Journal of Clinical and Translational Research 2019; 5(1): 1-24

Journal of Clinical and Translational Research

Journal homepage: http://www.jctres.com/en/home

REVIEW ARTICLE

Site-specific pharmaco-laser therapy: A novel treatment modality for
refractory port wine stains

M. Ingmar van Raath'?, Jojanneke E. van Amesfoort?, Martin Hermann?, Yasin Ince?, Maurice J. Zwart?,
Agustina V. Echague*, Yan Chen®, Baoyue Ding', Xuan Huang', Gert Storm®7, Michal Heger"®*

!Department of Pharmaceutics, College of Medicine, Jiaxing University, Jiaxing, Zhejiang, PR China, *Department of Experimental Surgery,
Amsterdam UMC, University of Amsterdam, Amsterdam, the Netherlands, *Department of Anesthesiology and Critical Care Medicine, Medical
University of Innsbruck, Innsbruck, Austria, *Wellman Center for Photomedicine, Massachusetts General Hospital, Boston, Massachusetts, USA,
*Department of Clinical Medicine, College of Medicine, Jiaxing University, Jiaxing, Zhejiang, PR China, ‘Department of Pharmaceutics, Utrecht
Institute for Pharmaceutical Sciences, Utrecht University, Utrecht, the Netherlands, "Department of Controlled Drug Delivery, MIRA Institute for
Biomedical Technology and Technical Medicine, University of Twente, Enschede, the Netherlands

ARTICLE INFO

ABSTRACT

Article history:

Received: February 22, 2019

Revised (first revision): March 29, 2019
Revised (second revision): April 18, 2019
Accepted: April 18, 2019

Published online: May 1, 2019

Keywords:
antifibrinolytics
thermal coagulum
hemodynamics
primary and secondary hemostasis
mild hyperthermia
liposomes
photosensitizer
procoagulants
steric stabilization
tranexamic acid

1. Introduction

1.1. Port wine stains

Despite extensive efforts to optimize laser therapy, i.e., the current gold standard treatment, a majority
of port wine stain (PWS) patients responds suboptimally to laser therapy. This paper describes the
niceties of a novel PWS treatment modality termed site-specific pharmaco-laser therapy (SSPLT).
In contrast to the classic approach of enhancing the extent of intravascular photocoagulation (the
photothermal response), SSPLT focuses on optimization of post-irradiation thrombus formation
(i.e., the hemodynamic response) by combining conventional laser therapy with the administration
of thermosensitive drug delivery systems that encapsulate prothrombotic and antifibrinolytic drugs.
The aim of SSPLT is to instill complete lumenal occlusion in target vessels, which has been linked to
optimal PWS blanching.

Relevance for patients: The current treatment options for PWS patients are limited in efficacy. Novel
therapeutic modalities are needed to more effectively treat patients with recalcitrant PWSs. SSPLT is
an experimental-stage treatment modality that could serve as an adjuvant to pulsed dye laser therapy
for a selected group of patients whose PWS is ill-responsive to standard treatment. The expected
clinical result of SSPLT is improved lesional blanching.

venules (typically 30-300 pm in diameter [1]) in the papillary and
mid-reticular layers of the dermis (Figure 1). These birthmarks
occur in 0.3-0.5% of infants and initially appear as flat, pink

Port wine stains (PWSs) are congenital vascular lesions macules that gradually progress into hypertrophic, red-to-purple
characterized by hyperdilated capillaries and post-capillary lesions [2-5]. Although the exact etiological origin remains
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Figure 1. A schematic cross-section of skin with a port wine stain. The characteristic appearance of the skin is caused by hyperdilated capillaries and
post-capillary venules mainly in the papillary plexus, which contain a large fraction of blood and hence cause the affected portion of the skin to appear

pink to red.

unknown, studies observed low neural density at the periphery
of the ectatic vessels, which may account for inadequate
neurotrophism and tonus regulation of the affected vasculature,
and overexpression of vascular endothelial growth factor (an
inducer of both proliferation and vasodilation) and its receptor
[6,7]. Genetic alterations, most importantly somatic mutations in
the GNAQ gene encoding the guanine nucleotide-binding protein
G alpha-q, imply a genetic origin [8-13]. Tan et al. demonstrated
the expression of endothelial progenitor cell markers and co-
expression of the arterial and venous markers ephrin B2 (EfnB2)
and Eph receptor B1 (EphB1), respectively, in PWS vessels
[14]. The Efn-Eph family is a group of widely expressed ligands
and receptors capable of forward and backward signaling that
mediate tissue morphogenesis and cell differentiation, including
establishment of arterial-venous vasculature, angiogenesis,
and invasion. Corroboratively, co-expression of EfnB2 and
EphB1 in the normal human endothelial cells (ECs) led to the
formation of PWS-like vessels in vitro [14]. Taken together, these
findings suggest an impaired endothelial differentiation in PWS
vessels. Increased perfusion pressure and age-related collagen
degeneration in the dermis are possible contributory factors to the
progressive vascular hyperdilation with age [4,15,16].

By the age of 46, two-thirds of the affected individuals have
developed papular or nodular components resulting from soft
tissue overgrowth, causing dysmorphosis, asymmetry, and
occasional spontaneous bleeding [17-19]. Because 70-80% of
these birthmarks occur in the head and neck regions, the aberrant
cosmetic appearance of PWSs may significantly impede patients’
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psychosocial development and well-being and constitutes a
considerable factor in the overall treatment of PWSs [20-24].
The anatomical location and dermatomal distribution pattern
of trigeminal PWSs (pertaining to the ophthalmic, maxillary,
and mandibular branches of the trigeminal nerve located in
the respective facial regions) have been linked to an increased
probability of ocular and/or central nervous system complications
(glaucoma and/or Sturge-Weber and Klippel-Trénaunay
syndrome, respectively) [17,25,26].

1.2. Standard treatment of port wine stains and clinical outcomes

The most widely employed therapy for PWSs is non-invasive
photocoagulation of the hyperdilated vasculature with a pulsed dye
laser (PDL) by selective photothermolysis (SP) (Figure 2) [27]. SP
is based on the conversion of radiant energy to heat by hemoglobin
(i.e., a mainly blood vessel-confined chromophore), which results
in thermal denaturation of blood and, depending on the extent of
heat diffusion and convection, the vascular wall and perivascular
tissue [1,28-32]. For SP, the pulse duration should be shorter than
the thermal relaxation time (i.e., the time required for heated
matter to lose 50% of its peak thermal energy through thermal
conductivity [33,34]) of the target structure. The hyperdilated
blood vessels associated with PWSs have lower surface-to-
volume ratios and therefore longer thermal relaxation times and
higher thermal masses compared to normal-sized capillaries and
post-capillary venules [1,28-32]. Consequently, laser irradiation
generates denaturing temperatures in PWS vasculature but not the
normal microcirculation.
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Although the selectivity of SP toward PWS vasculature versus
normal vasculature is generally good in the clinical setting, treatment
outcomes of PDL therapy are relatively poor (Figure 3, [35-
101]; Supplemental Table S1). This can be ascribed to insufficient
heat generation in a portion of the vessels and hence incomplete
photocoagulation of the target structures [102,103]. Clinically,
complete photocoagulation of the vascular lumen (Figure 2,

panels d and e) is associated with well-responding lesions [28],
which corresponds to approximately 40% of cases. In contrast,
moderately responding (20-46%) and refractory PWSs (14-40%)
are characterized by dermal vasculature comprised of incompletely
photocoagulated blood vessels (Figure 2, panel b and c) [1,28-
32,55,104]. Accordingly, the goal of PDL treatment of PWSs is to
achieve complete photocoagulation of the hyperdilated blood vessels.

' Laser irradiation
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Figure 2. Endovascular laser—tissue interactions in relation to selective photothermolysis are shown in a port wine stain vessel (a) subjected to
laser irradiation. During laser irradiation (a), hemoglobin is used as a thermal catalyst to generate intraluminal heat. In this (photothermal) process,
supracritical temperatures cause rapid thermal denaturation plasma proteins and blood cell thermolysis, which consequently agglutinate and form a
thermal coagulum (b and d). Subsequently, primary and secondary hemostasis are activated and a thrombus develops (hemodynamic response; panel ¢
and e). The photothermal process may result in incomplete (b and c¢; upper pathway) or complete (d and e; bottom pathway) photocoagulation. Complete
photocoagulation of vessels, i.e., the cessation of blood flow by an occlusive thermal coagulum, corresponds to good clinical results (lesional blanching).
In contrast, incomplete photocoagulation (b), which can be attributable to several factors such as optical shielding, corresponds to a suboptimal therapeutic
effect (no lesional blanching).
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Figure 3. Summary of clinical study outcomes of port wine stain (PWS) laser- or intense pulsed light therapy from 1986 to present. The vertical
axis represents the percentage of patients in the color-coded classes with differential levels of percentage PWS clearance indicated in the legend
(bottom). Each vertical bar represents an entire study population of one study referenced below the bar. The bars are grouped according to treatment
modality. The complete data set is available in Supplemental Table S1. Abbreviations: CSC: cryogen spray cooling, ICG: indocyanine green, Nd:YAG:
neodymium:yttrium-aluminum garnet, PDL: pulsed dye laser, PWS: port wine stain, Ref.: reference.
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1.3. Causes of therapeutic recalcitrance

The efficacy of SP relies on a series of uncontrollable intrinsic
factors, such as epidermal pigmentation, optical shielding
by blood and superimposed vessels [1,28,29,105-107], and
PWS anatomy [1,28,106-109] and morphology, which is age-
dependent [1,28,106-110]. Accordingly, extensive melanin content
(corresponding to high Fitzpatrick skin phototypes), high vascular
density and superimposition, and large-diameter and deeply-
situated vessels altogether contribute to reduced treatment efficacy
inasmuch as these factors decrease the penetration of laser light in
the skin and PWS vessels and, therefore, decrease intraluminal
heat production. In case of deeply situated or optically shadowed
vessels, photocoagulation may even be forestalled entirely.

Most of the hyperdilated PWS vasculature is located within
~0.6 mm from the basal membrane [1,4] (i.e., ~0.7 mm from the
skin surface, taking into account an epidermal thickness of ~100
um [111]). Nevertheless, PWS vessels have also been found in
the reticular plexus (Figure 1) up to a depth of 3.7 mm [112,113].
Mathematical modeling revealed that the depth to which
hyperdilated vasculature is responsible for the visual appearance
of PWSs is 0.6-0.9 mm [114,115]. Theoretically, complete lesional
clearance can only be accomplished when the photocoagulation
depth equals or exceeds the depth to which the hyperdilated vessels
contribute to the skin discoloration. The therapeutic recalcitrance
of the majority of PWSs may therefore also be explained by the
discrepancy between the required depth to which photocoagulation
should occur and the actual depth of photocoagulation, which
is up to ~0.65 mm in the human skin (with a mean + standard
deviation depth of 0.37 + 0.17 mm using 585-nm wavelength
and 0.45-ms pulse duration) [1,28]. In PWS skin containing
dense vasculature [105,116,117], high melanin content [1,108],
and dermal blood [22,108] the photocoagulation depth is further
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reduced, particularly when large-diameter blood vessels are
present. At the above-mentioned laser parameters and a radiant
exposure of 6.5 J/cm?, complete photocoagulation was shown to
occur in superficial vessels not exceeding 150 pm in diameter [1].
In sum, PDL treatment efficacy is considerably hampered in PWSs
containing dense, large, and deeply situated vasculature [105,118].

1.4. Photodynamic therapy

Photodynamic therapy (PDT), which is based on the interaction
between an administered photosensitizer and light, has been
investigated as an alternative for PDL. Although PDT is primarily
known for its application in oncology [119], the treatment is
also increasingly being employed for PWS [52,120-123]. After
intravenous administration of the photosensitizer, PWSs are
irradiated with a laser, similar to PDL therapy. Photosensitizers are
molecules that can be brought to an excited and subsequently triplet
state by the absorption of resonant light. During electron decay from
the triplet state to the ground state, the photosensitizers transfer a
portion of the absorbed energy to neighboring molecules, typically
molecular oxygen (type II photochemical reaction), to yield singlet
oxygen. Alternatively, the triplet state electron is transferred to
molecular oxygen or another electron acceptor to yield superoxide
anion or a molecular radical, respectively (type I photochemical
reaction). All reactive oxygen species (ROS) thus formed are
cytotoxic [119,124-126] and thrombogenic [127,128]. This causes
EC wall damage, thrombosis, and shutdown of vasculature [129].
Figure 4 summarizes the clinical outcomes of PWS studies using
PDT [129-136] (Supplemental Table S2). Most clinical experience
with this modality is in China [131,137]. A recent retrospective study
found PDT to be as effective as 585-nm PDL (with a 0.30-0.45-ms
pulse duration) for pink flat lesions in children and more effective
for purple flat lesions in adults [132]. Another study performed in
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Figure 4. Summary of clinical outcomes of port wine stain (PWS) photodynamic therapy studies from 1990 to present. The vertical axis represents the
percentage of patients in the color-coded classes with differential levels of percentage PWS clearance indicated in the legend (right). Each vertical bar
represents the entire patient cohort of one study, which is referenced below the bar. The bars are grouped according to treatment modality. The complete
data set is available in Supplemental Table S2. Abbreviations: CVL: copper vapor laser, LED: light-emitting diode, PWS: port wine stain, Ref.: reference.
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pediatric patients found PDT to be equally effective as 585-nm PDL
in red lesions and more effective in purple lesions [52].

Nevertheless, PDT has also failed to achieve good PWS
clearance in a substantial portion of patients, further enforcing
the medical need to optimize PWS treatment by alternative
routes. Robust comparative studies on PDL versus PDT
regimens for PWSs are lacking. The main downside of the use
of photosensitizers is general photosensitivity, which occurs for
days to weeks, depending on the half-life of the photosensitizer
used. Long-term adverse effects of PDT for PWSs are,
however, rare [138]. Multiple groups are currently attempting to
optimize PDT [139] and investigate a combination of PDL with
PDT [140-142]. Although such efforts and the implementation of
second-generation photosensitizers and treatment protocols are
expected to further improve clinical results, complete lesional
clearance is unlikely to occur in all PWS patients.

2. Endovascular laser-tissue interactions

The clinical goal of laser therapy of PWSs, i.e., lightening or
preferably complete removal of the lesion, is achieved by the
elimination of ectatic PWS vessels and the consequent reduction
in abnormally high dermal blood volume (section 1.2.). The
endovascular laser-tissue interactions that govern these effects
comprise an initial photothermal response [32,143] followed
by a hemodynamic response that occurs only in incompletely
photocoagulated vessels [144,145], i.e., the blood vessels that are
responsible for suboptimal clinical outcomes. The mechanisms

MINUTES »

underlying the photothermal and hemodynamic response are
illustrated in Figures 2 and 5. Figure 5 illustrates how these two
fundamental responses can be modulated pharmacologically to
enhance vaso-occlusion, and hence clinical outcome, through an
experimental modality referred to as site-specific pharmaco-laser
therapy (SSPLT). SSPLT is discussed in detail in section 3.

2.1. The photothermal response

During laser irradiation, intraluminal heat is generated
by laser-targeted hemoglobin (Figure 6) and results in
denaturation of plasma proteins (> 45 °C) [146], disruption
or even complete disintegration of cell membranes (> 51 °C)
of blood cells, specifically red blood cells (RBCs) [147], and
thermal necrosis of the vascular wall (> 70 °C). Inasmuch as
thermally denatured proteins and disintegrated erythrocytes
precipitate, the agglutinated/thermolysed blood subsequently
forms an occlusive 'thermal coagulum' in the lumen at the site
of irradiation [1,28,146,148,149]. Furthermore, diffusion of heat
into perivascular tissue contributes to vasoconstriction owing to
thermal denaturation of collagen [149], the main constituent of
the extracellular/perivascular matrix. As the extent of intraluminal
heat generation varies (section 1.3), so does the extent of thermal
coagulum formation. Moreover, the expansion of thermal coagula
is halted in the absence of further energy input, rendering the
photothermal response temporally static from the end of the laser
pulse onward. Thermal coagula cannot expand after the laser
pulse and can only gradually decrease in size by shear-mediated
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Figure 5. Endovascular laser-tissue interactions in an incompletely photocoagulated blood vessel and the potential of site-specific pharmaco-laser
therapy (SSPLT) to modulate part of this process. The extent of occlusion (left y-axis, corresponding to the blood vessel diameter) is plotted against time
(top x-axis). The black trace describes the size of a rapidly forming non-occlusive thermal coagulum after initial laser irradiation. The green trace shows
normal thrombus formation (the hemodynamic response), which can be divided into a growth phase (thrombosis) and a breakdown phase (fibrinolysis).
Both responses are a consequence of selective photothermolysis (right y-axis). The red trace shows the intended effect of SSPLT, namely increased
occlusion as a result of locally released procoagulants and antifibrinolytics, which enhance thrombosis and deter fibrinolysis, respectively.
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deterioration or disappear completely upon coagulum dislodgment
(Figure 7) [149,150]. In case of complete photocoagulation,
i.e., when thermal coagula span the entire inner vascular diameter,
prolonged cessation of blood flow and widespread thermal damage
of the vascular wall cause ischemia and necrosis. Ultimately, these
biological reactions to laser irradiation drive the removal of PWS
blood vessels and corollary blanching of the lesion [144,103].
However, in refractory PWSs (i.e., those responding suboptimally
to laser therapy), photocoagulation is incomplete, which triggers
the hemodynamic response [150].

2.2. The hemodynamic response

The hemodynamic response, illustrated in Figures 2 and 5, is
characterized by the activation of both primary and secondary
hemostasis. Thromboembolic activity is located on the thermal
coagulum surface, as shown previously [ 150]. Denaturated proteins
that partly make up the coagulum likely contribute to hemostasis
by activation of platelets through the constitutively expressed
platelet receptor CD42b, even under low shear conditions, and
the contact activation pathway (FXII) [149,150]. Several other
prothrombotic factors have been described [144,150]. Thermolysis
of RBC membranes leads to the release of endogenous adenosine
diphosphate (ADP) and exposure of anionic phosphatidylserine

Before laser pulse

R |

Laser pulse

(PS), which triggers platelet activation, aggregation [151], and the
coagulation cascade [152,153].

Moreover, both primary and secondary hemostasis are activated at
sites of coagulum dislodgment. Thermal damage to, or denudation of
the endothelial monolayer and the subsequent exposure or expression
of tissue factor (TF) and subendothelial matrix constituents
presumably are the main responsible triggers. The immobilized
endothelial surface forms an ideal anchor for the formation of a
durable hemostatic plug. Intact, yet “photostimulated” endothelial
membranes also induce platelet tethering, however in a transient
manner that eventually results in thrombus dislodgment [154]. The
fact that no cases of clinical complications caused by thrombosis
or embolization after laser therapy have been reported is probably
due to the small size of these thrombi. Neutrophils may potentiate
thrombosis by releasing nuclear material known as neutrophil
extracellular traps, resulting in FXII activation and inactivation
of TF pathway inhibitor (TFPI) (the main TF inhibitor) [155] or
by binding of TF-expressing neutrophils to the injured endothelial
wall [156]. Moreover, monocyte (MC)-derived microparticles may
facilitate thrombosis by delivering additional TF [157].

The process of laser-induced thrombus formation is dynamic
as opposed to the photothermal response (Figure 8). Previous
studies showed that thrombi undergo an initial, predominantly

N

1 sec after laser pulse

-

Figure 6. Laser irradiation of a hamster dorsal skin fold venule with a single 30-ms, 532-nm laser pulse results in intraluminal heat generation and the
formation of a thermal coagulum (white arrows). During the photothermal response, circulating thermosensitive liposomes (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC):1,2-distearoyl-sn-glycero-3-phosphoethanolamine-conjugated polyethylene glycol (DSPE-PEG), 10:85:5 molar ratio) loaded
with 5(6)-carboxyfluorescein (CF) at a self-quenched concentration (100 mM) were incorporated into the thermal coagulum and released their cargo.
Raising the temperature above the phase transition temperature of the main phospholipid component (DSPC, T = 55.5 °C) results in liposomal membrane
permeability and rapid CF release. Part of the CF is trapped within (or tethered to) the thermal coagulum. The CF becomes diluted that in turn causes
fluorescence dequenching.

Before laser pulse Laser pulse 1 sec after laser pulse 6 min after laser pulse

thermal ooagulu-m

Figure 7. The photothermal response in a hamster dorsal skin fold venule subjected to a single 30-ms, 532-nm laser pulse results in the formation of
a thermal coagulum, visible as a black structure (panel labeled “1 sec after laser pulse”). After the end of the laser pulse, thermal coagulum expansion
is halted due to ceased heat generation. The thermal coagulum remains tethered to the vascular wall but shrinks in time as a result of shear-mediated
deterioration. Experimental data were taken from the study by Bezemer et al. [149].
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thrombotic growth phase followed by a predominantly fibrinolytic
(tertiary hemostasis) shrinking phase. In a hamster dorsal skin-
fold model [145], rapid thrombus growth was observed during the
first 1.25 min, with thrombus growth continuing, however, at a
slower rate, in the subsequent 5.0 min. At 6.25 min, a transition
to a predominantly fibrinolytic phase occurred. Equally to the
product of the photothermal response (thermal coagula), thrombi
that are resilient to breakdown contribute to vascular occlusion
and thus likely to clinical results.

Thrombus formation is followed by a remodeling phase
(thrombus organization). During this process, vascular repair
or reperfusion can occur, which impedes therapeutic efficacy
and results in post-treatment lesional recurrence. Two possible
vascular remodeling processes capable of restoring perfusion after
PDL irradiation have been suggested: angiogenesis, promoted
by a drop in tissue oxygen tension, and neovasculogenesis,
which embodies recanalization of the thrombus by proteolytic
and phagocytic activity from monocytes and macrophages and
transdifferentiation of monocytes and endothelial progenitor cells
to mature ECs (Figure 9) [144,158]. Note that reperfusion as a
result of the same or similar processes also hampers clinical results
in completely photocoagulated vessels [159,160]. Clinical PWS
studies with angiogenesis inhibitors (or other pharmacological
adjuvants) are summarized in Supplemental Table S3.

3. Site-specific pharmaco-laser therapy

As shown in Figure 3, the efficacy of the gold standard
treatment is relatively poor and warrants the development
of novel therapeutic strategies beyond the available laser
setting permutations and ancillary technologies, which include
perioperative epidermal cooling. Accordingly, a novel treatment

modality is being developed on the basis of what is known about
laser-tissue interactions and the photophysical and biochemical
responses that underlie the suboptimal response to SP.
Figures 2 and 5 illustrate the two primary processes that dictate
vaso-occlusion in incompletely-photocoagulated vasculature,
namely the photothermal and the hemodynamic response. As
stated, the photothermal response is a static process that cannot
be modulated, whereas the hemodynamic response is dynamic
and therefore amenable to pharmacological intervention. Based
on the premise of exacerbating the hemodynamic response to
achieve full occlusion in PWS vessels (i.e., the clinical aim that
corresponds to a good clinical outcome), SSPLT combines laser
therapy with the use of pharmaceutical agents that promote
thrombosis or reduce fibrinolysis (Figures 5 and 10).

3.1. Drug delivery systems for SSPLT

To pharmacologically promote thrombosis, procoagulant and
antifibrinolytic drugs can be employed. It is, however, imperative
that these compounds do not result in systemic alterations in the
hemostatic 'checks and balance' system inasmuch as perturbations
in this finely-tuned system could lead to hazardous complications,
such as deep venous thrombosis, infarction, or hemorrhage. To
prevent the occurrence of such adverse events, SSPLT employs a
drug delivery system (DDS) with stable physicochemical properties
and minimal passive release of the encapsulated drug over time,
targeting capacity to the site of laser-induced damage, an efficacious
drug release mechanism, and low immunogenicity [161,162].

3.1.1. Liposomal drug delivery systems

Liposomes, polymeric drug carriers, cells, and cell ghosts are
all potentially suitable DDSs for SSPLT. Liposomes, which are

Figure 8. The dynamic nature of laser-induced thrombosis is shown in a hamster dorsal skin fold venule that had been subjected to a single 30-ms,
532-nm laser pulse. Directly after the laser pulse (b) a thermal coagulum is formed (¢, black structure). Thermal coagulum formation triggers thrombosis
(d, yellow arrows). The thrombus continues to grow (panel c-h) but is also subject to shear-mediated degradation and fibrinolysis. The time relative to the
laser pulse is shown in the upper right corner (min:sec). Experimental data were taken from the study by Bezemer et al. [149].
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Figure 9. An overview of the differential photothermal responses to port wine stain (PWS) laser therapy and their respective vascular remodeling
pathways in relation to clinical outcomes. Complete photo-occlusion (top pathway) most often results in vascular remodeling characterized by removal of
the thermally afflicted vasculature followed by limited angiogenesis and/or neovasculogenesis. Inasmuch as the total dermal blood content is significantly
reduced, these processes typically result in good clinical clearance after the vascular remodeling phase (“clinical outcome” panel, illustrating the changes
in skin color before (left) and after (right) treatment). In the case of extensive angiogenesis or neovasculogenesis following laser treatment (middle
pathway), the reduction in dermal blood volume is limited, corresponding to a moderate clinical result. Alternatively, particularly in refractory PWSs,
light penetration is insufficient to induce complete photocoagulation of the vascular lumen, resulting in partial occlusion of the target vessels by a thermal
coagulum (bottom pathway). During the remodeling phase, the thermal coagulum is either removed by recruited immune cells or becomes part of the
vascular wall, leading to luminal thinning (small opposing arrows). This damage profile is associated with minimal reduction in dermal blood volume
and hence poor clinical outcome.
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Figure 10. The principles of site-specific pharmaco-laser therapy are shown in an incompletely occluded laser-treated port wine stain (PWS) vessel. During
thrombus development (c), procoagulant and/or antifibrinolytic liposomes accumulate in the thrombus. After induction of drug release, for example by
mild hyperthermia generated by a second laser pulse (d), the thrombomodulators and antifibrinolytic agents are activated/released. This promotes thrombus
development and deters thrombus breakdown (e) and is expected to lead to complete vascular occlusion and enhanced therapeutic efficacy.

composed of phospholipids (Supplemental Table S4), encompass
facile and scalable preparation techniques, manipulatable
attributes (including heat-mediated drug release), low toxicity, and
the ability to encapsulate hydrophobic and lipophilic molecules
at high efficiency [163] (Figure 8). Phospholipids particularly
suited for SSPLT are listed in Supplemental Table S5. Potential
liposomal formulations are illustrated in Figure 11.

Rapid uptake of liposomes by the mononuclear phagocyte
system (MPS) is prevented by adequately sizing the liposomes
(0.16-0.21 pm) [164,165], thereby increasing in vivo circulation
times. Particle surface charge (zeta-potential) also governs the
liposome elimination rate: high (positive or negative) surface
charge corresponds to shorter circulation times and uptake by
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various cell types [166]. Liposome bilayer properties such as
fluidity (i.e., cholesterol content) can also influence particle uptake.
Readers are referred to other reviews [167-169] for more in-depth
information regarding the effects of liposome physicochemical
properties on particle-cell interactions.

In addition, liposomes (or other drug carriers) can be sterically
stabilized, which is typically performed by grafting of polyethylene
glycol (PEG) onto the carrier’s surface [170,171]. For liposomes,
the PEG polymers are usually linked to phosphatidylethanolamine
(PE) head groups of phospholipids. Although steric stabilization
somewhatreduces the encapsulation efficiency of the DDS, it prevents
liposome aggregation, which would impede proper sizing, and
imposes so-called “stealth” properties that further reduce clearance
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Figure 11. Schematic overview of possible liposomal formulations
for site-specific pharmaco-laser therapy. These can be divided into
four (potentially overlapping) categories: conventional liposomes,
anionic liposomes, sterically stabilized liposomes, and targeted
liposomes. Each main category may encompass any of the following
subcategories: (I) types of drugs: 1 - hydrophilic drugs (e.g., tranexamic
acid); 2 - hydrophobic drugs (e.g., photosensitizers); 3 - functionalized
hydrophobic drugs (e.g., functionalized photosensitizers); 4 - ions
(e.g., calcium); (II) drug-grafting methods: 5 - (covalent) attachment
to a component (phospho)lipid; 6 - (covalent) attachment to an anchor
molecule (e.g., cholesterol); 7 - (covalent) attachment to a polymer side
chain (e.g., PEG); 8 - (covalent) attachment to a functionalized distal end
of a polymer; (III) membrane composition: 9 - phosphatidylcholines;
10 - phosphatidylcholines with a molar fraction of anionic/cationic
(phospho)lipids; (IV) methods of steric stabilization: 11 - single chain
polymer (e.g., PEG); 12 - multichain polymer; 13 - multiblock copolymer
(e.g., di- or triblock copolymers); 14 - photocleavable polymers
(e.g., PEGylated plasmalogens); 15 - adsorbable polymers (onto anionic/
cationic membrane surface); (V) methods of targeting: 16 - antibodies;
17 - antibody fragments (e.g., antigen-binding fragments or nanobodies);
and 18 - peptides. The main categories are not mutually exclusive;
e.g., sterically stabilized liposomes may contain anionic membrane
constituents as well as antibodies for targeting. Figure adapted with
permission from Aguilar et al. [103].

by the MPS [172]. In case of PEGylation, stealth properties result
from the repulsive effects of PEG polymers toward cell membranes,
their hydrophilicity, and the decreased rate of (opsonizing) plasma
protein adsorption [173,174]. The extent of PEG-mediated stealth
effects is dependent on the size of the PEG polymers [175,176].
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Steric stabilization can also be achieved by inclusion of covalently
linked polymers, di- and/or multiblock copolymers, hydrophobized
polysaccharides, polysialic acids, glucuronic acids, and/or (sialic
derivatives of) gangliosides (Supplemental Table S6).

3.2. Triggered liposomal drug release mechanisms

To achieve rapid and localized drug release, a drug release
mechanism needs to be incorporated into the DDS. A commonly
used method is to impart thermosensitive properties on
the liposomes. By carefully selecting the membrane lipid
composition, thermosensitive liposomes can be made in
which mild hyperthermia (~41-43 °C) induces an alteration in
membrane permeability and consequently induces release of the
cargo (asillustrated in Figure 6). Dipalmitoylphosphatidylcholine
(DPPC) in particular is a popular phospholipid to confer
thermosensitivity, as corroborated by its widespread use in
thermosensitive liposome-based cancer treatments [177-179].
Modest improvements in release kinetics have been demonstrated
by incorporation of lysolecithins [161,179]. Triggering of
the DDS can be achieved by application of exogenous heat,
i.e., using a heating pad or infrared light, or endogenous heat
generated by a second laser pulse or light-emitting diode light
at a wavelength attuned to the absorption maximum of the target
chromophore, such as hemoglobin, water, or an administered
([co-]encapsulated) molecular absorber (e.g., indocyanine
green [180], gold nanoparticles [181]).

Spatially and temporally controlled drug release could be
facilitated by photo-oxidative modification of the liposomal
lipid bilayer. It has been shown that laser irradiation of
plasmenylcholine liposomes loaded with a photosensitizer
induces membrane permeability [182]. Plasmalogens are
glycerophospholipids characterized by the presence of a vinyl
ether substituent at the sn-1 position of the glycerol backbone.
The co-encapsulated photosensitizer produces ROS that cleave
plasmalogens into single-chain surfactants, which subsequently
accumulate and induce membrane defects. The photosensitizers
zinc phthalocyanine, tin octabutoxyphthalocyanine, and
bacteriochlorophyll a have previously been used for this purpose
and were irradiated at 630-820 nm. The combination of PEG-
modified plasmalogens and a photosensitizer can also be exploited
to create photocleavable PEG polymers. This could constitute
a useful method for a photoactivatable DDS in an alternative
liposomal configuration, in which the pharmaceutical agents are
incorporated into or bound to the liposomal surface, as PEGylation
normally impedes accessibility of drugs to their target.

PE is a phospholipid that does not form stable
liposomes at physiological pH and temperature [183].
Dioleoylphosphatidylethanolamine (DOPE) and 1,2-bis[10-(2'-
hexadienoyloxy)decanoyl-sn-glycero-3-phosphocholine (bis-
SorbPC)-containing PEG-liposomes (in a molar ratio of 3:1) can
be photopolymerized to induce liposome fusion and trigger drug
release [184]. Irradiation with ultraviolet (UV) light prompts
cross-linking and separation of bis-SorbPC from other lipids. The
obtained (DO)PE-enriched areas yield unstable liposomes that fuse,
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triggering drug release. Note that the use of UV light is undesirable
for in vivo application considering its propensity to induce DNA
mutations (phototoxicity) and poor tissue penetration. Alternatively,
second or third harmonic light sources can be employed to
resolve poor tissue penetration at short wavelengths, or more
suitable molecular alternatives can be used. For example, green
light (495-570 nm) can be used when 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate is co-encapsulated [185].
A similar approach also exploits the destabilizing effect of PEs.
Unlike PE, N-acylated PEs can form stable liposomes. Zhang
and Smith have developed a PE-containing phospholipid with
a photocleavable acyl-group: 6-nitroveratryloxycarbonylated
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (NVOC-
DOPE) [186]. During UV light irradiation, the acyl group is
removed, triggering liposome aggregation and fusion and thus drug
release. Alternatively, Chandra et al. have used o-nitrobenzyl as a
photolabile group to create UV light-photocleavable lipids [187].

Several photoactivatable DDSs have been developed
based on photoisomerizable moieties, usually azobenzene.
With azobenzene, UV light (~366 nm) promotes a trans-cis
transformation leading to increased polarity and hydrophilicity,
followed by membrane destabilization and drug release.
Azobenzenes are particularly attractive because they feature
reversible isomerization using visible light (> 420 nm). Several
azobenzene-based lipid derivatives have been developed for the
use in photosensitive liposomal DDSs [188,189]. Other previously
employed photoisomerizable groups for liposomal release include
spiropyran [190] and stilbene [191].

Photosensitizer-derived ROS can also directly induce
liposomal drug release by photo-oxidation of unsaturated
lipids, resulting in destabilization of the lipid bilayer and
corollary drug release [181]. Photosensitizers produce ROS
upon illumination at specific wavelengths. Pashkovskaya et al.
have used trisulfonated aluminum phthalocyanine, glycerol-
substituted zinc phthalocyanine, and chlorin e6 irradiated with
red light to induce liposomal membrane permeabilization and
cargo release [192]. Rwei et al. have already employed liposomes
loaded with a near-infrared (NIR)-sensitive photosensitizer,
1,4,8,11,15,18,22,25-octabutoxyphthalocyaninato-palladium(II)
(PdPC(OBu),), in an in vivo rat model to facilitate on-demand
sciatic nerve blockade [193]. The use of photosensitizers as
procoagulants is further discussed in section 3.4.1.3.

As can be seen from the abovementioned options, many
photoactivatable release systems rely on UV light irradiation.
A relatively new method to reduce the adverse effects associated
with UV light is the use of upconversion nanoparticles (UCNPs).
These are capable of sequentially absorbing multiple photons of
NIR light, which has relatively deep tissue penetration (in the order
of millimeters to centimeters), and converting the photons into
higher-energy light, such as UV, depending on their composition.
Accordingly, Yao et al. have combined Tm* and Yb**-doped
NaYF4 UCNPs with 1,2-distearoyl-sn-glycero-3-phosphocholine
liposomes incorporating azobenzene to form a DDS activated
by NIR [194]. Additional investigations have to be performed to
demonstrate the safety and efficacy of UCNPs in vivo.
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3.3. Liposomal targeting strategies

Inasmuch as high drug concentrations are desired at the site
of laser-mediated endovascular damage, but clinical doses of the
administered prothrombotics and antifibrinolytics are preferably
minimized, the DDS should be equipped with targeting capabilities
to the sites of laser-induced thrombosis. Targeting can be achieved
by the conjugation or grafting of antibodies, antigen-binding
fragments, nanobodies, or immunoactive peptides to the surface
of the DDS, as exemplified in Figure 11. An interesting example
of the latter is the fluorophore-conjugated fibrin-binding peptide
used by Weiss et al., which could enable liposome targeting
and concurrently facilitate real-time visualization of liposome
accumulation in the fibrin clot [195]. For PEGylated liposomes,
antibodies can be attached to chemically-modified distal ends of
the PEG chains [196].

With respect to targeting moieties, essentially any laser-
induced and specifically expressed (plasma or membrane surface)
molecule is suitable for liposome targeting. Accordingly, potential
targets include molecules or epitopes expressed after activation
of platelets, ECs, or the coagulation cascade, including GplIb/
[la (CD41) [197] and P-selectin (CD62P) [150,197] on activated
platelets, E-selectin, intercellular adhesion molecule 1, and vascular
cell adhesion protein 1 on ECs, and fibrinogen (RGD [198,199]
and AGDV antibodies [200,201]) or, preferably, fibrin (fibrin-
binding peptide [195]) in the developing fibrin clot. Naturally, it is
imperative that binding of these molecules does not impair the extent
of laser-induced thrombosis. Considering this caveat, our group
demonstrated that antibody-based inhibition of CD62P using the rat
anti-mouse RB40.34 clone did not affect the extent of laser-induced
thrombosis in a hamster dorsal skin model [150].

Instead of laser-induced targets, the DDS could also exploit
epitopes specifically expressed by or enriched in PWS vasculature,
such as CD133 and CD166 [14].

3.4. Thrombosis- and fibrinolysis-modulating drugs

The liposome-encapsulated drugs may promote thrombosis
by exerting an effect on platelet function (primary hemostasis),
components of the contact activation and TF pathway (secondary
hemostasis), or the fibrinolytic pathway (tertiary hemostasis).
Furthermore, the drugs are required to be heat-stable and, provided
that they are encapsulated in the aqueous compartment, small
enough to permeate the membrane. Numerous drug candidates
exist that meet these requirements and that can be employed for
SSPLT.

3.4.1. Primary hemostasis

The exacerbation of thrombosis can be pharmacologically
modulated at all levels of hemostasis, as exemplified below.

3.4.1.1. Platelet agonists

The DDS could encapsulate compounds that target primary
hemostasis, i.e., compounds that mediate platelet adhesion,
activation, and/or aggregation. As described in section 2.2, laser-
induced primary hemostasis is presumably triggered primarily by
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denatured proteins and exposure of the subendothelial matrix that
ensues after endothelial damage and denudation. In situations
with high shear rates, circulating or secreted von Willebrand
factor (VWF) binds to the exposed collagen as well as the platelet
Gplba receptor to facilitate platelet rolling. Similar to a variety of
other substrates, such as thrombin (generated during secondary
hemostasis) and thromboxane A, (TXA)), matrix components
such as collagen, thrombospondin, and laminin act as potent
platelet activators by binding to their cognate platelet receptors
(e.g., glycoprotein V and VI), which activates platelets and
triggers activation or expression of a variety of additional platelet
receptors, platelet shape changes, selective release of a-granules,
dense granules, and lysosomes (which can harbor prothrombotic
factors such as vWF, platelet factor 4, thrombospondin,
fibronectin, ADP, serotonin, polyphosphates, and calcium), and
the synthesis and release of platelet activators (e.g., thrombin,
TXA, and platelet-activating factor [PAF]). Finally, platelet-
platelet binding (i.e., platelet aggregation) is mediated by
fibrinogen bound to activated Gpllb/Illa molecules on adjacent
platelets [202].

The DDS could incorporate natural or synthetic PAF
phospholipids in the lipid bilayer or encapsulate ADP, serotonin,
TXA,, or thrombin.

3.4.1.2. Calcium-containing liposomes

Extracellular calcium ions play an important role in the
coagulation cascade, as they are essential for the formation of
the FVIIa-TF-, tenase-, and prothrombinase complexes. Hu
et al. [203] have shown that supraphysiological concentrations of
extracellular calcium amplify ADP-induced platelet aggregation
via a positive feedback mechanism involving TXA, synthesis.
Therefore, calcium can be suitable for (co-)encapsulation into the
DDS that, upon triggered release (section 3.2.), would enhance
coagulation and platelet aggregation.

3.4.1.3. Photosensitizers

As an alternative to conventional drugs that target primary or
secondary hemostasis, which generally are expensive and heat
labile, the DDS could also incorporate a photosensitizer in the
lipid bilayer or the aqueous phase. Photosensitizers are currently
being used for PDT of PWS (section 1.4). The thrombogenic
effects that are beneficial for SSPLT result from ROS-induced
endothelial damage, vasoconstriction, thrombus formation, and
hemostasis [128,142,204].

Photosensitizers suitable for SSPLT include phthalocyanines,
naphthalocyanines, and porphyrins from the group of chlorins and

Table 1. An overview of clinically available prothrombotic compounds.

bacteriochlorins. The photosensitizers may be encapsulated in a
separate liposomal formulation to comprise a DDS with procoagulant
properties. As addressed in section 3.1, a photosensitizer could also
be used to facilitate liposomal drug release.

3.4.2. Secondary hemostasis

3.4.2.1. Tissue factor and the contact activation pathway

The coagulation cascade embodies the TF and contact
activation pathways; two series of zymogenic activations of
circulating clotting factors that share a common final pathway in
which prothrombin and fibrinogen are converted to thrombin and
fibrin, respectively (Figure 12). Thrombin is also a strong platelet
activator. The generation of fibrin is imperative for the stabilization
of'the primary platelet clot. Components of the coagulation cascade,
such as FlI(a), FIII, FV(a), FVIl(a)-FXIIl(a), (pre-)kallikrein, and
high-molecular-weight kininogen could be included in purified or
recombinant form in the DDS. Table 1 provides an overview of
clinically available compounds that could be suitable for SSPLT.

3.4.2.2. Coagulation inhibitor antagonists

A number of endogenous inhibitors restrain the coagulation
cascade to proportionate the extent of coagulation. Therefore,
antagonists of these endogenous inhibitors could also be included
in the DDS to promote coagulation. The most prominent inherent
inhibitors and their interaction with the coagulation pathway are
addressed here.

Antithrombin III is a plasma-borne glycoprotein and serine
protease inhibitor (serpin) synthesized by the liver that inactivates
thrombin and inhibits FIXa-FXIla and FVII as well as plasmin and
kallikrein [205]. Its activity is markedly potentiated by heparin.
Heparin cofactor II is another serpin that inhibits thrombin in the
presence of certain glycosaminoglycans, such as heparin [206].

Protein C is an anticoagulant that is activated by thrombin-
bound thrombomodulin on the EC outer membrane surface to
form activated protein C (APC). In the presence of the cofactor
protein S, APC inactivates FVa and FVIIla [207]. Protein C is
inhibited by protein C inhibitor whereas APC is inhibited by al-
protease inhibitor [206].

TFPI binds to FXa, thereby inhibiting it, and in this combination
binds and inhibits the FVIIa-TF complex formed at the beginning
of the TF pathway [208]. Protein S strongly potentiates this
process as well [209].

Protein Z-dependent protease inhibitor, a blood-borne serpin,
inhibits FXIa in the presence of calcium and, in conjunction with
protein Z, FXa [210].

Prothrombotic
compound

Non-activated four-factor prothrombin
complex concentrate

Activated prothrombin
complex concentrate

Recombinant human
factor VIla

Fibrin glue

Trade name(s), Kanokad, LFB; Octaplex®, Octapharma; FEIBA, Baxter

Novoseven, Novo Tisseel/tissucol, Baxter; Beriplast, CSL

supplier(s) Confidex/Beriplex”, CSL Behring; Nordisk Behring
Cofact’, Sanquin
Component(s) Factor 11, VII, IX, X + protein C Mainly non-activated factor rFVIla Fibrinogen (factor I) and factor X + factor

(and in most forms* protein S)

1L, IX and X, mainly activated
FVIL FVIII C:Ag

XIII, aprotinin, and calcium chloride
(in Beriplast)
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3.4.2.3. Anionic phospholipids

PS, an anionic phospholipid present in cell membranes [211],
is an essential mediator of the conversion from prothrombin to
thrombin [212,213]. In normal cells, including resting platelets,
PS is asymmetrically distributed across the inner leaflet of the
membrane [214-217]. An adenosine triphosphate-dependent
amino-phospholipid-specific translocase maintains this membrane
asymmetry [218,219]. Upon platelet activation (or apoptosis in
any cell type), asymmetry is lost and PS is exposed on the platelet
(or other cell types) outer membrane surface [218,220]. After
activation, platelets also shed procoagulant microparticles that
express PS on their surface [218]. Exposure of PS in the presence of
calcium promotes coagulation via assembly of the prothrombinase
complex, comprising FXa and FVa [153], which catalyzes the
conversion of prothrombin to thrombin. Therefore, PS or other
anionic phospholipids, such as phosphatidic acid and, to a lesser
extent, phosphatidylglycerol and phosphatidylinositol [221],
could be incorporated into the liposomal membrane to enhance
coagulation.

3.4.2.4. Phosphatidylethanolamine liposomes

Klein et al. [222] have shown that very low-density lipoproteins
(VLDL) can amplify the contact activation pathway by increasing
FXII activity. The principal activating components in the
VLDL membrane are PEs, a phospholipid [222] that contains
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a phosphoethanolamine head group (Supplemental Table S4).
Hence, PE could be added to the DDS membrane to promote
coagulation.

3.4.3. Tertiary hemostasis

3.4.3.1. Antifibrinolytics

The fibrinolytic pathway, a cascade of serine proteases that
mediate tertiary hemostasis, is activated in response to and
simultaneously with the coagulation cascade and serves to
counteract thrombus formation and restore luminal patency by the
degradation of fibrin (Figure 13). During blood clot formation,
zymogenic plasminogen incorporates into the clot by binding to
exposed lysine residues in fibrin. Tissue plasminogen activator
(t-PA) and urokinase-type plasminogen activator (u-PA), both
synthesized by ECs, cleave plasminogen to its enzymatic active
form plasmin. Subsequently, plasmin cleaves fibrin and fibrinogen
into soluble degradation products, which results in lysis of the
blood clot. Excessive activity of t-PA and u-PA is prevented
by circulating plasminogen activator inhibitor 1 (PAI-1) and 2
(PAI-2), produced by hepatocytes and ECs [223].

The fibrinolytic system, considering its vital role in thrombus
degradation, forms an important target for pharmacological
modulation in SSPLT. Established drugs capable of inhibiting
the fibrinolytic pathway are listed in Table 2. Tranexamic acid
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Figure 13. Overview of the fibrinolytic cascade and the endogenous
factors that regulate this pathway. All components represent possible
targets for inhibition of thrombus degradation that could be exploited in
site-specific pharmaco-laser therapy. Abbreviations: PAI: plasminogen
activator inhibitor, t-PA: tissue plasminogen activator, u-PA: urokinase-
type plasminogen activator.

(TA) and e-aminocaproic acid inhibit the biological activity of
plasmin(ogen) by competitively binding the lysine binding sites
of plasmin. Both are Food and Drug Administration-registered
drugs and are very suitable for encapsulation into thermosensitive
liposomes because of their small size, hydrophilicity, and high
solubility at physiological pH (Table 2) [161,162]. Nevertheless,
these drugs could also be co-infused in unencapsulated form
since they exert an effect only in active thrombosis and pose
a low risk for unwanted complications in their free form. The
antifibrinolytic serpins aprotinin and nafamostat mesylate may
be less suitable candidates inasmuch as these molecules also
possess anticoagulant properties [224,225]. The DDS could
also incorporate an inhibitor of uPA (receptors), a purified
or recombinant agonist of PAI-1/2 or thrombin-activatable
fibrinolysis inhibitor [226], a plasmin inhibitor, including
a2-antiplasmin and a2-macroglobulin [223], and/or include
plasmin-inhibiting long-chain fatty acids in the lipid bilayer,
such as arachidonate, oleate, or stearate [227].

4. Discussion

Since the introduction of the current gold standard PDL therapy
in the 1980s, much effort has been put into improvement of clinical
outcomes by altering laser parameters (wavelength, pulse duration,
and laser spot size), using different lasers, and the employment of
new (ancillary) techniques such as multiple passes [228], epidermal
cooling [102], and hypobaric pressure [229]. Despite technological
advances (Figure 3), a considerable fraction of PWSs remains
resistant to laser therapy [230] as the extent of photocoagulation
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is limited by a series of inevitable intrinsic factors described in
section 1.3. The patients’ interest in improved therapies has been
unwavering to date [21] and underscores the medical need for
novel approaches to treat recalcitrant PWSs.

The current limitations of PWS treatment approaches reverberate
the need for novel treatment modalities that employ alternative
strategies to circumvent the inherent barriers discussed in section 1.3.
SSPLT combines PDL with a procoagulant and antifibrinolytic
DDS to promote the hemodynamic response, which is characterized
by thrombus formation and contributes to vaso-occlusion in
incompletely photocoagulated vessels, as a means to improve
clearance rates in PWS patients. The prototype DDS employs two
different liposomal formulations tailored to the procoagulant and
antifibrinolytic components of the hemodynamic response. Both
liposomal formulations consist primarily of DPPC and contain a
molar fraction of DSPE-PEG2000 (PEG M = 2000 Da) [161,162]
to prevent clearance by the MPS. The antifibrinolytic liposomes
are loaded with TA and release the TA under mild hyperthermia in
buffered solution [161] as well as whole blood [162] similar to heat-
induced 5(6)-carboxyfluorescein release in vivo (Figure 6). The
procoagulant liposomes contain a second-generation photosensitizer
(metallated phthalocyanine) in the lipid bilayer [102] to induce
thrombosis via locally produced ROS [128,231,232]. Preliminary
proof-of-concept studies with similar formulations demonstrated
that PEGylated DPPC liposomes encapsulating the photosensitizer
zinc phthalocyanine or aluminum phthalocyanine in the
phospholipid bilayer produce ROS upon irradiation with 671-nm
laser light [233,234]. It was further shown that the photoproduced
ROS are capable of oxidizing small molecules [233,235,236] and
large proteins [236,237]. The liposomes were further capable of
inducing cellular responses following illumination [125,235],
which depended on the fluence rate [238], but were not affected by
changing the membrane composition to impart a cationic charge on
the liposome surface [124,237] or the conjugation of nanobodies
to the distal end of PEG chains [196]. Both types of liposomes will
need to be targeted to the site of laser-induced endovascular damage,
which can be achieved by immunotargeting to platelet activation-
dependent receptors such as CD62P (P-selectin) (section 3.3).
Identically to PDT, liposomes require intravenous administration
before laser irradiation.

Accordingly, the following clinical procedure is envisioned
for SSPLT (Figure 10). The liposomal formulations are
infused systemically in the PWS patient several minutes
before lasing. Next, standard PDL treatment is performed
to induce photocoagulation of PWS vessels and thrombosis
in incompletely photocoagulated vasculature. After DDS
accumulation in thrombi, the DDS can be triggered by a second
laser pulse to induce (1) mild hyperthermia for the release of
TA from thermosensitive liposomes and (2) a site-confined
hyperthrombotic state from locally photoproduced ROS via
thrombus-trapped, photosensitizer-containing liposomes. Both
phenomena are expected to achieve complete and durable PWS
vessel occlusion [145] and hence lesional blanching.

In the future, SSPLT could be combined with other novel
techniques and therapies currently under investigation for
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Table 2. Characteristics of the most common antifibrinolytics

Name Tranexamic g-aminocaproic p-aminomethylbenzoic 4-aminomethyl-bicyclo- Aprotinin Nafamostat mesylate
acid (TA) acid (ACA) acid (AMBA) 2,2,2-octane carboxylic
acid (AMBOCA)
Trade name(s) Cyclokapron,  Hemocid, Amicar Trasylol Nafamostat, Futhan
Lysteda
Chemical H,oN H,N H,N NH, * HNo _NH
structure
HO ~°
o} OH (¢} (e} OH HO o}
N NH,
NH,
CASID 1197-18-8 60-32-2 56-91-7 24306-54-5 9087-70-1 81525-10-2
Molecular weight ~ 157.2 131.2 151.2 183.2 6511.5 347.3
(g'mol™)
Water solubility 167 505 9.890 # >10 0.0341
(mg-mL")
FDA UNII 37YD696116 U6F3787206 68WG9JKCT7L # 04XPWS8COFL 1D2T74921W

*The chemical structure of aprotinin, a polypeptide with chemical formula C,. H, N O S

was not included because of its size. Readers are referred to https://pubchem.ncbi.nlm.nih.gov/

compound/53487898 for structural details. “ Missing data. Abbreviations: CAS ID, Chemical Abstracts Service identifier; FDA UNII, Food and Drug Administration Unique Ingredient Identifier.

combination with either PDL or PDT. Angiogenesis inhibitors,
such as imiquimod and rapamycin, improve lesional blanching
after laser therapy by preventing the replacement or repair of
PWS vessels [159,239-243]. Another interesting development
is the possibility to image and assess the microcirculation,
and thus clinical efficacy, synchronously with laser therapy.
These techniques currently include Doppler optical coherence
tomography [244,245], photoacoustic imaging [246,247], laser
speckle imaging [248-250], side stream dark field imaging [251],
and orthogonal polarized spectral imaging [146].

Although our current focus is the use of SSPLT for
PWSs, a similar treatment modality could be used to treat
other vascular and vessel-related pathologies in the skin
(hemangiomas, telangiectasias, pyogenic  granulomas,
venous lakes, and angiomas serpiginosum), eyes (choroidal
neovascularization, retinal macro-aneurysms, intraocular
melanomas, retinoblastomas, corneal vascularization, and
central serous chorioretinopathy) and the gastrointestinal tract
(e.g., blue rubber bleb nevus syndrome, gastric antral vascular
ectasia, radiation proctocolitis, and hereditary hemorrhagic
telangiectasia). Moreover, in oncology, this modality could
be used for treatment of highly vascularized solid tumors and
as a minimally invasive approach for complex arteriovenous
malformations.

5. Conclusions

SSPLT is a novel development-stage treatment modality for
PWSs that intends to address the limitations of PDL treatment
in refractory PWSs by instilling complete vascular occlusion via
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a pharmacologically modulated hemodynamic response. This
new strategy combines conventional PDL therapy with the prior
administration of a liposomal DDS that contains prothrombotic
and/or antifibrinolytic compounds that are locally activated and
released, respectively. Clinical translation of SSPLT is expected
to improve lesional blanching by inducing complete vascular
occlusion in the PWS microcirculation that was insufficiently
photocoagulated by the initial PDL treatment.

Acknowledgments

This project was financially supported by a preseed grant from
the Academic Medical Center SKE Fund to MH (Technostarter
# 20090812) and a valorization grant from the Stichting
Technologische Wetenschap (grant # 2011/13798/STW).

Disclosures
Conflict of Interest

Intellectual property rights to SSPLT were held by MH and the
Academic Medical Center under patent # US20120010557A1 and
WO2010084199A1.

References

[1]  Hohenleutner U, Hilbert M, Wlotzke U, Landthaler M.
Epidermal Damage and Limited Coagulation Depth with
the Flashlamp-pumped Pulsed Dye Laser: A Histochemical
Study. J Invest Dermatol 1995;104:798-802.

[2] Finley JL, Noe JM, Arndt KA, Rosen S. Port-wine Stains.
Morphologic Variations and Developmental Lesions. Arch

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24 15

Dermatol 1984;120:1453-5.

Schneider BV, Mitsuhashi Y, Schnyder UW. Ultrastructural
Observations in Port Wine Stains. Arch Dermatol Res
1988;280:338-45.

Barsky SH, Rosen S, Geer DE, Noe JM. The Nature and
Evolution of Port Wine Stains: A Computer-assisted Study.
J Invest Dermatol 1980;74:154-7.

Goldman MP, Fitzpatrick RE. Cutaneous Laser Surgery:
The Art and Science of Selective Photothermolysis. 2™ ed.
St. Louis: Mosby; 1999.

Vural E, Ramakrishnan J, Cetin N, Buckmiller L, Suen JY,
Fan CY. The Expression of Vascular Endothelial Growth
Factor and its Receptors in Port-wine Stains. Otolaryngol
Head Neck Surg 2008;139:560-4.

Smoller BR, Rosen S. Port-wine Stains. A Disease of
Altered Neural Modulation of Blood Vessels? Arch
Dermatol 1986;122:177-9.

Eerola I, Boon LM, Watanabe S, Grynberg H, Mulliken JB,
Vikkula M. Locus for Susceptibility for Familial Capillary
Malformation (“Port-wine Stain) Maps to 5q. Eur J Hum
Genet 2002;10:375-80.

Shirley MD, Tang H, Gallione CJ, Baugher JD, Frelin LP,
Cohen B, North PE, Marchuk DA, Comi AM, Pevsner J.
Sturge-weber Syndrome and Port-wine Stains Caused by
Somatic Mutationin GNAQ. N Engl JMed 2013;368:1971-9.

Lian CG, Sholl LM, ZakkaLR,OTM, LiuC, XuS, Stanek E,
Garcia E, Jia Y, MacConaill LE, Murphy GF, Waner M,
Mihm MC Jr. Novel Genetic Mutations in a Sporadic Port-
wine Stain. JAMA Dermatol 2014;150:1336-40.

Hershkovitz D, Bercovich D, Sprecher E, Lapidot M.
RASA1 Mutations May Cause Hereditary Capillary
Malformations without Arteriovenous Malformations. Br
J Dermatol 2008;158:1035-40.

Breugem CC, Alders M, Salieb-Beugelaar GB,
Mannens MM, Van der Horst CM, Hennekam RC. A
Locus for Hereditary Capillary Malformations Mapped on
Chromosome 5q. Hum Genet 2002;110:343-7.

Frigerio A, Wright K, Wooderchak-Donahue W, Tan OT,
MargrafR, Stevenson DA, Grimmer JF, Bayrak-Toydemir P.
Genetic Variants Associated with Port-wine Stains. PLoS
One 2015;10:e0133158.

Tan W, Wang J, Zhou F, Gao L, Yin R, Liu H,
Sukanthanag A, Wang G, Mihm MC Jr, Chen DB,
Nelson JS. Coexistence of Eph Receptor B1 and Ephrin
B2 in Port-Wine Stain Endothelial Progenitor Cells
Contributes to Clinicopathological Vasculature Dilatation.
Br J Dermatol 2017;177:1601-11.

Lanigan SW, Cotterill JA. Reduced Vasoactive Responses
in Port Wine Stains. Br J Dermatol 1990;122:615-22.

Rydh M, Malm M, Jernbeck J, Dalsgaard CJ. Ectatic Blood
Vessels in Port-wine Stains Lack Innervation: Possible
Role in Pathogenesis. Plast Reconstr Surg 1991;87:419-22.

Distributed under creative commons license 4.0

[17]

[18]

[19]

[20]

(21]

(23]

[26]

(28]

[29]

DOI

Enjolras O, Mulliken JB. The Current Management of
Vascular Birthmarks. Pediatr Dermatol 1993;10:311-3.

Geronemus RG, Ashinoff R. The Medical Necessity of
Evaluation and Treatment of Port-wine Stains. J Dermatol
Surg Oncol 1991;17:76-9.

van Drooge AM, Beek JF, van der Veen JP, van der
Horst CM, Wolkerstorfer A. Hypertrophy in Port-wine
Stains: Prevalence and Patient Characteristics in a Large
Patient Cohort. ] Am Acad Dermatol 2012;67:1214-9.

Lanigan SW, Cotterill JA. Psychological Disabilities
Amongst Patients with port Wine Stains. Br J Dermatol
1989;121:209-15.

van Raath M1, Bambach CA, Dijksman LM, Wolkerstorfer A,
Heger M. Prospective analysis of the Port-wine Stain Patient
Population in the Netherlands in Light of Novel Treatment
Modalities. ] Cosmet Laser Ther 2018;20:77-84.

Gemert MC, Welch AJ, Pickering J, Tan O. Laser Treatment
of Port Wine Stains. In: Welch A, Gemert MC, editors.
Optical-Thermal Response Laser-Irradiated Tissue. United
States: Springer; 1995. p. 789-829.

Schiffner R, Brunnberg S, Hohenleutner U, Stolz W,
Landthaler M. Willingness to Pay and Time Trade-off:
Useful Utility Indicators for the Assessment of Quality of
Life and Patient Satisfaction in Patients with Port Wine
Stains. Br J Dermatol 2002;146:440-7.

Masnari O, Landolt MA, Roessler J, Weingaertner SK,
Neuhaus K, Meuli M, Schiestl C. Self and Parent-
perceived Stigmatisation in Children and Adolescents
with Congenital or Acquired Facial Differences. J Plast
Reconstr Aesthet Surg 2012;65:1664-70.

Tallman B, Tan OT, Morelli JG, Piepenbrink J, Stafford TJ,
Trainor S, Weston WL. Location of Port-wine Stains and
the Likelihood of Ophthalmic and/or Central Nervous
System Complications. Pediatrics 1991;87:323-7.

Hennedige AA, Quaba AA, Al-Nakib K. Sturge-weber
Syndrome and Dermatomal Facial Port-wine Stains:
Incidence, Association with Glaucoma, and Pulsed Tunable
Dye Laser Treatment Effectiveness. Plast Reconstr Surg
2008;121:1173-80.

Anderson RR, Parrish JA. Microvasculature can be
Selectively Damaged using dye Lasers: A Basic Theory
and Experimental Evidence in Human Skin. Lasers Surg
Med 1981;1:263-76.

Fiskerstrand EJ, Svaasand LO, Kopstad G, Ryggen K,
Aase S. Photothermally Induced Vessel-wall Necrosis after
Pulsed Dye Laser Treatment: Lack of Response in Port-
wine Stains with Small Sized or Deeply Located Vessels. J
Invest Dermatol 1996;107:671-5.

Tan OT, Carney JM, Margolis R, Seki Y, Boll J, Anderson RR,
Parrish JA. Histologic Responses of Port-wine Stains
Treated by Argon, Carbon Dioxide, and Tunable Dye Lasers.
A Preliminary Report. Arch Dermatol 1986;122:1016-22.

: http://dx.doi.org/10.18053/jctres.05.201901.002



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24

Tan OT, Morelli JG, Whitaker D, Boll J, Murphy G.
Ultrastructural Changes in Red Blood Cells following
Pulsed Irradiation in vitro. J Invest Dermatol 1989;92:100-4.

Verkruysse W, Beek JF, VanBavel E, van Gemert MJ,
Spaan JA. Laser Pulse Impact on Rat Mesenteric Blood
Vessels in Relation to Laser Treatment of Port Wine Stain.
Lasers Surg Med 2001;28:461-8.

Black JF, Barton JK. Chemical and Structural Changes in
Blood Undergoing Laser Photocoagulation. Photochem
Photobiol 2004;80:89-97.

Anderson RR, Parrish JA. Selective Photothermolysis:
Precise Microsurgery by Selective Absorption of Pulsed
Radiation. Science 1983;220:524-7.

Tunnell JW, Wang LV, Anvari B. Optimum Pulse Duration
and Radiant Exposure for Vascular Laser Therapy of
Dark Port-wine Skin: A Theoretical Study. Appl Opt
2003;42:1367-78.

Garden JM, Polla LL, Tan OT. The Treatment of Port-wine
Stains by the Pulsed Dye Laser. Analysis of Pulse Duration
and Long-term Therapy. Arch Dermatol 1988;124:889-96.
Reyes BA, Geronemus R. Treatment of Port-wine Stains
during Childhood with the Flashlamp-pumped Pulsed Dye
Laser. ] Am Acad Dermatol 1990;23:1142-8.

Ashinoff R, Geronemus RG. Flashlamp-pumped Pulsed
Dye Laser for Port-wine Stains in Infancy: Earlier Versus
Later Treatment. J Am Acad Dermatol 1991;24:467-72.
Goh CL. Treatment Response of Port-wine Stains with
the Flashlamp-pulsed Dye Laser in the National Skin
Centre: A Report of 36 Patients. Ann Acad Med Singapore
1996;25:536-40.

Orten SS, Waner M, Flock S, Roberson PK, Kincannon J.
Port-wine Stains. An Assessment of 5 Years of Treatment.
Arch Otolaryngol Head Neck Surg 1996;122:1174-9.
Lanigan SW. Port Wine Stains on the Lower Limb:
Response to Pulsed Dye Laser Therapy. Clin Exp Dermatol
1996;21:88-92.

Chung JH, Koh WS, Lee DY, Lee YS, Eun HC, Youn JH.
Copper Vapour Laser Treatment of Port-wine Stains in
Brown Skin. Australas J Dermatol 1997;38:15-21.

Chang CJ, Nelson JS. Cryogen Spray Cooling and Higher
Fluence Pulsed Dye Laser Treatment Improve Port-wine
Stain Clearance While Minimizing Epidermal Damage.
Dermatol Surg 1999;25:767-72.

Goh CL. Flashlamp-pumped Pulsed Dye Laser (585nm)
for the Treatment of Port-wine stains a Study of Treatment
Outcome in 94 Asian Patients in Singapore. Singapore
Med J 2000;41:24-8.

Sommer S, Sheehan-Dare RA. Pulsed Dye Laser
Treatment of Port-wine Stains in Pigmented Skin. J Am
Acad Dermatol 2000;42:667-71.

Wimmershoff MB, Wenig M, Hohenleutner U,
Landthaler M. Treatment of Port-wine Stains with the Flash

Distributed under creative commons license 4.0

[49]

[54]

[55]

[56]

[57]

DOI

Lamp Pumped Dye Laser. 5 Years of Clinical Experience.
Hautarzt 2001;52:1011-5.

Greve B, Hammes S, Raulin C. The Effect of Cold Air
Cooling on 585 nm Pulsed Dye Laser Treatment of Port-
wine Stains. Dermatol Surg 2001;27:633-6.

Ackermann G, Hartmann M, Scherer K, Lang EW,
Hohenleutner U, Landthaler M, Baumler W. Correlations
between Light Penetration into Skin and the Therapeutic

Outcome following Laser Therapy of Port-wine Stains.
Lasers Med Sci 2002;17:70-8.

Lorenz S, Scherer K, Wimmershoff MB, Landthaler M,
Hohenleutner U. Variable Pulse Frequency-doubled
Nd:YAG Laser Versus Flashlamp-pumped Pulsed Dye
Laser in the Treatment of Port Wine Stains. Acta Derm
Venereol 2003;83:210-3.

Sommer S, Seukeran DC, Sheehan-Dare RA. Efficacy
of Pulsed Dye Laser Treatment of Port Wine Stain
Malformations of the Lower Limb. Br J Dermatol
2003;149:770-5.

Woo WK, Handley JM. Does Fluence Matter in the
Laser Treatment of Port-wine Stains? Clin Exp Dermatol
2003;28:556-17.

Hammes S, Roos S, Raulin C, Ockenfels HM, Greve B.
Does Dye Laser Treatment with Higher Fluences in
Combination with Cold Air Cooling Improve the Results
of Port-wine Stains? J Eur Acad Dermatol Venereol
2007;21:1229-33.

Zhang B, Zhang TH, Huang Z, Li Q, Yuan KH, Hu ZQ.
Comparison of Pulsed Dye Laser (PDL) and Photodynamic
Therapy (PDT) for Treatment of Facial Port-Wine Stain
(PWS) Birthmarks in Pediatric Patients. Photodiagnosis
Photodyn Ther 2014;11:491-7.

Kelly KM, Nanda VS, Nelson JS. Treatment of Port-wine
Stain Birthmarks using the 1.5-msec Pulsed Dye Laser
at High Fluences in Conjunction with Cryogen Spray
Cooling. Dermatol Surg 2002;28:309-13.

Chang CJ, Kelly KM, Van Gemert MJ, Nelson JS.
Comparing the Effectiveness of 585-nm vs 595-nm
Wavelength Pulsed dye Laser Treatment of Port Wine
Stains in Conjunction with Cryogen Spray Cooling. Lasers
Surg Med 2002;31:352-8.

Greve B, Raulin C. Prospective Study of Port Wine
Stain Treatment with Dye Laser: Comparison of Two
Wavelengths (585 nm vs 595 nm) and Two Pulse Durations
(0.5 Milliseconds vs 20 Milliseconds). Lasers Surg Med
2004;34:168-73.

Kelly KM, Choi B, McFarlane S, Motosue A, Jung B,
Khan MH, Ramirez-San-Juan JC, Nelson JS. Description
and Analysis of Treatments for Port-wine Stain Birthmarks.
Arch Facial Plast Surg 2005;7:287-94.

Sharma VK, Khandpur S. Efficacy of Pulsed Dye Laser in
Facial Port-wine Stains in Indian Patients. Dermatol Surg
2007;33:560-6.

: http://dx.doi.org/10.18053/jctres.05.201901.002



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24 17

Geronemus RG, Quintana AT, Lou WW, Kauvar AN. High-
fluence Modified Pulsed Dye Laser Photocoagulation with
Dynamic Cooling of Port-wine Stains in Infancy. Arch
Dermatol 2000;136:942-3.

Laube S, Taibjee S, Lanigan SW. Treatment of Resistant
Port Wine Stains with the V Beam Pulsed Dye Laser.
Lasers Surg Med 2003;33:282-7.

Woo WK, Jasim ZF, Handley JM. Evaluating the Efficacy
of Treatment of Resistant Port-wine Stains with Variable-
pulse 595-nm Pulsed Dye and 532-nm Nd:YAG Lasers.
Dermatol Surg 2004;30:158-62.

Asahina A, Watanabe T, Kishi A, Hattori N, Shirai A,
Kagami S, Watanabe R, Le Pavoux A, Mackawa T,
Tamaki K, Ohara K. Evaluation of the Treatment of Port-
wine Stains with the 595-nm Long Pulsed Dye Laser: A
Large Prospective Study in Adult Japanese Patients. J] Am
Acad Dermatol 2006;54:487-93.

Tomson N, Lim SP, Abdullah A, Lanigan SW. The
Treatment of Port-wine Stains with the Pulsed-dye Laser
at 2-week and 6-week Intervals: A Comparative Study. Br
J Dermatol 2006;154:676-9.

Woo SH, Ahn HH, Kim SN, Kye YC. Treatment of Vascular
Skin Lesions with the Variable-pulse 595 nm Pulsed Dye
Laser. Dermatol Surg 2006;32:41-8.

Kono T, Sakurai H, Takeuchi M, Yamaki T, Soejima K,
Groff WF, Nozaki M. Treatment of Resistant Port-wine
Stains with a Variable-pulse Pulsed Dye Laser. Dermatol
Surg 2007;33:951-6.

Chapas AM, Eickhorst K, Geronemus RG. Efficacy of
Early Treatment of Facial Port Wine Stains in Newborns:
A Review of 49 Cases. Lasers Surg Med 2007;39:563-8.

Anolik R, Newlove T, Weiss ET, Brightman L, Hale EK,
Karen JK, Bernstein L, Geronemus RG. Investigation
into Optimal Treatment Intervals of Facial Port-wine
Stains using the Pulsed Dye Laser. ] Am Acad Dermatol
2012;67:985-90.

Shi W, Wang J, Lin Y, Geng J, Wang H, Gong Y, Liu H3,
Zhang F4. Treatment of Port Wine Stains with Pulsed Dye
Laser: A Retrospective Study of 848 Cases in Shandong
Province, People’s Republic of China. Drug Des Devel
Ther 2014;8:2531-8.

Ren J, Qian H, Xiang L, Pan Z, Zhong L, Yan S, Gold MH.
The Assessment of Pulsed Dye Laser Treatment of Port-
wine Stains with Reflectance Confocal Microscopy. J
Cosmet Laser Ther 2014;16:21-5.

Liu X, Fan Y, Huang J, Zeng R, Cao G, Chen M, Chen W,
Tang J. Can we predict the Outcome of 595-nm Wavelength
Pulsed Dye Laser Therapy on Capillary Vascular
Malformations from the First Beginning: A Pilot Study
of Efficacy Co-related Factors in 686 Chinese Patients.
Lasers Med Sci 2015;30:1041-6.

Yang B, Yang O, Guzman J, Nguyen P, Crouzet C,
Osann KE, Kelly KM, Nelson JS, Choi B. Intraoperative,

Distributed under creative commons license 4.0

[72]

[74]

[75]

[76]

[81]

[83]

DOI

Real-time Monitoring of Blood Flow Dynamics Associated
with Laser Surgery of Port wine Stain Birthmarks. Lasers
Surg Med 2015;47:469-75.

Khandpur S, Sharma VK. Assessment of Efficacy of the
595-nm Pulsed Dye Laser in the Treatment of Facial
Port-wine Stains in Indian Patients. Dermatol Surg
2016;42:717-26.

Zhu J, Yu W, Wang T, Chen Y, Lyu D, Chang L, Ma G,
Lin X. Less is More: Similar Efficacy in Three Sessions and
Seven Sessions of Pulsed Dye Laser Treatment in Infantile
Port-wine Stain Patients. Lasers Med Sci2018;33:1707-15.

Dummer R, Graf P, Greif C, Burg G. Treatment of Vascular
Lesions Using the Versa Pulse Variable Pulse Width
Frequency Doubled Neodymium:YAG Laser. Dermatology
1998;197:158-61.

Chan HH, Chan E, Kono T, Ying SY, Wai-Sun H. The use
of Variable Pulse width Frequency Doubled Nd:YAG 532
nm Laser in the Treatment of Port-wine Stain in Chinese
Patients. Dermatol Surg 2000;26:657-61.

Chowdhury MM, Harris S, Lanigan SW. Potassium Titanyl
Phosphate Laser Treatment of Resistant Port-wine Stains.
Br J Dermatol 2001;144:814-7.

Ahcan U, Zorman P, Recek D, Ralca S, Majaron B. Port
Wine Stain Treatment with a Dual-wavelength Nd:YAG
Laser and Cryogen Spray Cooling: A Pilot Study. Lasers
Surg Med 2004;34:164-7.

Pence B, Aybey B, Ergenekon G. Outcomes of 532 nm
Frequency-doubled Nd:YAG Laser use in the Treatment of
Port-wine Stains. Dermatol Surg 2005;31:509-17.
Latkowski IT, Wysocki MS, Siewiera IP. Own Clinical
Experience in Treatment of Port-wine Stain with KTP 532
nm Laser. Wiad Lek 2005;58:391-6.

Reddy KK, Brauer JA, Idriss MH, Anolik R, Bernstein L,
Brightman L, Hale E, Karen J, Weiss E, Elston D,
Geronemus RG. Treatment of Port-wine Stains with a Short
Pulse width 532-nm Nd:YAG Laser. J Drugs Dermatol
2013;12:66-71.

Al-Dhalimi MA, Al-Janabi MH. Split Lesion Randomized
Comparative Study between Long Pulsed Nd:YAG Laser
532 and 1,064 nm in Treatment of Facial Port-Wine Stain.
Lasers Surg Med 2016;48:852-8.

Al-Janabi MH, Ismaeel Ali NT, Mohamed Al-Sabti KD,
Al-Dhalimi MA, Abdul Wahid SN. A New Imaging
Technique for Assessment of the Effectiveness of Long
Pulse Nd:YAG 532 nm Laser in Treatment of Facial Port
Wine Stain. J Cosmet Laser Ther 2017;19:418-21.

Kono T, Frederick Groff W, Chan HH, Sakurai H, Yamaki T.
Long-pulsed Neodymium:yttrium-aluminum-garnet Laser
Treatment for Hypertrophic Port-wine Stains on the Lips. J
Cosmet Laser Ther 2009;11:11-3.

Civas E, Koc E, Aksoy B, Aksoy HM. Clinical Experience
in the Treatment of Different Vascular Lesions using a

: http://dx.doi.org/10.18053/jctres.05.201901.002



18

(84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24

Neodymium-doped Yttrium Aluminum Garnet Laser.
Dermatol Surg 2009;35:1933-41.

Lee HR, Han TY, Kim YG, Lee JH. Clinical Experience
in the Treatment of Port-Wine Stains with Blebs. Ann
Dermatol 2012;24:306-10.

Zhong SX, Liu YY, Yao L, Song Y, Zhou JF, Zu JJ, Li SS.
Clinical Analysis of Port-wine Stain in 130 Chinese
Patients Treated by Long-pulsed 1064-nm Nd:YAG Laser.
J Cosmet Laser Ther 2014;16:279-83.

Bjerring P, Christiansen K, Troilius A. Intense Pulsed Light
Source for the Treatment of Dye Laser Resistant Port-wine
Stains. J] Cosmet Laser Ther 2003;5:7-13.

Ho WS, Ying SY, Chan PC, Chan HH. Treatment of Port
Wine Stains with Intense Pulsed Light: A Prospective
Study. Dermatol Surg 2004;30:887-90.

Reynolds N, Exley J, Hills S, Falder S, Duff C, Kenealy J.
The Role of the Lumina Intense Pulsed Light System in the
Treatment of Port Wine Stains a Case Controlled Study. Br
J Plast Surg 2005;58:968-80.

Dong X, Yu Q, Ding J, Lin J. Treatment of Facial Port-wine
Stains with a New Intense Pulsed Light Source in Chinese
Patients. J Cosmet Laser Ther 2010;12:183-7.

Adatto MA, Luc-Levy J, Mordon S. Efficacy of a Novel
Intense Pulsed Light System for the Treatment of Port
Wine Stains. J] Cosmet Laser Ther 2010;12:54-60.

Li G, Lin T, Wu Q, Zhou Z, Gold MH. Clinical Analysis
of Port Wine Stains Treated by Intense Pulsed Light. J
Cosmet Laser Ther 2010;12:2-6.

Ozdemir M, Engin B, Mevlitoglu 1. Treatment of Facial
Port-wine Stains with Intense Pulsed Light: A Prospective
Study. J Cosmet Dermatol 2008;7:127-31.

Wang B, Wu Y, Zhu X, Xu XG, Xu TH, Chen HD,
Li YH. Treatment of Neck Port-wine Stain with Intense
Pulsed Light in Chinese Population. J Cosmet Laser Ther
2013;15:85-90.

Grillo E, Gonzalez-Mufioz P, Boixeda P, Cuevas A,
Vand S, Jaén P. Alexandrite Laser for the Treatment
of Resistant and Hypertrophic Port Wine Stains: A
Clinical, Histological and Histochemical Study. Actas
Dermosifiliogr 2016;107:591-6.

Carlsen BC, Wenande E, Erlendsson AM, Faurschou
A, Dierickx C, Haedersdal M. A Randomized Side-by-
side Study Comparing Alexandrite Laser at Different
Pulse Durations for Port Wine Stains. Lasers Surg Med
2017;49:97-103.

Klein A, Baumler W, Buschmann M, Landthaler M,
Babilas P. A Randomized Controlled Trial to Optimize
Indocyanine Green-augmented Diode Laser Therapy of
Capillary Malformations. Lasers SurgMed 2013;45:216-24.
Alster TS, Tanzi EL. Combined 595-nm and 1,064-nm Laser
Irradiation of Recalcitrant and Hypertrophic Port-wine Stains
in Children and Adults. Dermatol Surg 2009;35:914-8.

Distributed under creative commons license 4.0

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Whang KK, Byun JY, Kim SH. A Dual-wavelength
Approach with 585-nm Pulsed-dye Laser and 800-nm
Diode Laser for Treatment-resistant Port-wine Stains. Clin
Exp Dermatol 2009;34:¢436-7.

Tu HD, Li YH, Xie HF, Xiong JM, Wang B, Xu XG,
Tong LG, Gold MH, Chen HD. A Split-face Study of Dual-
wavelength Laser on Neck and Facial Port-wine Stains in
Chinese Patients. J Drugs Dermatol 2015;14:1336-40.

Bencini PL, Tourlaki A, Clementoni MT, Naldi L,
Galimberti M. Double Phase Treatment with Flashlamp-
pumped Pulsed-dye Laser and Long Pulsed Nd:YAG
Laser for Resistant Port Wine Stains in Adults. Preliminary
Reports. G Ital Dermatol Venereol 2016;151:281-6.

Ho WS, Chan HH, Ying SY, Chan PC. Laser Treatment
of Congenital Facial Port-wine Stains: Long-term Efficacy
and Complication in Chinese Patients. Lasers Surg Med
2002;30:44-7.

Chen JK, Ghasri P, Aguilar G, van Drooge AM,
Wolkerstorfer A, Kelly KM, Heger M. An Overview of
Clinical and Experimental Treatment Modalities for Port
Wine Stains. J Am Acad Dermatol 2012;67:289-304.
Aguilar G, Choi B, Broekgaarden M, Yang O, Yang B,
Ghasri P, Chen JK, Bezemer R, Nelson JS, van Drooge
AM, Wolkerstorfer A, Kelly KM, Heger M. An Overview
of Three Promising Mechanical, Optical, and Biochemical
Engineering  Approaches to Improve  Selective
Photothermolysis of Refractory Port Wine Stains. Ann
Biomed Eng 2012;40:486-506.

Tan OT, Whitaker D, Garden JM, Murphy G. Pulsed Dye
Laser (577 nm) Treatment of Portwine Stains: Ultrastructural
Evidence of Neovascularization and Mast Cell Degranulation
in Healed Lesions. J Invest Dermatol 1988;90:395-8.
Lucassen GW, Verkruysse W, Keijzer M, van Gemert MJ.
Light Distributions in a Port Wine Stain Model Containing
Multiple Cylindrical and Curved Blood Vessels. Lasers
Surg Med 1996;18:345-57.

Fiskerstrand EJ, Svaasand LO, Kopstad G, Dalaker M,
Norvang LT, Volden G. Laser Treatment of Port Wine
Stains: Therapeutic Outcome in Relation to Morphological
Parameters. Br J Dermatol 1996;134:1039-43.

Pickering JW, van Gemert MJ. 585 nm for the Laser
Treatment of Port Wine Stains: A Possible Mechanism.
Lasers Surg Med 1991;11:616-8.

Verkruysse W, Pickering JW, Beek JF, Keijzer M, van
Gemert MJ. Modeling the Effect of Wavelength on the
Pulsed Dye Laser Treatment of Port Wine Stains. Appl Opt
1993;32:393-8.

van Gemert MJ, Smithies DJ, Verkruysse W, Milner TE,
Nelson JS. Wavelengths for Port Wine Stain Laser
Treatment: Influence of Vessel Radius and Skin Anatomy.
Phys Med Biol 1997;42:41-50.

Savas JA, Ledon JA, Franca K, Chacon A, Nouri K. Pulsed
Dye Laser-resistant Port-wine Stains: Mechanisms of

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24 19

Resistance and Implications for Treatment. Br J Dermatol
2013;168:941-53.

Hori Y, Yasuno Y, Sakai S, Matsumoto M, Sugawara T,
Madjarova V, Yamanari M, Makita S, Yasui T, Araki T,
Itoh M, Yatagai T. Automatic Characterization and
Segmentation of Human Skin Using Three-dimensional
Optical ~ Coherence  Tomography. Opt  Express
2006;14:1862-77.

Tan OT, Morrison P, Kurban AK. 585 nm for the Treatment
of Port-wine Stains. Plast Reconstr Surg 1990;86:1112-7.
Troilius A, Svendsen G, Ljunggren B. Ultrasound
Investigation of Port Wine Stains. Acta Derm Venereol
2000;80:196-9.

Verkruysse W, Lucassen GW, van Gemert MJ. Simulation
of Color of Port Wine Stain Skin and its Dependence on
Skin Variables. Lasers Surg Med 1999;25:131-9.

Lakmaker O, Pickering JW, van Gemert MJ. Modeling the
Color Perception of Port Wine Stains and its Relation to
the Depth of Laser Coagulated Blood Vessels. Lasers Surg
Med 1993;13:219-26.

Pfefer TJ, Barton JK, Smithies DJ, Milner TE, Nelson JS,
van Gemert MJ, Welch AJ. Modeling Laser Treatment of
Port Wine Stains with a Computer-reconstructed Biopsy.
Lasers Surg Med 1999;24:151-66.

Verkruysse W, van Gemert MJ, Smithies DJ, Nelson JS.
Modelling Multiple Laser Pulses for Port Wine Stain
Treatment. Phys Med Biol 2000;45:N197-203.

Verkruysse W, Lucassen GW, de Boer JF, Smithies DJ,
Nelson JS, van Gemert MJ Modelling Light Distributions
of Homogeneous Versus Discrete Absorbers in Light
Irradiated Turbid Media. Phys Med Biol 1997;42:51-65.
Broekgaarden M, Weijer R, van Gulik TM, Hamblin MR,
Heger M. Tumor Cell Survival Pathways Activated
by Photodynamic Therapy: A Molecular Basis for
Pharmacological Inhibition Strategies. Cancer Metastasis
Rev 2015;34:643-90.

Triesscheijn M, Baas P, Schellens JH, Stewart FA.
Photodynamic  Therapy in Oncology. Oncologist
2006;11:1034-44.

Yuan KH, Li Q, Yu WL, Huang Z. Photodynamic Therapy
in Treatment of Port Wine Stain Birthmarks Recent
Progress. Photodiagnosis Photodyn Ther 2009;6:189-94.
Gao K, Huang Z, Yuan KH, Zhang B, Hu ZQ. Side-by-
side Comparison of Photodynamic Therapy and Pulsed-
dye Laser Treatment of Port-wine Stain Birthmarks. Br J
Dermatol 2013;168:1040-6.

Ortiz AE, Nelson JS. Port-wine Stain Laser Treatments and
Novel Approaches. Facial Plast Surg 2012;28:611-20.
Weijer R, Broekgaarden M, Krekorian M, Alles LK, van
Wijk AC, Mackaaij C, Verheij J, van der Wal AC, van
Gulik TM, Storm G, Heger M. Inhibition of Hypoxia
Inducible Factor 1 and Topoisomerase with Acriflavine

Distributed under creative commons license 4.0

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

Sensitizes Perihilar Cholangiocarcinomas to Photodynamic
Therapy. Oncotarget 2016;7:3341-56.

Broekgaarden M, Kos M, Jurg FA, van Beek AA, van
Gulik TM, Heger M. Inhibition of NF-kB in Tumor
Cells Exacerbates Immune Cell Activation Following
Photodynamic Therapy. Int J Mol Sci 2015;16:19960-77.
Weijer R, Clavier S, Zaal EA, Pijls MM, van Kooten RT,
Vermaas K, Leen R, Jongejan A, Moerland PD, van
Kampen AH, van Kuilenburg AB, Berkers CR, Lemeer S,
Heger M. Multi-OMIC Profiling of Survival and Metabolic
Signaling Networks in Cells Subjected to Photodynamic
Therapy. Cell Mol Life Sci 2017;74:1133-51.

Fungaloi P, van Eps RS, Wu YP, Blankensteijn J, de Groot P,
van Urk H, van Hillegersberg R, LaMuraglia G. Platelet
Adhesion to Photodynamic Therapy-treated Extracellular
Matrix Proteins. Photochem Photobiol 2002;75:412-7.

Fingar VH. Vascular Effects of Photodynamic Therapy. J
Clin Laser Med Surg 1996;14:323-8.

Lu YG, Wu JJ, Yang YD, Yang HZ, He Y. Photodynamic
Therapy of Port-wine Stains. J Dermatolog Treat
2010;21:240-4.

Lin XX, Wang W, Wu SF, Yang C, Chang TS. Treatment of
Capillary Vascular Malformation (Port-wine Stains) with
Photochemotherapy. Plast Reconstr Surg 1997;99:1826-30.
Qin ZP, Li KL, Ren L, Liu XJ. Photodynamic Therapy of
Port Wine Stains-a Report of 238 Cases. Photodiagnosis
Photodyn Ther 2007;4:53-9.

Yuan KH, Li Q, Yu WL, Zeng D, Zhang C, Huang Z.
Comparison of Photodynamic Therapy and Pulsed Dye Laser
in Patients with Port Wine Stain Birthmarks: A Retrospective
Analysis. Photodiagnosis Photodyn Ther 2008;5:50-7.

Xiao Q, Li Q, Yuan KH, Cheng B. Photodynamic Therapy
of Port-wine Stains: Long-term Efficacy and Complication
in Chinese Patients. J Dermatol 2011;38:1146-52.

ZhaoY, Tu P, Zhou G, Zhou Z, Lin X, Yang H, Lu Z, Gao T,
Tu Y, Xie H, Zheng Q, Gu Y, Tao J, Zhu X. Hemoporfin
Photodynamic Therapy for Port-wine Stain: A Randomized
Controlled Trial. PLoS One 2016;11:e0156219.

Zhang Y, Zou X, Chen H, Yang Y, Lin H, Guo X. Clinical
Study on Clinical Operation and Post-treatment Reactions
of HMME-PDT in Treatment of PWS. Photodiagnosis
Photodyn Ther 2017;20:253-6.

Li-Qiang G, Hua W, Si-Li N, Chun-Hua T. A Clinical
Study of HMME-PDT Therapy in Chinese Pediatric
Patients with Port-wine Stain. Photodiagnosis Photodyn
Ther 2018;23:102-5.

Huang Z. Photodynamic Therapy in China: Over 25
Years of Unique Clinical Experience Part Two-clinical
Experience. Photodiagnosis Photodyn Ther 2006;3:71-84.
Yuan KH, Gao JH, Huang Z. Adverse Effects Associated
with Photodynamic Therapy (PDT) of Port-wine Stain
(PWS) Birthmarks. Photodiagnosis Photodyn Ther

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



20

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24

2012;9:332-6.

Moy WIJ, Ma G, Kelly KM, Choi B. Hemoporfin-
mediated Photodynamic Therapy on Normal Vasculature:
Implications for Phototherapy of Port-wine Stain
Birthmarks. J Clin Transl Res 2016;2:107-11.

Evans AV, Robson A, Barlow RJ, Kurwa HA. Treatment
of Port Wine Stains with Photodynamic Therapy, using
Pulsed Dye Laser as a Light Source, Compared with
Pulsed Dye Laser Alone: A Pilot Study. Lasers Surg Med
2005;36:266-9.

Kelly KM, Moy WJ, Moy AJ, Lertsakdadet BS, Moy 1J,
Nguyen E, Osann KE, Choi B. Talaporfin Sodium-mediated
Photodynamic Therapy alone and in Combination with
Pulsed Dye Laser on Cutaneous Vasculature. J Invest
Dermatol 2015;135:302-4.

Kelly KM, Kimel S, Smith T, Stacy A, Hammer-Wilson MJ,
Svaasand LO, Nelson JS. Combined Photodynamic and
Photothermal Induced Injury Enhances Damage to in vivo
Model Blood Vessels. Lasers Surg Med 2004;34:407-13.

Barton JK, Popok DP, Black JF. Thermal Analysis of
Blood Undergoing Laser Photocoagulation. IEEE J Sel
Top Quantum Electron 2001;7:936-43.

Heger M, Beek JF, Moldovan NI, van der Horst CM,
van Gemert MJ. Towards Optimization of Selective
Photothermolysis: Prothrombotic Pharmaceutical Agents as
Potential Adjuvants in Laser Treatment of Port Wine Stains.
A Theoretical Study. Thromb Haemost 2005;93:242-56.

Heger M, Bezemer R, Huertas-Pérez JF, Dekker H, Beek JF.
Endovascular Laser-Tissue Interactions Redefined: Shining
Light on Novel Windows of Therapeutic Opportunity
Beyond Selective Photothermolysis. Photomed Laser Surg
2010;28:569-72.

Heger M, Beek J, Stenback K, Faber D, van Gemert M,
Ince C. Darkfield Orthogonal Polarized Spectral Imaging
for Studying Endovascular Laser-tissue Interactions in
vivo a Preliminary Study. Opt Express 2005;13:702-15.

Nilsson AM, Lucassen GW, Verkruysse W, Andersson-
Engels S, van Gemert MJ. Changes in Optical Properties
of Human Whole Blood in vitro Due to Slow Heating.
Photochem Photobiol 1997;65:366-73.

Suthamjariya K, Farinelli WA, Koh W, Anderson RR.
Mechanisms of Microvascular Response to Laser Pulses.
J Invest Dermatol 2004;122:518-25.

Bezemer R, Heger M, van den Wijngaard JP, Mordon SR,
van Gemert MJ, Beek JF. Laser-induced (Endo) Vascular
Photothermal Effects Studied by Combined Brightfield
and Fluorescence Microscopy in Hamster Dorsal Skin Fold
Venules. Opt Express 2007;15:8493-506.

Heger M, Salles 11, Bezemer R, Cloos MA, Mordon SR,
Bégu S, Deckmyn H, Beek JF. Laser-induced Primary
and Secondary Hemostasis Dynamics and Mechanisms
in Relation to Selective Photothermolysis of Port Wine
Stains. J Dermatol Sci 2011;63:139-47.

Distributed under creative commons license 4.0

[151]

[152]
[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Lazarus AH, Song S, Crow AR. Understanding Platelet
Function through Signal Transduction. Transfus Med Rev
2003;17:45-56.

Dahlbéck B. Blood Coagulation. Lancet 2000;355:1627-32.

Lentz BR. Exposure of Platelet Membrane
Phosphatidylserine Regulates Blood Coagulation. Prog
Lipid Res 2003;42:423-38.

Mordon S, Begu S, Buys B, Tourne-Peteilh C,
Devoisselle JM. Study of Platelet Behavior in vivo after
Endothelial Stimulation with Laser Irradiation using
Fluorescence Intravital Videomicroscopy and PEGylated
Liposome Staining. Microvasc Res 2002;64:316-25.

Massberg S, Grahl L, von Bruehl ML, Manukyan D,
Pfeiler S, Goosmann C, Brinkmann V, Lorenz M,
Bidzhekov K, Khandagale AB, Konrad I, Kennerknecht E,
Reges K, Holdenrieder S, Braun S, Reinhardt C,
Spannagl M, Preissner KT, Engelmann B. Reciprocal
Coupling of Coagulation and Innate Immunity via
Neutrophil Serine Proteases. Nat Med 2010;16:887-96.

Darbousset R, Thomas GM, Mezouar S, Frére C, Bonier R,
Mackman N, Renné T, Dignat-George F, Dubois C,
Panicot-Dubois L. Tissue Factor-positive Neutrophils
bind to Injured Endothelial Wall and Initiate Thrombus
Formation. Blood 2012;120:2133-43.

Falati S, Liu Q, Gross P, Merrill-Skoloff G, Chou J,
Vandendries E, Celi A, Croce K, Furie BC, Furie B.
Accumulation of Tissue Factor into Developing Thrombi
in vivo is Dependent Upon Microparticle P-selectin
Glycoprotein Ligand 1 and Platelet P-selectin. J Exp Med
2003;197:1585-98.

Moldovan NI, Asahara T. Role of Blood Mononuclear
Cells in Recanalization and Vascularization of Thrombi:
Past, Present, and Future. Trends Cardiovasc Med
2003;13:265-9.

Jia W, Sun V, Tran N, Choi B, Liu SW, Mihm MC Jr.,,
Phung TL, Nelson JS. Long-term Blood Vessel
Removal with Combined Laser and Topical Rapamycin
Antiangiogenic Therapy: Implications for Effective Port
Wine Stain Treatment. Lasers Surg Med 2010;42:105-12.

Griffin TD Jr., Foshee JP, Finney R, Saedi N. Port Wine Stain
Treated with a Combination of Pulsed Dye Laser and Topical
Rapamycin Ointment. Lasers Surg Med 2016;48:193-6.

van Raath MI, Weijer R, Nguyen GH, Choi B, de Kroon Al,
Heger M. Tranexamic Acid-encapsulating Thermosensitive
Liposomes for Site-specific Pharmaco-Laser Therapy of
Port Wine Stains. J Biomed Nanotechnol 2016;12:1617-40.
Huertas-Pérez JF, Heger M, Dekker H, Krabbe H,
Lankelma J, Ariese F. Simple, Rapid, and Sensitive
Liquid Chromatography-fluorescence Method for the
Quantification of Tranexamic Acid in Blood. J] Chromatogr
A 2007;1157:142-50.

Lasic DD. Liposomes. Sci Med 1996;3:34-43.

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24 21

Awasthi VD, Garcia D, Goins BA, Phillips WT. Circulation
and Biodistribution Profiles of Long-circulating PEG-
liposomes of Various Sizes in Rabbits. Int J Pharm
2003;253:121-32.

Liu D, Mori A, Huang L. Role of Liposome Size and
RES Blockade in Controlling Biodistribution and Tumor
Uptake of GM1-containing Liposomes. Biochim Biophys
Acta 1992;1104:95-101.

Lian T, Ho RJ. Trends and Developments in Liposome
Drug Delivery Systems. J Pharm Sci 2001;90:667-80.

Negi JS. Nanolipid Materials for Drug Delivery Systems:
A Comprehensive Review. In: Mohapatra S, Ranjan S,
Dasgupta N, Mishra RK, Thomas S, editors. Character
Biography Nanomaterials for Drug Delivery Nanoscience
and Nanotechnology in Drug Delivery. Cambridge:
Elsevier; 2018. p. 137-64.

Urbinati G, Marsaud V, Renoir JM. Anticancer Drugs in
Liposomal Nanodevices: A Target Delivery for a Targeted
Therapy. Curr Top Med Chem 2012;12:1693-712.

Drummond DC, Meyer O, Hong K, Kirpotin DB,
Papahadjopoulos D. Optimizing Liposomes for Delivery
of Chemotherapeutic Agents to Solid Tumors. Pharmacol
Rev 1999;51:691-743.

MacJT, Nunez V, Burns JM, Guerrero YA, Vullev VI, Anvari B.
Erythrocyte-derived  Nano-probes  Functionalized —with
Antibodies for Targeted near Infrared Fluorescence Imaging
of Cancer Cells. Biomed Opt Express 2016;7:1311-22.

Bahmani B, Guerrero Y, Bacon D, Kundra V, Vullev VI,
Anvari B. Functionalized Polymeric Nanoparticles Loaded
with Indocyanine Green as Theranostic Materials for
Targeted Molecular near Infrared Fluorescence Imaging
and Photothermal Destruction of Ovarian Cancer Cells.
Lasers Surg Med 2014;46:582-92.

Allen TM, Hansen C, Martin F, Redemann C, Yau-Young A.
Liposomes Containing Synthetic Lipid Derivatives of Poly
(Ethylene Glycol) Show Prolonged Circulation Half-lives
in vivo. Biochim Biophys Acta 1991;1066:29-36.

Blume G, Cevc G. Liposomes for the Sustained Drug
Release in vivo. Biochim Biophys Acta 1990;1029:91-7.
Klibanov AL, Maruyama K, Torchilin VP, Huang L.
Amphipathic Polyethyleneglycols Effectively Prolong
the Circulation Time of Liposomes. FEBS Lett
1990;268:235-7.

Bahmani B, Gupta S, Upadhyayula S, Vullev VI, Anvari B.
Effect of Polyethylene Glycol Coatings on Uptake of
Indocyanine Green Loaded Nanocapsules by Human Spleen
Macrophages in vitro. J Biomed Opt 2011;16:051303.

Lee H, Larson RG. Adsorption of Plasma Proteins onto
PEGylated Lipid Bilayers: The Effect of PEG Size and
Grafting Density. Biomacromolecules 2016;17:1757-65.
Maruyama K, Unezaki S, Takahashi N, Iwatsuru M.
Enhanced Delivery of Doxorubicin to Tumor by Long-

Distributed under creative commons license 4.0

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

circulating Thermosensitive Liposomes and Local
Hyperthermia. Biochim Biophys Acta 1993;1149:209-16.
Gaber MH, Wu NZ, Hong K, Huang SK, Dewhirst MW,
Papahadjopoulos ~ D.  Thermosensitive  Liposomes:
Extravasation and Release of Contents in Tumor Microvascular
Networks. Int J Radiat Oncol Biol Phys 1996;36:1177-87.

Needham D, Dewhirst MW. The Development and Testing
of a New Temperature-sensitive Drug Delivery System
for the Treatment of Solid Tumors. Adv Drug Deliv Rev
2001;53:285-305.

Giraudeau C, MoussaronA, StallivieriA, Mordon S, Frochot C.
Indocyanine Green: Photosensitizer or Chromophore? Still a
Debate. Curr Med Chem 2014;21:1871-97.

Miranda D, Lovell JF. Mechanisms of Light-induced
Liposome Permeabilization. Bioeng Transl Med
2016;1:267-76.

Shum P, Kim JM, Thompson DH. Phototriggering of
Liposomal Drug Delivery Systems. Adv Drug Deliv Rev
2001;53:273-84.

Pinnaduwage P, Huang L. Beta-galactosidase-
induced Destabilization of Liposome Composed of
Phosphatidylethanolamine and Ganglioside GM 1. Biochim
Biophys Acta 1988;939:375-82.

Lamparski H, Liman U, Barry JA, Frankel DA, Ramaswami V,
Brown MF, O’Brien DF. Photoinduced Destabilization of
Liposomes. Biochemistry 1992;31:685-94.

Mueller A, Bondurant B, Brien DF. Visible Light-stimulated
Destabilization of PEG-liposomes. Macromolecules
2000;33:4799-804.

Zhang ZY, Smith BD. Synthesis and Characterization of
NVOC-DOPE, a Caged Photoactivatable Derivative of
Dioleoylphosphatidylethanolamine. Bioconjug Chem
1999;10:1150-2.

Chandra B, Mallik S, Srivastava DK. Design of
Photocleavable Lipids and their Application in Liposomal
“Uncorking”. Chem Commun (Camb) 2005;24:3021-3.
Morgan CG, Yianni YP, Sandhu SS, Mitchell AC. Liposome
Fusion and Lipid Exchange on Ultraviolet Irradiation of
Liposomes Containing a Photochromic Phospholipid.
Photochem Photobiol 1995;62:24-9.

Bisby RH, Mead C, Mitchell AC, Morgan CG. Fast Laser-
induced Solute Release from Liposomes Sensitized with
Photochromic Lipid: Effects of Temperature, Lipid Host,
and Sensitizer Concentration. Biochem Biophys Res
Commun 1999;262:406-10.

Ohya Y, Okuyama Y, Fukunaga A, Ouchi T. Photo-sensitive
Lipid Membrane Perturbation by a Single Chain Lipid Having
Terminal Spiropyran Group. Supramol Sci 1998;5:21-9.

Lei Y, Hurst JK. Photoregulated Potassium Ion Permeation
through Dihexadecyl Phosphate Bilayers Containing
Azobenzene and Stilbene Surfactants. Langmuir
1999;15:3424-9.

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



22

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24

Pashkovskaya A, Kotova E, Zorlu Y, Dumoulin F, Ahsen V,
Agapov 1, Antonenko Y. Light-triggered Liposomal
Release: Membrane Permeabilization by Photodynamic
Action. Langmuir 2010;26:5726-33.

Rwei AY, Lee JJ, Zhan C, Liu Q, Ok MT, Shankarappa SA,
Langer R, Kohane DS. Repeatable and Adjustable on-
demand Sciatic Nerve Block with Phototriggerable
Liposomes. Proc Natl Acad Sci U S A 2015;112:15719-24.
Yao C, Wang P, Li X, Hu X, Hou J, Wang L, Zhang F. Near-
infrared-triggered  azobenzene-liposome/Upconversion
Nanoparticle Hybrid Vesicles for Remotely Controlled
Drug Delivery to Overcome Cancer Multidrug Resistance.
Adv Mater 2016;28:9341-8.

Weiss N, Schenk B, Bachler M, Solomon C, Fries D,
Hermann M. FITC-Linked Fibrin-binding Peptide and
Real-time Live Confocal Microscopy as a Novel Tool to
Visualize Fibrin (Ogen) in Coagulation. J Clin Transl Res
2017;3:276-82.

Broekgaarden M, van Vught R, Oliveira S, Roovers RC,
van Bergen en Henegouwen PM, Picters RJ, Van Gulik TM,
Breukink E, Heger M. Site-specific Conjugation of Single
Domain Antibodies to Liposomes Enhances Photosensitizer
Uptake and Photodynamic Therapy Efficacy. Nanoscale
2016;8:6490-4.

Zarbock A, Polanowska-Grabowska RK, Ley K. Platelet-
Neutrophil-Interactions: ~ Linking  Hemostasis  and
Inflammation. Blood Rev 2007;21:99-111.

Mohri H, Ohkubo T. Effects of Hybrid Peptide Analogs
to Receptor Recognition Domains on Alpha and Gamma-
chains of Human Fibrinogen on Fibrinogen Binding to
Platelets. Thromb Haemost 1993;69:490-5.

Ugarova TP, Budzynski AZ, Shattil SJ, Ruggeri ZM,
Ginsberg MH, Plow EF. Conformational Changes in
Fibrinogen Elicited by its Interaction with Platelet
Membrane Glycoprotein GPIIb-Illa. J Biol Chem
1993;268:21080-7.

Farrell DH, Thiagarajan P. Binding of Recombinant
Fibrinogen Mutants to Platelets. J Biol Chem
1994;269:226-31.

Zaidi TN, MclIntire LV, Farrell DH, Thiagarajan P.
Adhesion of Platelets to Surface-bound Fibrinogen Under
Flow. Blood 1996;88:2967-72.

Broos K, Feys HB, De Meyer SF, Vanhoorelbeke K,
Deckmyn H. Platelets at Work in Primary Hemostasis.
Blood Rev 2011;25:155-67.

Hu H, Forslund M, Li N. Influence of Extracellular Calcium
on Single Platelet Activation as Measured by Whole Blood
Flow Cytometry. Thromb Res 2005;116:241-7.

Fingar VH, Taber SW, Haydon PS, Harrison LT, Kempf SJ,
Wieman TJ. Vascular Damage after Photodynamic Therapy
of Solid Tumors: A View and Comparison of Effect in Pre-

clinical and Clinical Models at the University of Louisville.
In Vivo 2000;14:93-100.

Distributed under creative commons license 4.0

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

Bick RL. Clinical Relevance of Antithrombin Deficiencies.
Semin Thromb Hemost 1982;8:276-87.

Bhakuni T, Ali MF, Ahmad I, Bano S, Ansari S,
Jairajpuri MA. Role of Heparin and Non Heparin Binding
Serpins in Coagulation and Angiogenesis: A Complex
Interplay. Arch Biochem Biophys 2016;604:128-42.
Marlar RA, Kleiss AJ, Griffin JH. Mechanism of Action
of Human Activated Protein C, a Thrombin-dependent
Anticoagulant Enzyme. Blood 1982;59:1067-72.

Girard TJ, Warren LA, Novotny WF, Likert KM, Brown SG,
Miletich JP, Broze GJ Jr. Functional Significance of the
Kunitz-type Inhibitory Domains of Lipoprotein-Associated
Coagulation Inhibitor. Nature 1989;338:518-20.

Hackeng TM, Rosing J. Protein S as Cofactor for TFPI.
Arterioscler Thromb Vasc Biol 2009;29:2015-20.

Vasse M. The Protein Z/protein Z-dependent Protease
Inhibitor Complex. Systemic or Local Control of
Coagulation? Hamostaseologie 2011;31:155-8, 160-4.
Chiu GN, Bally MB, Mayer LD. Targeting of Antibody
Conjugated, Phosphatidylserine-containing Liposomes
to Vascular Cell Adhesion Molecule 1 for Controlled
Thrombogenesis. Biochim Biophys Acta2003;1613:115-21.
Suttie JW, Jackson CM. Prothrombin Structure, Activation,
and Biosynthesis. Physiol Rev 1977;57:1-70.

Merskey C, Marcus AJ. Lipids, Blood Coagulation and
Fibrinolysis. Annu Rev Med 1963;14:323-38.

Zwaal RF. Membrane and Lipid Involvement in Blood
Coagulation. Biochim Biophys Acta 1978;515:163-205.
Bevers EM, Comfurius P, Zwaal RF. Changes in Membrane
Phospholipid Distribution during Platelet Activation.
Biochim Biophys Acta 1983;736:57-66.

Chap HJ, Zwaal RF, van Deenen LL. Action of Highly
Purified Phospholipases on Blood Platelets. Evidence for
an Asymmetric Distribution of Phospholipids in the Surface
Membrane. Biochim Biophys Acta 1977;467:146-64.
Schick PK, Kurica KB, Chacko GK. Location of
Phosphatidylethanolamine and Phosphatidylserine in
the Human Platelet Plasma Membrane. J Clin Invest
1976;57:1221-6.

Comfurius P, Senden JM, Tilly RH, Schroit AJ, Bevers EM,
Zwaal RF. Loss of Membrane Phospholipid Asymmetry in
Platelets and Red Cells May be Associated with Calcium-
induced Shedding of Plasma Membrane and Inhibition of
Aminophospholipid Translocase. Biochim Biophys Acta
1990;1026:153-60.

Devaux PF. Static and Dynamic Lipid Asymmetry in Cell
Membranes. Biochemistry 1991;30:1163-73.

Zwaal RF, Comfurius P, Bevers EM. Surface Exposure of
Phosphatidylserine in Pathological Cells. Cell Mol Life Sci
2005;62:971-88.

Jones ME, Lentz BR, Dombrose FA, Sandberg H.
Comparison of the Abilities of Synthetic and Platelet-

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24 23

derived Membranes to Enhance Thrombin Formation.
Thromb Res 1985;39:711-24.

Klein S, Spannagl M, Engelmann B. Phosphatidyleth-
anolamine Participates in the Stimulation of the Contact
System of Coagulation by Very-low-density Lipoproteins.
Arterioscler Thromb Vasc Biol 2001;21:1695-700.
Myo6hénen H, Vaheri A. Regulation and Interactions in the
Activation of Cell-associated Plasminogen. Cell Mol Life
Sci 2004;61:2840-58.

Maruyama Y, Yoshida H, Uchino S, Yokoyama K,
Yamamoto H, Takinami M, Hosoya T. Nafamostat Mesilate
as an Anticoagulant during Continuous Veno-venous
Hemodialysis: A Three-year Retrospective Cohort Study.
Int J Artif Organs 2011;34:571-6.

Despotis GJ, Filos KS, Levine V, Alsoufiev A, Spitznagel E.
Aprotinin Prolongs Activated and Nonactivated Whole
Blood Clotting Time and Potentiates the Effect of Heparin
in vitro. Anesth Analg 1996;82:1126-31.

Bouma BN, Meijers JC. Thrombin-activatable Fibrinolysis
Inhibitor (TAFI, Plasma Procarboxypeptidase B,
Procarboxypeptidase R, Procarboxypeptidase U). J
Thromb Haemost 2003;1:1566-74.

Tanka-Salamon A, Tenekedjiev K, Machovich R, Kolev K.
Suppressed Catalytic Efficiency of Plasmin in the Presence
of Long-chain Fatty Acids. Identification of Kinetic
Parameters from Continuous Enzymatic Assay with Monte
Carlo Simulation. FEBS J 2008;275:1274-82.

Tanghetti E, Sherr EA, Sierra R, Mirkov M. The Effects of
Pulse Dye Laser Double-pass Treatment Intervals on Depth
of Vessel Coagulation. Lasers Surg Med 2006;38:16-21.

Aguilar G, Svaasand LO, Nelson JS. Effects of Hypobaric
Pressure on Human Skin: Feasibility Study for Port
Wine Stain Laser Therapy (part I). Lasers Surg Med
2005;36:124-9.

van Raath MI, Chohan S, Wolkerstorfer A, Van der Horst
CMAM, Storm G, Heger M. Port Wine Stain Treatment
Outcomes have not Improved Over the Past Three Decades.
J Eur Acad Dermatol Venereol 2019;33:1369-77.

Fingar VH, Kik PK, Haydon PS, Cerrito PB, Tseng M,
Abang E, Wieman TJ. Analysis of Acute Vascular Damage
after Photodynamic Therapy using Benzoporphyrin
Derivative (BPD). Br J Cancer 1999;79:1702-8.

Dolmans DE, Kadambi A, Hill JS, Waters CA, Robinson BC,
Walker JP, Fukumura D, Jain RK. Vascular Accumulation
of a Novel Photosensitizer, MV6401, Causes Selective
Thrombosis in Tumor Vessels after Photodynamic Therapy.
Cancer Res 2002;62:2151-6.

Weijer R, Broekgaarden M, Kos M, van Vught R,
Rauws EA, Breukink E, van Gulik TM, Storm G, Heger H.
Enhancing Photodynamic Therapy of Refractory Solid
Cancers: Combining Second-generation Photosensitizers
with Multi-targeted Liposomal Delivery. J Photochem
Photobiol C Photochem Rev 2015;23:103-31.

Distributed under creative commons license 4.0

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

Reiniers MJ, van Golen RF, Bonnet S, Broekgaarden M,
van Gulik TM, Egmond MR, Heger M. Preparation and
Practical Applications of 2, 7-Dichlorodihydrofluorescein
in Redox Assays. Anal Chem 2017;89:3853-7.

Broekgaarden M, Weijer R, van Wijk AC, Cox RC,
Egmond MR, Hoebe R, van Gulik TM, Heger M.
Photodynamic Therapy with Liposomal Zinc Phthalocyanine
and Tirapazamine Increases Tumor Cell Death via DNA
Damage. J Biomed Nanotechnol 2017;13:204-20.

Brockgaarden M, de Kroon AI, Gulik TM, Heger M.
Development and in vitro Proof-of-concept of Interstitially
Targeted Zinc Phthalocyanine Liposomes for Photodynamic
Therapy. Curr Med Chem 2014;21:377-91.

Broekgaarden M, Weijer R, Krekorian M, van den Ijssel
B Van Den, Kos M, Alles LK, van Wijk AC, Bikadi Z,
Hazai E, van Gulik TM, Heger M. Inhibition of Hypoxia-
inducible Factor 1 with Acriflavine Sensitizes Hypoxic
Tumor Cells to Photodynamic Therapy with Zinc
Phthalocyanine-encapsulating Cationic Liposomes. Nano
Res 2016;9:1639-62.

Weijer R, Broekgaarden M, van Golen RF, Bulle E,
Nieuwenhuis E, Jongejan A, Moerland PD, van Kampen AH,
van Gulik TM, Heger M. Low-power Photodynamic Therapy
Induces Survival Signaling in Perihilar Cholangiocarcinoma
Cells. BMC Cancer 2015;15:1-17.

Nelson JS, Jia W, Phung TL, Mihm MC Jr. Observations on
Enhanced Port Wine Stain Blanching Induced by Combined
Pulsed Dye Laser and Rapamycin Administration. Lasers
Surg Med 2011;43:939-42.

Passeron T, Maza A, Fontas E, Toubel G, Vabres P,
Livideanu C, Mazer JM, Rossi B, Boukari F, Harmelin Y,
Dreyfus I, Mazereeuw-Hautier J, Lacour. Treatment of Port
Wine Stains with Pulsed Dye Laser and Topical Timolol: A
Multicenter Randomized Controlled Trial. Br J Dermatol
2014;170:1350-3.

Tremaine AM, Armstrong J, Huang YC, Elkeeb L, Ortiz A,
Harris R. Enhanced Port-wine Stain Lightening Achieved
with Combined Treatment of Selective Photothermolysis
and Imiquimod. J Am Acad Dermatol 2012;66:634-41.

Gao L, Phan S, Nadora DM, Chernova M, Sun V,
Preciado SM, Ballew B, Jia Z, Jia W, Wang G, Mihm MC
Jr., Nelson JS, Tan W. Topical Rapamycin Systematically
Suppresses the Early Stages of Pulsed Dye Laser-induced
Angiogenesis Pathways. Lasers Surg Med 2014;46:679-88.
Gao L,NadoraDM, Phan S, Chernova M, Sun V, Preciado SM,
Jia W, Wang G, Mihm MC Jr., Nelson JS, Tan W. Topical
Axitinib Suppresses Angiogenesis Pathways Induced by
Pulsed Dye Laser. Br J Dermatol 2015;172:669-76.

Nelson JS, Kelly KM, Zhao Y, Chen Z. Imaging Blood
Flow in Human Port-wine Stain in situ and in Real Time
Using Optical Doppler Tomography. Arch Dermatol
2001;137:741-4.

Liu G, Jia W, Nelson JS, Chen Z. In vivo, High-

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



24

[246]

[247]

[248]

[249]

van Raath et al. | Journal of Clinical and Translational Research 2019; 5(1): 1-24

resolution, Three-dimensional Imaging of Port Wine
Stain Microvasculature in Human Skin. Lasers Surg Med
2013;45:628-32.

Kolkman RG, Mulder MJ, Glade CP, Steenbergen W, van
Leeuwen TG. Photoacoustic Imaging of Port-wine Stains.
Lasers Surg Med 2008;40:178-82.

Yuan K, Yuan'Y, GuY, Gao J, Xing D. In vivo Photoacoustic
Imaging of Model of Port Wine Stains. J Xray Sci Technol
2012;20:249-54.

Smith TK, Choi B, Ramirez-San-Juan JC, Nelson JS,
Osann K, Kelly KM. Microvascular Blood Flow Dynamics
Associated with Photodynamic Therapy, Pulsed Dye Laser
Irradiation and Combined Regimens. Lasers Surg Med
2006;38:532-9.

Moy AJ, White SM, Indrawan ES, Lotfi J, Nudelman MJ,

Distributed under creative commons license 4.0

[250]

[251]

Costantini SJ, Agarwal N, Jia W, Kelly KM, Sorg BS,
Choi B. Wide-field Functional Imaging of Blood Flow
and Hemoglobin Oxygen Saturation in the Rodent Dorsal
Window Chamber. Microvasc Res 2011;82:199-209.

Choi B, Tan W, Jia W, White SM, Moy WJ, Yang BY,
Zhu J, Chen Z, Kelly KM, Nelson JS. The Role of Laser
Speckle Imaging in Port-wine Stain Research: Recent
Advances and Opportunities. IEEE J Sel Top Quantum
Electron 2016;2016:6800812.

Goedhart PT, Khalilzada M, Bezemer R, Merza J,
Ince C. Sidestream Dark Field (SDF) Imaging: A Novel
Stroboscopic LED Ring-based Imaging Modality for

Clinical Assessment of the Microcirculation. Opt Express
2007;15:15101-14.

DOI: http://dx.doi.org/10.18053/jctres.05.201901.002



