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ABSTRACT

For the past two decades much research on selective photo-

thermolysis of port wine stain vasculature has been devoted to 

optimizing laser parameters. Unfortunately, 50% of patients still

respond suboptimally to laser therapy, despite significant innova-

tions in treatment strategies and laser technology. Here we

present a novel treatment approach based on combining selec-

tive photothermolysis with the administration of prothrombotic

and/or anti-fibrinolytic pharmaceutical agents, with the aim of

enhancing vaso-occlusion and post-treatment remodeling in

difficult-to-target vessels.A hypercoagulable state of blood will

instill laser-induced occlusive thrombosis in a wider array of

vessel diameters at greater dermal depths, whereby larger vas-

cular segments will ultimately undergo the chronic inflammatory

processes that result in blood volume reduction, and thus

lesional blanching. With thrombosis as a primary trigger for

these inflammatory processes,we have extrapolated the thresh-

old damage profile that is required for clinically relevant throm-

bus formation. Consequently, a recently proposed model of 

thrombus organization, in which recanalization is associated

with endothelial progenitor cell-mediated neovasculogenesis, is

elaborated in the framework of lesional blanching and juxtaposed

to angiogenic reconstruction of affected dermal vasculature.

Since neovasculogenesis and angiogenesis are regulated by

the degree of vaso-occlusion and corollary drop in local oxygen

tension, both can be manipulated by the administration of proco-

agulant pharmaceuticals. Lastly, in an effort to optimally balance

selective photothermolysis with pharmacokinetics and

clinical safety, the use of a gold nanoshell drug delivery system,

in which the procoagulant drugs are encapsulated by a wave-

length-modulated, gold-coated polymer matrix, is proposed. We

have termed this modality site-specific pharmaco-laser therapy.

Keywords:
Port wine stains, thrombus organization, neovascularization, 

endothelial progenitor cells, procoagulant pharmaceuticals
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INTRODUCTION 

Port wine stains (PWS) are congenital vascular lesions characterized by ectatic capillaries 

and post-capillary venules (30–300µm in diameter) in the papillary and mid-reticular layers of 

the dermis. The most widely used treatment of PWS entails the flashlamp-pumped pulsed 

dye laser (PDL), which was developed in conformity with the theory of selective photother-

molysis. This non-invasive treatment modality relies on the conversion of radiant energy to 

heat by endovascular chromophores (Hb and HbO2), and the ensuing necrosis of blood and 

vascular tissue resulting from thermal diffusion (primary effect) and prolonged hemosta-

sis (secondary effect). By employing an appropriate wavelength and irradiance, supracritical 

temperatures (>70°C) can be generated in the vessel lumen and confined spatially if the 

pulse duration is kept within the thermal relaxation time of blood and mural constituents, 

defined as the time required for heated tissue to lose 50% of its thermal energy through 

diffusion (1–3). Normal-sized capillaries (4–6µm inner diameter) and post-capillary venules 

(8–26µm inner diameter) (4), which have a relatively short thermal relaxation time and a 

smaller thermal mass, therefore remain spared during longer pulse durations, as heat diffu-

sion from these vessels precludes the generation of denaturing temperatures. 

 The efficacy of selective photothermolysis depends on a combination of inevitable 

intrinsic factors: epidermal pigmentation (5–8), optical shielding by blood and superimposed 

vessels (9–12), and PWS anatomy and morphology (10–14). Generally, treatment efficacy 

correlates negatively with increased melanin content, vascular density and superimposition, 

and vessel diameter and depth, provided that the prominence of these factors is inversely 

proportional to the optical penetration depth. Consequently, incomplete photocoagulation 

may result from the generation of subcritical isotherms by inhomogeneous photon distribu-

tion in the luminal space (as is the case with large diameter vessels), or may be forestalled al-

together by insufficient heat production across the entire vessel diameter (such as in deeply 

situated or optically shadowed vessels). The intraluminal gyrations in fluence rates (J/cm2) 

have a profound effect on the acute tissular and hemodynamic responses, and ultimately 

lesional blanching, which occurs through inflammation-mediated reduction in dermal blood 

volume. The PDL-induced production of supracritical temperatures within the entire luminal 

volume leads to widespread thermal necrosis of the vessel wall and vaso-occlusion by the 

thermolysed and agglutinated chromophore-containing red blood cells (RBCs) (10, 11, 15–17). 

Clinically, complete photocoagulation of the vascular wall is associated with well-responding 

lesions (11), corresponding to approximately 40% of the cases (18). In contrast, moderately 

responding (20–46%) and refractory (14–40%) PWS have a posttreatment vascular profile 

characterized by varying degrees of partially photocoagulated vessels with semi-obstructive 

coagula composed of thermally necrotized RBCs and hemodynamically formed thrombi (Fig. 

1A) (10, 11, 15–19). With thrombosis as a constitutive element of endovascular laser-tissue 

interactions, the generation of subcritical isotherms, and thus incomplete photocoagulation 

of (endo)vascular tissue, can be countervailed by the administration of prothrombotic pharma-

ceutical agents prior to laser irradiation. This family of pharmaceuticals will enhance endolu-

minal emphraxis via amplified thrombus formation in the semi-photocoagulated vasculature, 

which may result in a more optimal blood volume reduction through the consequent chronic 
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inflammatory responses. Our research suggests that neovasculogenesis during thrombus 

organization and angiogenesis in hypoxic or anoxic dermal regions constitute the inflamma-

tory mechanisms responsible for lesional blanching. Thrombo(sta)sis is a pathophysiological 

trigger for both.

Figure 1. Histological effects of flashlamp-pumped 
pulsed dye laser irradiation. A) Typical dermal vessel 
immediately after irradiation with a 577-nm tunable 
dye laser. The vessel lumen is partially occluded by la-
ser-exposed erythrocytes (LE) exhibiting characteristic 
cytoplasmic electron density and numerous small elec-
tron-lucent spherical structures (insert, upper right) as 
well as aggregated platelets (P) and associated fibrin. 
Non-occluded luminal regions (L) contain normal eryth-
rocytes (NE) that have entered the vessel subsequent 
to injury. Endothelial cells lining the vessel wall and to 
which platelet aggregates adhere exhibit vacuolated 
cytoplasm and focal zones of separation (arrow insert, 
lower left) from subjacent basal lamina and dermal ele-
ments (D). Scale bar: 5µm; scale bar inserts upper right 
and lower left: 1µm. Reprinted from (19) with permission 
from the Society for Investigative Dermatology (©1988) 
and Dr. O.T. Tan, Tufts University School of Veterinary 
Medicine, Boston, MA, USA. B) The effect of subthresh-
old laser irradiation (2.5J/cm2) on erythrocytes, which 
display aggregation and mottling of electron-dense cyto-
plasm, membrane lysis, and extrusion of flocculent, fine-
ly granular material into the extracellular environment. 
Original magnification x9600. Reprinted from (16) with 
permission from the Society for Investigative Dermatol-
ogy (©1989) and Dr. O.T. Tan. C) Marked degeneration of 
an endothelial cell (E) adjacent to agglutinated red blood 
cells (R) and basal lamina (arrowheads), seen immediate-
ly after pulsed dye laser treatment. The photocoagulated 
red blood cell appears to be affixed to the endothelial 
membrane, which may be due to thermochemical inter-
actions between membrane proteins. At supracritical 
temperatures, proteins unfold and undergo conforma-
tional rearrangements and subsequent demixing (29). 
During this process, various bonds may connect amino 
acid residues of erythrocytic and endothelial membrane 
proteins, causing the cells to chemically tether. Original 
magnification x6900. Scale bar: 1µm. Reprinted from 
(15) with permission from the American Medical Asso-
ciation (©1986) and Dr. O.T. Tan.
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 Inasmuch as partially photothermolysed ectatic vasculature is responsible for sub-

optimal clinical outcomes in laser-treated PWS, the focus of the first part of this paper is 

essentially on thrombosis and the mechanisms of vascular remodeling as they pertain to 

this damage profile. More specifically, we elaborate on the damage threshold necessary for 

functional thrombosis, i.e., thrombosis that leads to dermal blood volume reduction through 

consequent inflammatory events. In the second part, neovasculogenesis and angiogenesis 

are elucidated in the framework of lesional blanching, with emphasis on monocyte/macro-

phage and endothelial progenitor cell involvement in a newly proposed model of thrombus 

organization. Lastly, the role of prothrombotic pharmaceutical agents is expounded in terms 

of enhancing the efficacy of selective photothermolysis, with the introduction of a novel drug 

delivery platform for site-specific pharmaco-laser therapy.

THROMBOSIS AND MECHANISMS OF vASCULAR REMODELINg

In the past few years several techniques have been developed to study laser-tissue interac-

tions in microvascular analogues and the dynamics of thrombus formation following laser-

induced endothelial injury. Additionally, the biological properties and functionality of several 

important mediators involved in thrombosis and chronic inflammation have been elaborated. 

Given the current insights, strong evidence exists that thrombosis plays an essential role in 

the repair of semi-photocoagulated vasculature.

Endovascular laser-tissue interactions and thrombosis
Principally, there are several gradations of laser-mediated damage that can lead to throm-

bosis. The lowest level of endovascular damage can be induced by photothermolysis of 

RBCs without any endothelial perturbation. This type of damage occurs when insufficient 

energy deposition generates subcritical isotherms at the endothelial monolayer, i.e., in opti-

cally shielded or deeply situated vessels. RBC membrane rupture (Fig. 1B) causes liberation 

of endogenous ADP and exposure of anionic phospholipids (phosphatidylserine), resulting 

in platelet activation (20–22) and initiation of the coagulation cascade (23, 24). The latter is 

possibly facilitated by the release of leukocyte-derived tissue factor (TF)- (25, 26) and P-se-

lectin glycoprotein ligand 1 (PSGL-1)-containing microparticles (27). Since these blood-borne 

procoagulant substances are present at infinitesimal concentrations in plasma, the extent of 

thrombus formation is likely limited. RBC membrane disruption and complete disintegration

have been reported to occur at 47–49°C and 50°C, respectively (16, 28), which translates 

into relatively low fluence rates at the clinically relevant wavelengths. At these isotherms, 

cellular tethering to the endothelial monolayer through thermochemical (RBC-EC) or bio-

chemical (platelet-EC) interactions can be ruled out because endoluminal temperatures are 

subthreshold for causing conformational rearrangements and demixing (29) of RBC/EC outer 

membrane proteins (coagulative affixation, Fig. 1C) or the development of an expansive ni-

dus through the exposure of TF, respectively. The coagulum of photothermolysed RBCs 

and aggregated platelets is hemodynamially translocated downstream, and may not directly 

contribute to functional thrombosis in the irradiated zone. 
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 Localized platelet tethering and thrombus formation, in contrast, requires (photother-

mally induced) perturbation of the endothelial cell membrane or exposure of the extracellular 

matrix (ECM) by denudation of the endothelial monolayer. Histological evidence has unveiled 

that this can be accompanied by coagulative affixation of thermolysed RBCs to ECs (Figs. 1A 

and C). Thrombus development is coupled to the induction of TF at the injured site (30–32), 

locally initiating a cascade of enzymatic reactions leading to the activation of zymogenic pro-

teases (factors VII and X) and the formation of thrombin (23, 31, 32).  Thrombin is the main 

effector protease of the coagulation cascade, as it catalyzes the conversion of fibrinogen to 

fibrin and facilitates fibrin cross-polymerization by activating factor XIII – a process that even-

tually leads to the formation of the gelatinous reticulum of the thrombus (21, 33). Thrombin 

further triggers protease-activated receptor (PAR)-mediated transmembrane signaling (21, 

33, 34), resulting in an upregulated secretion and expression of prothrombotic agonists in 

ECs (von Willebrand factor (vWF) exocytosis (35, 36), TF and P-selectin expression (34, 37, 

38), and release of platelet activating factor (39)) and platelets (secretion of ADP and throm-

boxane A2 (22, 33), mobilization of P-selectin to the membrane surface (33), and activation 

of integrin IIb/3 [34, 40]). Activation of IIb/3 epitopes, which occurs directly through PAR 

cleavage by thrombin or by the binding of vWF to platelet GPIb/IX/V complex (33, 34, 41, 

42), is crucial for the formation of stable adhesion contacts and subsequent growth of the 

nidus (34), particularly under high shear conditions (41, 43), and reflects the necessity of en-

dothelial injury and concurrent TF exposure in functional thrombosis. On top of its irreversible 

interaction with vWF, IIb/3 can bind other ligands that mediate interaction with a variety of 

conjugate surfaces (ECs, ECM, RBCs and platelets) (43–48) so as to enhance and stabilize 

thrombus development. Naturally, higher fluence rates are required to attain this type of 

damage profile. 

 To further accentuate the importance of laser-induced endothelial injury, a number of 

animal studies (49–51) have evinced that mere photostimulation of ECs, which differs from 

the previously discussed mode of activation in that the endothelial membrane remains physi-

cally intact, results in localized, subocclusive platelet aggregation (49, 51, 52). Platelet inter-

action with photostimulated, non-perturbed endothelium is, moreover, an ephemeral event 

(49) as systematic platelet detachment becomes predominant 3 to 4 minutes after laser 

irradiation (51). The exact mechanism for platelet adhesion following photostimulation of ECs 

remains to be elucidated, although inhibition of clot formation by anti-GPIIb/IIIa antibodies 

(49) and the reversibility of aggregation suggests involvement of IIb/3 integrin (53) but rules 

out action of vWF (50) or fibrinogen (48), respectively. Furthermore, substantial cross-polym-

erization of incorporated fibrin was found to be lacking in ultrastructural analysis (49).   

 In any case, the damage threshold for functional thrombosis in semi-photocoagulated 

PWS vasculature extends beyond mere thermolysis of RBCs and non-perturbing photostim-

ulation of the endothelial membrane. RBC thermolysis – the lowest level of damage – pre-

cludes localized thrombus development due to the absence of an immobilized surface (e.g., 

endothelial monolayer or ECM) for activated platelets to adhere to, whereas photostimula-

tion of the endothelial membrane induces stationary but subocclusive and transient platelet 

tethering. At higher endoluminal fluence rates, associated with more severe damage profiles 

(i.e., EC perturbation or ECM exposure), occlusive thrombi are induced consistently (49).
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Thrombus organization: possible mechanism for lesional clearance
Thrombi that have resisted proteolysis and embolization during the initial stages of formation 

subsequently undergo organization, defined as a chronic inflammatory response in which 

activated ECs and inflammatory cells, responding to a plethora of biochemical and environ-

mental stimuli, (partially) restore patency and flow by orchestrating fibrosis, recanalization, 

and revascularization of the thrombus (54–60). In some instances, nonproteolysed fibrin 

residues are converted to connective tissue and incorporated into the vessel wall as a “sub-

endothelial swelling” (54). 

 Revascularization of thrombi has traditionally been associated with angiogenesis (57, 

61–63), i.e., inward sprouting by mature ECs lining the vasa vasorum or venarum (64). Since 

vessels of the papillary and reticular plexus lack these adventitial capillary networks, we 

postulate that thrombosed PWS microvessels likely undergo a different mechanism of revas-

cularization.

Thrombus organization in laser-treated PWS and hemangioma vasculature 
Trelles et al. (65, 66) performed salient histological analysis in argon laser-treated PWS and 

hemangiomas in which recanalization and possibly neovascularization are demonstrated. In 

the histological section of a PWS, taken two weeks after laser treatment, an organizing 

thrombus can be observed (Fig. 2A). Whereas only sparse remnants of a cross-polymerized 

fibrin and/or collagen meshwork are detectable in the superior luminal portion, the majority 

of the thrombus in the inferior luminal space (arrows) has not undergone proteolysis. Numer-

ous canals containing intact erythrocytes (encircled) can be observed in what the authors 

refer to as the “hyalinized” portion of the lumen. The  presence of intact RBCs in the isolated 

canaliculi implies that these lumens were formed during the organization process, provided 

that the viability of RBCs in an anoxic environment is only a few hours (56).

Chapter � - Lasers and Liposomes

Figure 2. Histology of laser-treated port wine stain and hemangioma vasculature. A) A dilated vessel in port wine 
stain skin two weeks after argon laser treatment. Cross-polymerized fibrin is characterized by the prominent dense 
mass in the inferior luminal portion (arrows), where RBC-filled canaliculi (encircled) of variable diameters can be 
observed. Hematoxylin-eosin, original magnification x225. Scale bar: 100µm. B) Organized tuberous hemangioma 
vessel one month after argon laser treatment. The ectatic vessel is divided into multiple canaliculi by collagenous tis-
sue. Each individual canaliculus comprises a neovessel demarcated by collagen fibers (arrowheads) and fenestrated 
endothelial cells (arrows). The luminal space is filled with intact RBCs. Pericytes are also present (P). Trichromic, origi-
nal magnification 400x. Scale bar: 50µm. Figures 2A and B reprinted from (70) with permission from the Japanese 
Society for Investigative Dermatology (©1995) and Dr. M.A. Trelles, Instituto Médico Vilafortuny, Cambrils, Spain.
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 According to Leu et al. (55, 56), the two-week timeframe is associated with signifi-

cant monocyte (MC) transdifferentiation into differential phenotypes that bear functional 

relevance in thrombus organization. Several studies confirmed that MCs are capable of dif-

ferentiating into ECs (67, 68) and form tubular structures in vitro under angiogenic stimuli 

(69). Activated MCs, which are abundantly present in resolving venous thrombi (61, 62), 

contribute to fibrinolysis by upregulating the production of urokinase-type plasminogen 

activator (uPA) (70) and surface expression of Mac-1 (CD11b/CD18) (71). The formation of 

intrathrombic endothelialized channels (57, 62, 63, 70) may thus be the end result of MC-

mediated proteolysis and transdifferentiation. Unfortunately, no immunohistochemistry was 

used in the study by Trelles et al. to derive quantitative data or map cellular phenotypes and 

distribution within the thrombus. Morphologically, the canaliculi seem to be devoid of ECs 

in this organizational phase, and some mononuclear leukocytes appear to be present in the 

thrombus (arrowhead), but whether these leukocytes are activated and engaged in thrombus 

dissolution remains inconclusive (Dr. A.C. van der Wal, Department of Cardiovascular Pathol-

ogy, Academic Medical Center, Amsterdam, the Netherlands, personal communication). 

 A similar phenomenon can be observed in the Trichrome-stained sections of a tuber-

ous hemangioma, one month after argon laser treatment. Hemangiomas, which are also 

treated by selective photothermolysis, are vascular birthmarks that, unlike PWS, display en-

dothelial hyperplasia (72). Figure 2B eloquently portrays an ectatic hemangioma vessel that 

has been partitioned into dense clusters of canaliculi containing intact RBCs. The canaliculi 

are lined by flattened, highly fenestrated ECs (arrows) and exhibit a thin, fibrous separation 

pattern that assumes a nonangiogenic nature. In a hypoxic (angiogenic) environment, sprout-

ing vessels remodel the ECM by proteinase-mediated breakdown and tunica formation (73), 

which marginalizes the probability that two separate vessels can share an apparently single 

mural structure (arrowheads). Moreover, vascular spacing in nascent vessel formation is usu-

ally a function of oxygen gradients in perivascular tissue (73), with a 250-µm limit to oxygen 

diffusivity (59). In the context of outward vascular sprouting, the physical proximity of the 

discrete canaliculi is therefore physiologically and developmentally unjustified. Although the 

origin of the separation pattern cannot be extracted from the histology per se (Dr. A.C. van 

der Wal, personal communication), the blue coloration of the laminae indicates that the mural 

material consists of collagen that was possibly deposited by fibroblasts and fibrocytes (74).

Involvement of endothelial progenitors in neovascularization of thrombosed 
PWS vasculature 
Numerous studies have provided strong evidence for the involvement of circulating endothe-

lial progenitor cells (EPCs) in pathological and physiological neovascularization, e.g., in myo-

cardial (58, 75, 76) and peripheral (77, 78) ischemia, ocular vasculopathies (79, 80), tumori-

genesis (81, 82), as well as in post-surgical reendothelialization of denuded or transplanted 

vascular segments (83–85). Neovascularization by EPCs, or neovasculogenesis, principally 

distinguishes itself from classical vasculogenesis (86) and angiogenesis/arteriogenesis (87) 

by occurring postnatally and independently of pre-existing vasculature, respectively. Moldo-

van and Asahara (60) recently postulated that EPCs may also play a role in the neovascular-

ization of resolving thrombi. 
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 The mechanism delineated by these authors is based on a biphasic model in which the 

engraftment of circulating EPCs is facilitated by the proteolytic activity of MCs/macrophages 

(Mphs). During thrombus formation, some blood-borne MCs are incorporated into the devel-

oping fibrin meshwork (88–90), albeit the majority of MCs/Mphs is chemotactically recruited 

into the thrombus (61, 70) by thrombin and fibrinogen cleavage products (91, 92), monocyte 

chemotactic protein-1 (MCP-1) (91, 93), VEGF (94, 95), transforming growth factor- (TGF-) 

(96) and possibly PDGF (97, 98). Recanalization starts with proteolytic and phagocytic activ-

ity of thrombus-trapped cells and MC/Mph transmigration, during which fibrin(ogen)-acti- 

vated MCs/Mphs (99) are suggested to ‘drill’ tunnels (Fig. 3A) by protease-mediated fibrin 

degradation (70, 100) and phagocytosis of defunct cells trapped in the interfibrillar spaces 

(55, 56, 60). Colocalization of RBCs with MCs/Mphs in the newly formed lumen (Fig. 3B) 

adverts that RBCs may play a provisionary role in supplying oxygen to the MCs/Mphs. As 

MC/Mph infiltration progresses with time (57, 61) due to elevated MCP-1 (101–103) and 

VEGF (62, 63, 94) secretion, the corollary increase in proteolytic activity (62, 102) may con-

tribute to a diametrical expansion of the tunnels (tunnel maturation). The acute development 

of a chemotactic (VEGF) gradient has also been shown to result in EPC mobilization into the 

circulation and subsequent homing to neovascular foci at the high end of the gradient (81, 

104, 105). Inasmuch as most MCs invade the thrombus via the circulation (70), the drilled 

tunnels likely have their origin at the blood-thrombus interface where chemoattracted cells 

such as EPCs can easily enter the canalicular network. In the second phase of the model, the 

formed lumens become adsorbed with MCs/Mphs and EPCs which, under the influence of 

specific cytokines such as VEGF, basic fibroblast growth factor (bFGF), interleukin-6 (IL-6), 

and MCP-1 transdifferentiate into mature ECs (85, 106–109). The engrafted cells prolifer-

ate and ultimately coalesce by pseudopodia, overlapping, or interdigitations to constitute a 

contiguous endothelial monolayer. Vascular patency is restored when the transthrombotic 

canalicular network connects both ends of the blood-thrombus interface (55, 56, 60). 

 In vitro studies have demonstrated that a variety of endothelial and monocytic lineage-

committed progenitor cells at different ontogenic stages carry the potential to transdifferen-

Figure 3. Cellular distribution at the periphery of an organizing atrial thrombus in an MCP-1 overexpressing mouse 
heart. A) Empty interfibrillar space (arrow) associated with a supposedly advancing monocyte (arrowhead). Reprinted 
from (65) with permission from Elsevier (©2003). B) Co-localization of erythrocytes (arrows) with an infiltrating mono-
cyte (arrowhead). These patterns suggest the clearing of interfibrillar spaces by phagocytic/proteolytic activity of 
infiltrating cells, followed by inflow of external blood. Figures 3A and B: differential interference microscopy, original 
magnification x120.
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tiate into EC phenotypes (67, 68, 106–113). Immature EPCs (angioblasts) and hematopoietic 

stem cells (that give rise to myeloid cells and ultimately MCs/Mphs) are believed to stem 

from a common hemangioblast (CD133+/CD34+/Flk-1+) (82, 114–116), although researchers 

recently identified a bone marrow-derived CD133+/CD34-/Flk-1+ multipotent adult progeni-

tor that acts as a precursor for angioblasts (108, 117, 118). Surface marker expression on 

endothelial precursor cells is highly dynamic throughout the cell’s life span; circulating an-

gioblasts gradually downregulate CD133 and CD34 expression and upregulate endothelial 

antigens CD31 (PECAM-1), VE-cadherin, and vWF with ontogenic maturity (114–117). Simi-

larly, monopoiesis during the maturation stages proceeds from the bone marrow-derived 

CD14low/-/CD34+/CD45+ monoblast (119, 120) to circulating promonocytes that divide to form 

CD14+/CD34-/CD45+ MCs (112, 116, 121, 122).

 Whether cytokine-mobilized EPCs or myeloid derivatives pass through the discrete 

developmental stages categorically before they assume an endothelial phenotype in vivo 

has not been conclusively ascertained. In this respect, Shaw et al. (82) posited that “EPCs, 

hematopoietic stem cells, and hemangioblasts may represent functional consequences of 

the interaction of a plastic stem cell with an inductive microenvironment,” which has been 

reverberated by Schatteman and Awad (116) stating that the participatory extent of bone 

marrow-derived EPCs in neovascularization relies on “physiological context” and the type 

of tissue. Moreover, the molecular mechanisms underlying EPC chemokinetics (homing and 

engraftment), transdifferentiation, and proliferative potential in vivo are elusive (114–116), 

and in some instances contradictory. For example, several studies on ischemic tissue revas-

cularization have demonstrated that bone marrow-derived EPCs incorporate into nascent 

vessels (77, 81, 110, 123), while a recent paper by Ziegelhoeffer and colleagues (124) failed to 

corroborate these results. Instead, the authors found that the bone marrow-derived cells had 

differentiated into adventitial and interstitial fibroblasts, pericytes, and CD45+ MCs/Mphs, 

which occasionally colocalized with CD31/CD34 markers, but sporadically engrafted into the 

endothelial monolayer or tunica media. The cells also stained positive for several important 

angiogenic cytokines, including VEGF, granulocyte colony stimulating factor (G-CSF), and 

granulocyte-macrophage CSF, suggesting a paracrine role of these bone marrow-derived 

cells in neovascularization. Hur et al. (125) recently published a paper in which the paracrine 

modulatory function is associated with CD34+/CD45- cells, while CD34-/CD45+ cells po-

tentially act as angioblasts in neovasculogenesis. Evidently, additional experimentation is 

required to shed light on the complex biochemical events that govern EPC kinetics and de-

velopment following the induction of an acute chemotactic gradient. Moreover, the involve-

ment of EPCs in thrombus neovascularization and their role in lesional blanching remain to 

be confirmed, and are currently under investigation by our group.

The role of angiogenesis in post-treatment remodeling of ectatic vasculature
The difficulty to accurately predict laser-tissue interactions in polymorphic PWS vasculature 

makes it equally arduous to attribute dermal blood volume reduction to a specific inflam-

matory mechanism. Angiogenesis, which is triggered by hypoxia (126), has long been pro-

posed as the primary mechanism for the replacement of photocoagulated ectatic vessels by 

normal-sized capillaries (2), although this remains to be experimentally confirmed. Drops in 
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tissue oxygen tension (pO2) in response to selective photothermolysis have not been quanti-

fied in PWS skin and postulations on nascent vessel formation in the laser-treated dermis are 

founded on limited circumstantial histological evidence (19, 127). Nevertheless, the creation 

of hypoxia in the superficial plexus is not an improbable outcome, provided that the entire birth-

mark (in some instances >40cm2 (128) of skin) is irradiated during a single therapy session. 

 Due to the favorable optical properties of the eye and the ability to perform intravital 

studies non-invasively, the retinal and choroidal vasculature is currently the most compatible 

model for studying the acute and chronic responses to selective photothermolysis in vivo. The 

pathophysiological processes observed in diseased or irradiated retinal/choroidal vessels may, 

to a certain extent, parallel those in photocoagulated ectatic dermal microcirculation. Genevois 

and associates (129) recently demonstrated that laser-mediated branch retinal vein occlusion 

in rats induced collateral vessel formation at the border of the photocoagulated vein segment, 

which is in keeping with studies by Grant et al. (79) and Tomita et al. (130) who, using green 

fluorescent protein (gfp) chimeric mice, showed that transplanted gfp+ EPCs had incorporated 

into foci of choroidal neovascularization respectively one month and two weeks after laser-

induced ischemic injury. In addition to angiogenesis, the authors observed a net reduction in 

capillary density and increase in capillary and venular diameter (129). 

 The sprouting, vasodilation, and capillary dropout ensuing photocoagulation may be as-

sociated with chronic shifts in local oxygen availability (129, 131, 132). Cellular adaptation to 

hypoxia primarily manifests itself through intracellular O2-dependent stabilization of hypoxia-

inducible factor (HIF)-1, a ubiquitously and constitutively expressed  heterodimeric protein 

that upregulates the transcription of a myriad of genes related to oxygen homeostasis (127, 

133, 134). The angiogenic HIF-1 target genes include VEGF, Flt-1 (VEGF-receptor 1), and PA 

inhibitor-1 (PAI-1). In turn, VEGF has also been shown to modulate vasorelaxation by stimulat-

ing NO and PGI2 (prostacyclin) synthesis/release in ECs in a dose-dependent manner (135, 

136), an effect possibly augmented by the concurrent transcription of iNOS (NO production) 

and heme oxygenase-1 (CO production) (131, 132, 137–139) in the (semi-)viable choroidal 

microcirculation. The capillary dropout may have been caused by capillary closure that re-

sulted from arterial perfusion changes, ischemia-reperfusion lesions, intraluminal thrombo-

sis, or compression due to fluid extravasation (129). In turn, these events may have triggered 

apoptotic nuclear factor-B (NF-B) signaling by the generation of reactive oxygen species in 

response to oxidative stress (140, 141) and pro-apoptotic (rather than pro-angiogenic) HIF-1 

signal transduction (140, 142).

 Since HIF-1 and NF-B signaling is differentially regulated by intracellular oxidative con-

ditions (134, 140), the reconstitution of laser-treated vascular architecture probably embod-

ies both neovasculogenesis and angiogenesis. Interestingly, Takahashi et al. (143) found that 

the modes of reperfusion (recanalization and angiogenesis) during spontaneously regressing 

diabetic retinopathy were inferentially correlated to the degree of oxygen deprivation: laser-

occluded vessels in relatively small nonperfused areas underwent recanalization, whereas 

reperfusion in larger regions of vaso-occlusion occurred mainly by capillary sprouting. It must 

be noted, however, that the inner plexiform layer of the retina has a high oxygen consump-

tion rate (144) which may not mimic that of dermal tissue. Furthermore, the pulse duration 

employed in PWS LPTDL treatment (1.5ms) approximates the thermal relaxation time of the 
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smaller ectatic vessels (30–50µm in diameter) (3, 145). Normal-sized capillaries and post-

capillary venules are left intact due to the thermal relaxation mismatch and smaller thermal 

mass, and may therefore (vasoactively) compensate for reduced pO2 levels in tissue imme-

diately surrounding the targeted vessels.

PHARMACEUTICAL ADjUvANTS AND SITE-SPECIFIC PHARMACO-LASER THERAPy

The formation of a blood clot is an essential pre-condition for the activation of inflammatory 

mechanisms that are responsible for restoring vascular integrity and flow after injury. At 

sufficient endoluminal fluence rates, thrombus formation is a direct hemostatic response to 

photothermal injury to ECs (15, 19, 27, 30, 49). With thrombosis as a preeminent precursor 

for vascular remodeling, procoagulant pharmaceutical agents represent a group of potential 

adjuvants in the laser treatment of PWS and other vascular malformations. A hypercoagu-

lable state of blood will increase the probability of occlusive thrombus formation in a wider 

array of vessel diameters at greater dermal depths, whereby larger vascular segments will ul-

timately undergo the chronic inflammatory processes that result in blood volume reduction.

Moreover, occlusive thrombi are less prone to acute (peripheral) fibrinolysis and shear-im-

posed deterioration or detachment (146, 147), which may in turn contribute to their age-re-

lated fibrinolytic resistance (148) during the organization process. 

Prothrombotics, anti-fibrinolytics, and blood-borne anticoagulants
There are several classes of drugs that could be used to target different components of 

the coagulation system. The coagulability of blood could be ameliorated by administering 

recombinant coagulation factors, such as factors VII or VIII (149). NovoSeven (Novo Nord-

isk, Bagsvaerd, Denmark), a recombinant factor VIIa, is extensively used in a wide array of 

coagulopathies, including management of hemophilia patients and surgical procedures in 

patients with platelet disorders (150–152). NovoSeven improves thrombin generation rates 

by binding to activated platelets only, thereby activating factor X that catalyzes the conver-

sion of prothrombin to thrombin (153). The advantageous binding kinetics of NovoSeven 

restrict its potency to the site of platelet aggregation. Tomokiyo et al. (154) recently showed 

that the efficacy of recombinant factor VIIa can be enhanced by coadministration of factor 

X. Similarly, fibrinolytic resistance of thrombi may also be promoted by activated factor XIII 

(commercially available in concentrates [155]), which mediates fibrin -chain polymerization 

(148, 156) and -chain multimerization (148, 157), and cross-links the plasmin inhibitor 2-

antiplasmin to fibrin (148, 158).

 An alternative to enhancing the clotting pathways is inhibiting the key players of the 

fibrinolytic system. The fibrinolytic cascade is activated synchronously with the coagula-

tion cascade and serves the purpose of proportioning thrombosis to the site and severity 

of injury. The two major constituents of the fibrinolytic system that could be targeted are 

plasmin, which dissolves the fibrin meshwork and antagonizes the cross-polymerization pro-

cess, and tissue-type plasminogen activator (tPA), responsible for converting the zymogen 

plasminogen into plasmin (54). Conversely, a systematic increase in plasma levels of PAIs 
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could also impart a hypercoagulant response (159–161). Lastly, a procoagulant effect could 

be conferred by the inhibition of blood-borne anticoagulants. Antithrombin III, for example, 

is a natural anticoagulant that inhibits the activity of serine proteases such as thrombin and 

activated factors IX, X, XI, and XII by binding to heparin-like molecules located on the luminal 

surface of ECs (54, 162, 163). Certain active residues of this serpin also restrict the inhibition 

of activated protein C, a plasma protein that is responsible for the inactivation of factors Va 

and VIIIa (164). Various inhibitors of antithrombin III have been identified (165–167). Other 

qualified targets include the vitamin K-dependent anticoagulant protein C (54, 168), the hepa-

rin- neutralizing plasma component S protein (169), and PGI2 (170).

Wavelength-modulated gold nanoshells: a suitable drug delivery platform for site-
specific pharmaco-laser therapy
The evident hazard of parentally administering prothrombotic or anti-thrombolytic substanc-

es to non-coagulopathic patients is impairment of the hemostatic “checks and balance” 

system. The ideal scenario would therefore be to constrain pharmaceutical efficacy to the 

birthmark region only, insofar as regulation of naturally occurring hemostatic events remains 

uncompromised. This site-specificity could be achieved by the use of nanoparticle drug deliv-

ery systems, which can be tailored to meet the individual needs of the application (171–173). 

Copolymers of N-isopropylacrylamide or acrylamide, for instance, can be engineered into a 

nanoshell-polymer composite drug delivery platform (173). The critical solution temperature 

of the polymer composites is just above 37°C, which makes them ideal for photothermal 

modulation. Exceeding critical solution temperatures by endoluminal heating will result in a 

phase change of the polymer material and cause a collapse of the shell, accompanied by a 

burst release of the encapsulated drug (171). More recently, photothermal release mecha-

nisms have been developed by the incorporation of gold nanoshells into the polymer matrix. 

The gold nanoshells are non-toxic, highly biocompatible, and only induce cellular damage 

upon photoactivation (171). The fundamental mechanisms are identical to the thermodynam-

ics of selective photothermolysis: the conversion of radiant energy into heat by the gold 

chromophores impels conformational changes of the matrix, resultant in the burst release. 

The gold nanoshells are designed to absorb light at a broad range of wavelengths, particularly 

in the near-infrared (NIR) spectrum (800–1200nm) (171–173), and can therefore be targeted 

with a variety of laser systems, including diode and Nd:YAG lasers. Because the release of 

encapsulated procoagulants will only occur in the irradiated zone, we have termed this novel 

treatment approach site-specific pharmaco-laser therapy (SSPLT). Due to the favorable op-

tothermal and pharmacokinetic properties of the drug delivery platform, the applicability of 

SSPLT may extend to other complex vascular anomalies that are difficult to treat or target 

by conventional methods.
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DISCUSSION

During the last two decades much research has been devoted to optimizing laser parameters 

and treatment techniques in an effort to improve PWS blanching rates. Unfortunately, even 

the newest generation LPTDLs, designed to surmount the impeding optical properties of the 

cutis by their ability to modulate laser parameters and dynamically cool the epidermis during 

irradiation, have produced suboptimal clearance rates in a substantial portion of patients (6, 

7, 174–176). By investigating endovascular laser-tissue interactions and possible post-treat-

ment remodeling mechanisms, we attempted to identify ways to enhance therapy from 

‘within the microcirculation’ rather than focus on laser parameters and related treatment 

techniques. Numerous studies have demonstrated that thrombus formation is an acute re-

sponse to laser-induced intimal damage inflicted either by direct photodisruption of the endo-

thelial monolayer (27, 30, 49–52, 177, 178) or by photothermal interactions associated with 

PDL-mediated selective photothermolysis (15, 19). Histological analysis of biopsied PWS 

skin by Fiskerstrand et al. (10) further established a positive correlation between the extent 

of vascular photocoagulation and the degree of lesional blanching. The authors found that 

well responding PWS contained completely photocoagulated ectatic vessels, while moder-

ately to non-responding birthmarks retained (partially) viable vasculature following pulsed 

dye laser irradiation. Moreover, histological examination by Tan et al. (15, 19) evinced that 

thrombus formation is inherent to the damage profile of semiphotocoagulated vessels, and 

therefore constitutes a potential target in the treatment optimization of moderately respond-

ing and recalcitrant PWS. As a result, this article has been composed in the paradigm of la-

ser-tissue interactions in semi-photocoagulated vasculature. At increasing fluence rates, the 

vessel response is associated with cavitation and (explosive) bubble formation (179), where-

by the hemodynamic component (thrombosis) is absent. Although inflammatory infiltrates 

have been observed in completely photocoagulated vessels (15), it is presently not known 

what mechanisms underlie vascular remodeling in thrombosis-excluding damage profiles. 

 Based on the findings by Tan et al. (15,19), we first attempted to define the dam-

age threshold required for functional thrombosis, i.e., thrombosis that triggers inflammatory 

mechanisms responsible for dermal blood volume reduction. Since the grade of endothelial 

injury and prevailing rheological conditions dictate which membrane receptors and adhesion 

proteins are involved in platelet tethering and growth of the nidus, photothermal interac-

tions and consequent damage profiles were categorized in accordance with the volumetric 

distribution of supracritical isotherms. In this respect, photothermolysis of RBCs without 

endothelial damage constitutes the lowest level of damage, in which stationary thrombus 

formation is forestalled due to the absence of an immobilized surface. Platelet aggrega-

tion may occur at anionic phospholipids exposed on the ruptured RBC membrane, but the 

developing clot will not contribute to functional thrombosis in the irradiated zone as it is re-

moved by bulk flow. The intermediate level of damage, characterized by photostimulation of 

ECs without denudation of the endothelial monolayer, also precludes functional thrombosis. 

Quasi-injurious photostimulation of ECs induces inert and transient platelet conglomeration 

that is possibly mediated by platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31), 

an adhesion molecule expressed on platelets and ECs (180, 181). The cytoplasmic domain 

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   37 05-06-2009   11:53:45



��

of PECAM-1 contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) which has 

been shown to negatively modulate immunoreceptor tyrosine-based activatory motif (ITAM) 

signaling induced by the activation of IIb/3 integrin and GPVI (34, 180, 181), and possibly 

G-protein-coupled receptor signaling (independent of ITIMs) triggered by PAR cleavage (34, 

180, 182). Cicmil et al. (182) found that PECAM-1 activation by homophilic cross-linking inhib-

ited platelet aggregation, granule secretion, and mobilization of cytosolic calcium in throm-

bin-activated platelets in vitro, particularly at low agonist concentrations. Although the au-

thors did not rule out nonspecific heterologous desensitization as the mechanism of platelet 

inhibition, the results possibly explain the aggregation pattern observed in photostimulated 

vessels, where minimal tissue damage assumably corresponds with limited TF exposure and 

thrombin generation (and thus lack of fibrin cross-polymerization). Consequently, physical 

disruption of ECs or denudation of the endothelial monolayer and exposure of the ECM is 

unambiguously the most favorable damage profile for solid thrombus anchorage and growth, 

and thus functional thrombosis. Initial platelet tethering in high shear environments such as 

the microcirculation requires the binding of vWF to platelet GPIb (34, 41, 42). The involve-

ment of vWF in the adhesion process is surpassingly advantageous, provided that vWF posi-

tively effectuates platelet microparticle generation (183) and induces a substantial thrombin 

generation rate (184) and platelet granule release (184, 185). Additionally, more than 90% of 

platelets adhering to the collagenous matrix form stationary adhesion contacts and provide 

a highly reactive surface for further thrombus growth (34). 

 When the severity of endovascular damage exceeds the capacity of the fibrionolytic 

system to dissolve the thrombus, the acute hemodynamic responses to photothermolysis 

will progress to a chronic stage in which inflammatory mediators indigenous to the clot 

orchestrate a plethora of pathophysiological processes aimed at restoring vascular patency 

and reconstitution of affected tissue. It is our conviction that neovasculogenesis and angio-

genesis comprise the chronic inflammatory mechanisms that lead to blood volume reduction 

in thrombosed, partially photocoagulated vasculature. Neovasculogenesis, as recently pro-

posed by Moldovan and Asahara (60), includes the engraftment of chemotactically-recruited 

MCs/Mphs and EPCs into intrathrombic canaliculi that are created by the proteolytic activity 

of infiltrating MCs/Mphs during thrombus organization. Reacting to specific cytokines, the 

adsorbed cells subsequently transdifferentiate and proliferate to form a contiguous endothe-

lial monolayer. At the same time, activated fibroblasts/fibrocytes in the organizing thrombus 

produce the collagen and proteoglycans necessary for ECM formation (54, 74, 186–188). 

When a fibrotic replacement of residual cross-polymerized fibrin occurs conjointly with neo-

vasculogenesis, the net blood volume in the respective vessel segment is reduced and the 

desired clinical effect is achieved. Although neovasculogenesis remains to be confirmed 

experimentally in the context of thrombus organization and lesional blanching, there is no-

table evidence that gives credence to the model’s validity. Numerous studies have shown 

that MCs, which are ubiquitously present in all resolving thrombi (55–57, 61–63, 189, 190), 

degrade the fibrin matrix by proteolysis through the release of uPA (70, 191–193) or by Mac-

1-mediated phagocytic internalization and subsequent lysosomal degradation (71, 194). Con-

sequently, MCs and Mphs (195) are capable of drilling channels in fibrin matrices (Figs. 3A 

and B) (60), and thus in thrombi (55–57, 61–63, 70, 190, 196), which ultimately results in the 
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formation of intrathrombic canalicular networks through which flow is reinstated (55–57). 

Leu et al. (55, 56) reported that after 14 days the channels become lined by spindle-shaped 

mononuclear cells that ultrastructurally resemble primitive mesenchymal cells and stain 

strongly for Ulex europaeus agglutinin-I (UEA-I) but negatively for factor VIII related antigen. 

During later organizational stages, the engrafted cells differentiate into mesenchymal cells 

of different type and function (55, 56, 197), including mature ECs that contain Weibel-Palade 

bodies (56) and stain positively for UEA-I and factor VIII-related antigen (55). In addition to 

the well-documented plasticity of EPCs (107, 109, 110, 115, 116, 118, 124, 125), the lack 

of factor VIII antigenicity supports the belief that the early engrafted cells are of monohis-

tiocytic origin (198–202). Interestingly, CD133+ cells can bind UEA-I (107, 203), whereas 

no literature could be found on the co-expression of CD133 and factor VIII. The circulatory 

mobilization and homing of EPCs to the canalicular networks is regulated through cytokines 

secreted by ECs, MCs/Mphs, platelets, and fibroblasts in the inflamed region. Asahara et al. 

(104, 110) and others (204–206) demonstrated that VEGF, which significantly accumulates in 

organizing thrombi (62, 63, 94, 207), triggers the mobilization of bone marrow-derived EPCs 

and incorporation into neovascular foci. Recently, Ceradini and associates (208) found that 

ischemic blood vessel endothelium expresses stromal cell-derived factor- 1 (SDF-1), a potent 

EPC chemoattractant (206, 209, 210), through HIF-1-induced SDF-1 gene transcription. It is 

therefore likely that ECs also contribute to EPC homing through surface expression of SDF-

1 in oxygen-deprived, thrombostatic vascular segments. Once recruited to the organizing 

thrombus, EPCs may initially anchor to the canal walls through integrins that mediate cell-

matrix interactions. In the early stages of organization the matrix is predominantly composed 

of cross-polymerized fibrin (211). Deb et al. (212) recently reported that the binding of EPCs 

to fibrin-coated well plates is primarily mediated by integrin v3, although RGD (arginine-gly-

cine-aspartic acid) motif-containing ligands such as fibronectin and vitronectin (54, 213, 214) 

may also play a role in the adhesion process via integrins v5, 21 (212, 215), and 51 (216). 

Similarly, RGD sequences on the -chain of laminin, a basement membrane protein shown 

to line intrathrombic channels in murine inferior vena cava ligation models (189, 196), may 

anchor EPCs by integrin 1, v3, and 21-mediated interaction (213, 217). During advanced 

organizational stages, in which the matrix has been recomposed by collagen fibrils (54, 190, 

196), EPC engraftment is possibly regulated by 21 integrin (213) or by direct interactions 

with surface-exposed adhesion molecules of engrafted cells (115, 203, 218). Finally, EPC 

transdifferentiation into mature ECs is induced by cytokines such as VEGF, bFGF, IL-6, and 

IL-8 (85, 106–109, 125) produced by thrombus-incorporated cells (62, 63, 94, 207), some of 

which may act in concert with ligands and integrins to enhance the differentiation process 

(216). Wijelath et al. (216) reported that fibronectin acts catalytically in VEGF-induced CD34+ 

EPC differentiation into ECs, and it is possible that the synergistic action of VEGF and v3 on 

endothelial tube formation by microvascular ECs, as demonstrated by Liu et al. (219), occurs 

through analogous intracellular signaling cascades in EPCs. Additionally, cellular differentia-

tion and proliferation is potentially regulated through paracrine effects induced by engrafted

EPCs, which release VEGF, IL-8, and other potent angiogenic cytokines (112, 125). 

 Neovasculogenesis during thrombus organization is a process that can take several 

weeks to complete, albeit flow through the canalicular network is restored before the forma-
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tion of a continual endothelial monolayer (55, 56). Post-treatment remodeling of severely 

affected dermal vasculature may therefore be complemented by angiogenesis so as to es-

tablish expeditious delivery of oxygen and nutrients to oxygen-deprived tissue. Hypoxia is a 

well-documented physiological trigger for nascent vessel formation whereby the transcrip-

tion of a plethora of angiogenic genes is upregulated through HIF-1 signaling (129, 220). 

Laser-induced branched retinal vein occlusion and choroidal neovascularization models com-

prise the most representative templates for deducing the chronic inflammatory responses in 

laser-irradiated dermal vasculature. Several authors have reported that photocoagulation of 

choroidal and retinal vasculature results in neovascularization that involves EPC engraftment 

in the newly formed vessels (79, 80, 132, 133, 221). To what extent these findings trans-

late to photocoagulated PWS vasculature is difficult to extrapolate. It is not known whether 

the vascular ectasia functionally contributes to oxygen homeostasis, or whether proximal, 

unaffected normal-sized capillaries and venules (vasoactively) compensate for the created 

oxygen gradients, as was shown to occur in photocoagulated branched retinal veins (132). 

Typically, the PWS dermis consists of an increased number of densely clustered vessels 

(222, 223) as a result of inadequate neurotropism (224) rather than pO2-driven vasculariza-

tion. The drop in pO2 levels after selective photothermolysis may therefore not be as severe 

as in perivascular tissue of non-pathological vessels. Furthermore, capillary budding in these 

conditions is likely provisionary and dynamic; once the balance between perfusion and meta-

bolic demand shifts with (partial) reinstatement of flow, the nascent capillary networks may 

abate in density (146) by means of vessel regression (73). These phenomena may contribute 

to the observed lesional blanching with time (225), although the precise interplay between 

neovasculogenesis and angiogenesis in the laser-treated dermis remains elusive. 

 For the improvement of blanching rates in mildly responding and refractory patients, 

the chronic inflammatory processes may be enhanced by pharmacologically intervening in 

the acute responses to endovascular damage in semi-photocoagulated vasculature. Sev-

eral classes of pharmaceuticals that target different components of the coagulation system 

could be administered prior to laser irradiation so as to augment the extent of emphraxis in 

the thrombus-forming region of the lumen (Fig. 1A). By systematically inducing complete 

vaso-occlusion, the inflammatory processes will stretch to those regions where residual 

lumens would have otherwise contributed to the redness of the birthmark. The formation 

of endothelium-lined canalicular networks in these regions or sprouting from nearby intact 

vessels will, in conjunction with ECM deposition in the remodeled vascular segment, lead to 

a more extensive decrease in net blood volume. Moreover, vaso-occlusive thrombi are more 

resilient against embolization and fibrinolysis (149, 150), and procure acute hypoxia in the lu-

men, which can result in increased fibrin deposition, vWF release, and P-selectin exposure, 

as well as suppressed fibrinolytic activity (226, 227). Thrombostasis may therefore trigger 

secondary thrombosis, as observed by van Aken et al. (211), and benefit lesional blanching 

by indirectly impeding vascular remodeling. 

 In an effort to optimally balance selective photothermolysis, pharmacokinetics, and 

clinical safety, we have proposed the use of a gold nanoshell drug delivery system in which 

the procoagulant drugs are encapsulated by a gold-coated polymer matrix. These photo-

thermally activatable nanomaterials can be exceptionally useful in the laser treatment of 
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vascular malformations for a number of reasons. First, prothrombotic or anti-thrombolytic 

drug delivery can be conferred site-specifically, reducing the risk of undesired thrombosis at 

non-treated locations. Secondly, relatively low fluence rates would be necessary to trigger 

a release reaction with PDL/LPTDL systems, since the critical solution temperature of the 

material is slightly above body temperature. Moreover, the difference between the critical 

solution temperature of the nanoshell polymers and denaturation threshold temperatures of 

most mammalian and synthetic proteins creates a functional window for protein- or peptide-

based biopharmaceuticals wherein they remain biochemically stable. Availability of intact, 

non-denatured biopharmaceuticals will be sustained in those regions where subcritical tem-

peratures are generated by selective photothermolytic treatment, i.e., in inferior luminal por-

tions of larger vessels and the deeper vasculature. These are areas where the drug potency 

is exacted most. Obviously, non-proteinic pharmaceuticals will have a different functional 

range, which may make them a preferable alternative. Thirdly, the gold nanoshells could be 

manufactured to absorb light in the visible spectrum (Dr. J.L. West, Department of Bioen-

gineering, Rice University, Houston, TX, USA, personal communication), thereby function-

ing as complementary target chromophores for the lasers used in these treatments. And 

fourthly, NIR-absorbing nanoshells potentiate hemodynamically favorable drug release in a 

multi-wavelength treatment approach. In the early stages of thrombus formation, the devel-

oping coagulum often dislodges (30). If the NIR pulse supersedes the visible light pulse, the 

thrombus induced by the visible light pulse in semi-photocoagulated vessels is given time to 

stabilize while coagulated plasma components are adequately removed by the bloodstream. 

A delayed administration of the NIR pulse would be most effective when the targeted area 

is reperfused with biologically viable coagulation factors, cells, and nanoparticles. In addition 

to drugs that target the pro-coagulant and anti-coagulant systems for acute hemostatic ef-

fects, VEGF(receptor) antagonists (228–230) and proteosome inhibitors (231) may be used 

conjunctionally to abate the extent of chronic inflammatory responses described previously. 

The importance of VEGF in thrombus organization is underscored by its pleiotropic effect on 

several intracellular processes, including the induction of fenestrae in capillary and venular 

ECs (232), which could facilitate diapedesis of MCs/Mphs into the thrombus, and integrin-

mediated activation of EC-bound pro-urokinase PA, resulting in proteolysis at the thrombus-

EC interface (233). The cytokine also induces mobilization of bone marrow-derived EPC 

and promotes EPC differentiation and incorporation into neovascular foci (104). Furthermore, 

VEGF offsets hypoxia-induced apoptotic signaling in ECs by increasing transcriptional levels 

and mRNA stability of Bcl-2 (234), and regulates EPC survival via an autocrine loop mecha-

nism (235). A drug-facilitated decrease in, but not abrogation of the bioactivity and availability 

of VEGF and its receptors Flt-1 and Flk-1/KDR may therefore constrain the magnitude of 

neovasculogenic and angiogenic remodeling, and thereby optimize blood volume reduction 

in the dermis. Lyden and associates (236) demonstrated that inhibition of VEGF receptors 

1 and 2 completely ablated tumor vessel formation, which is reliant on the recruitment of 

EPCs, indicating that post-treatment anti-VEGF(R) modalities may have an additional adju-

vant effect on PWS blanching rates.
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CONCLUSION

Broadening our understanding of endovascular laser-tissue interactions from the perspective 

of biochemistry, hemodynamics, and inflammatory responses may aid in the development 

of improved therapies for PWS and other vascular anomalies. The use of pharmacological 

products in conjunction with selective photothermolysis has never been elucidated before, 

mainly because much of the acute and chronic inflammatory phenomena that occur after 

laser irradiation have remained elusive or based on circumstantial evidence. The synergy 

between laser therapy and pharmacology may ultimately pave the way to a more efficacious-

treatment approach for recalcitrant or poorly responding lesions. Photothermally activatable 

drug delivery systems unequivocally constitute a cutting-edge technology platform that  

conforms most ideally to site-specific pharmaco-laser therapy of PWS and other vascular 

malformations, and may one day play an indispensable role in treatment protocols. 
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