-PDT (5min, 10 min, 15min, and 20 min), and after V-PDT (80 min). (b)
OCTA images immediately before, immediately after, and one hour after V-PDT, and the cross-sectional OCTA images corre-
sponding to the location indicated by the light blue dashed line. (c¢) White light images immediately before, immediately after, and
one hour after V-PDT. Changes in the blood flow (d) and vascular diameters (e) for the representative blood vessels (as marked in
(a)) with time. The blood flow and vascular diameters were normalized to the corresponding baseline values measured immediately

before V-PDT. A: Artery, V: Vein.

The blood flow of different blood vessels was further
quantified (Figs. 4(e) and 4(f)). Only the V-PDT
+0OCA group showed significant photodynamic
effects, leading to an apparent disappearance of
blood vessels and an immediate decrease in blood
flow within the field of view (Fig. 4(a)). In the
V-PDT alone group, a slight reduction in blood flow
was observed during the 20 min V-PDT treatment,
followed by a return to the pre-treatment level at
one hour after V-PDT (Fig. 4(b)). In the PS+OCA
group, blood flow did not change significantly across
time (Fig. 4(c)). In the laser+OCA group, there
was a slight increase in blood flow during laser
irradiation (Fig. 4(d)). The results show that com-
bining OCA and V-PDT can significantly enhance
V-PDT-induced vascular damage, significantly re-
ducing blood flow.

Figures 5(a)-5(d) further show the vasculature
alterations by comparing the white light images and
the en face OCTA images immediately before
(Omin), immediately after (20 min), and one hour
after (80min) the intervention for each group.
Vascular diameters of the artery and vein in the
white light images were further quantified (Figs. 5(e)
and 5(f)). Only the V-PDT+OCA group showed
significant photodynamic effects, leading to a
marked disappearance of vasculature within the
field of view (Fig. 5(a)). For the V-PDT, PS+OCA,
and laser+OCA groups, no noticeable microvascu-
lar changes were observed in the OCTA images and
white light images (Figs. 5(b), 5(c) and 5(d)). This
is consistent with the above LSCI results
that OCA can enhance V-PDT-induced vascular
damage.
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Fig. 4. Representative LSCI images of the microvasculature following interventions: (a) V-PDT+OCA, (b) V-PDT, (c) PS+OCA,
and (d) Laser+OCA. Changes in the blood flow of the representative vein (e) and artery (f) (as marked in the LSCI at 0 min) with
time. The blood flow was normalized to the corresponding baseline values measured immediately before intervention. V-PDT+OCA
resulted in the most apparent decrease in vascular perfusion. A: Artery, V: Vein.

Figures 6(a) and 6(b) summarize the mean blood
flow change of veins and arteries from the LSCI
images for four experimental groups. In the V-PDT
+OCA group, we found that the overall level of
blood flow decreased remarkably to a lower level
5 min after initiation of V-PDT, followed by a slight
decrease throughout the treatment. The veins were
found to have a slight recovery in blood flow one
hour after V-PDT. In the V-PDT alone group, a
small reduction in blood flow was observed during
the 20 min V-PDT treatment, followed by a return
to the pre-treatment level at one hour after V-PDT.
In the PS+OCA group, blood flow did not change
significantly across time. In the laser+OCA group,
there was a slight increase in flow during laser ir-
radiation, which may be due to the local thermal
effect.!’ Figures 6(c) and 6(d) further summarize
the mean vascular diameter change of the artery
and vein from the white light images. In the V-PDT
+OCA group, the blood vessels were found to
have partial vasoconstriction. For the V-PDT, PS
+OCA, and laser+OCA groups, no apparent

reduction in vascular diameter was found. Imme-
diately after the intervention, the average vaso-
constriction for the V-PDT4+OCA group (n = 3)
was around 24.65% for veins and 55.54% for arter-
ies, respectively, while for the V-PDT, PS+OCA,
and laser+OCA groups (n = 3 for each group), the
average vasoconstriction was less than 7% for both
veins and arteries. Taken together, these results
suggest that the combination of OCA and V-PDT
can significantly enhance V-PDT-induced vascular
damage.

4. Discussion

PWS are congenital vascular malformations histo-
logically characterized by ectatic capillaries, mainly
in the upper dermis.** If left untreated, the PWS
lesions tend to darken and develop nodular com-
ponents and facial deformation with age.” V-PDT
based on the local destruction of vascular is an
effective treatment for PWS, and the 532 nm laser
light combined with the HMME is most often used
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Representative OCTA images and white light images of the microvasculature following interventions: (a) V-PDT+OCA,

(b) V-PDT, (c¢) PS+OCA, and (d) Laser+OCA. Changes in the vascular diameters for the representative (e) vein and (f) artery.
The vascular diameters were normalized to the corresponding baseline values measured immediately before V-PDT. Marked
vascular damage is observed after treatment for the V-PDT+OCA group.

for treating PWS. However, repeated V-PDT
treatment is usually needed in most PWS patients
to obtain an optimal treatment outcome, possibly
due to the limited treatment light penetration
depth in the PWS lesion. The malformed enlarged
blood vessels were predominantly located in the
upper dermis of PWS, and the superficial plexuses
were observed to be located at depths between
108 pm and 672 um below the skin surface in five
PWS patients by using OCT.*> Here, we have
chosen to study the effects of V-PDT in combina-
tion with OCA for vascular damage in the skinfold
window chamber model. This study demonstrates
the promising potential of OCA for enhancing
V-PDT in the skin and provides a penitential way
to improve the V-PDT treatment for PWS.

It should be noted that laser irradiation in this
study was performed directly on the epidermal
side of the skinfold, which is different from the

subdermal irradiation previously.?’  Several

studies have investigated the V-PDT wvascular
effects in the rodent skinfold window chamber
model, and laser irradiations were performed di-
rectly on the subdermal side of the skinfold.?% 3
Their results have shown that V-PDT resulted in
dramatic vasoconstriction and reduced blood flow
by using subdermal irradiation. However, in this
study, the V-PDT alone group led to slight micro-
vascular changes through epidermal irradiation.
The difference in vascular response can be attrib-
uted to different laser irradiation methods. For the
epidermal irradiation, the 532nm treatment light
passed through the epidermal side, penetrating the
skin and eventually reaching the subdermal micro-
vascular. Due to light scattering and absorption of
the epidermis, an insignificant amount of green laser
light reaches the subdermal blood vessels. It is in-
sufficient to generate enough intravascular singlet
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Fig. 6.

Comparison study of the OCA enhanced V-PDT effects on skinfold window chamber model. Mean blood flow changes of

the vein (a) and artery (b) with time for four experimental groups. Mean vascular diameters changes of vein (c) and artery (d) with
time for four experimental groups. The blood flow and vascular diameters were normalized to the corresponding baseline values
measured immediately before V-PDT. n = 3 for each group. (*P < 0.05).

oxygen to cause vascular damage. Compared with
the previous subdermal irradiation, the epidermal
irradiation used in this study allows a better simu-
lation of the V-PDT treatment for PWS.

The complex morphological features of the skin
and the variations of the index of refraction within
various internal components make the skin show a
high light scatting characteristic, which attenuates
the effective penetrating light intensity.?**’ Several
studies have shown that the optical clearing tech-
nique can effectively reduce the multiple scattering
of light and improve the light penetration
depth.?"?341 Qur recent work has also shown that
OCA has excellent efficiency in increasing light
penetration depth and enhancing the quality and
depth of OCTA imaging in healthy skin and PWS
lesions.?” Compared with the V-PDT alone group,
the combination of OCA and V-PDT resulted in
significant vascular damage, including vasocon-
striction and reduced blood flow. After topical ap-
plication of OCA, a more considerable amount of
treatment light can reach deeper blood vessels, in
which sufficient singlet oxygen is produced to
damage the targeted blood vessels. Furthermore, it

was observed that different types of blood vessels
have different responses to V-PDT, which is in line
with the previous study.?”*? In this study, the
arteries after V-PDT were found to have a higher
decrease in blood flow and vascular diameter than
veins. One of the possible explanations for this is the
difference in vascular anatomy for different types of
blood vessels.*? The vessel wall of a vein is usually
thinner than an artery of equal caliber, and the
thickness of the artery and vein wall varies with
the vessel caliber. Another possible explanation is
the difference in the platelet aggregation initiated
by the chain of photodynamic reactions.*” The dif-
ferences in the blood flow and oxygen level in ar-
teries, and veins, may also lead to different rates in
platelet aggregation and vessel occlusion.

Previous studies have shown that the combination
of OCA and PDT can improve the effectiveness of
PDT in treating melanoma.?%>” Their results showed
that topical application of OCA to a cutaneous
melanoma model shortly before PDT can increase
the effective treatment depth by reducing the
light scattering.?®?” Compared to the conventional
PDT approach, V-PDT predominates through
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vascular-mediate due to the short drug-light time
interval used.*® For V-PDT treatment, light treat-
ment was performed immediately after the intrave-
nous injection of photosensitizer, when the
photosensitizer is primarily confined in the blood
vessels. A new OCA designed for skin optical clearing
was used in this study. Our previous studies have
demonstrated that this OCA improves imaging
depth and contrast of optical coherence tomography
in mouse skin?* and PWS patients.?” In this study,
this OCA was used for therapy. OCA can enhance V-
PDT for selective damage to blood vessels by in-
creasing light penetration. OCA can increase light
penetration depth in PWS lesions;?” thus, combining
V-PDT and OCA has great promise in improving the
V-PDT treatment for PWS. However, the safety and
biocompatibility of OCAs need to be further inves-
tigated to eliminate the potential detrimental effects
of OCAs before this method can be used in clinical
practice.***® Developing safe optical clearing meth-
ods is crucial for the clinical application of the com-
bination of V-PDT and OCA. Recently, a few in vivo
optical clearing studies in mouse skin or human skin
can be found, showing the application perspective of
OCA in the clinic.?*?> We believe that in vivo optical
clearing skin continues to get closer to clinical ap-
plication, and the combination of V-PDT and OCA
can be applied in the clinic once the OCA can be
safely used in vivo on humans.

5. Conclusions

In summary, combining V-PDT and OCA
demonstrated enhanced V-PDT effects compared to
V-PDT alone in the skinfold window chamber
model. Future work should investigate the rela-
tionship between light dose, photosensitizer dose,
and V-PDT dose to treatment outcomes after
topical application of OCA. The V-PDT+OCA
approach has clinical translational potential for
enhancing V-PDT for treating vascular-related
diseases, particularly for PWS.
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