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1.    PORT WINE STAINS

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

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

layers of the dermis (Fig. 1). 

These birthmarks occur in 0.3-0.5% of infants and initially appear as flat, pink maculae that 

gradually progress into hypertrophic, red-to-purple lesions in proportion to the person’s age 

[1-4] (Fig. 2). Although the exact etiological origin remains unknown, it has been suggested 

that progressive hypertrophy of the lesions is caused by low neural densities at the periphery 

of the ectatic vessels, which accounts for inadequate neurotrophism and tonus regulation of 

the affected vasculature. The etiology may also have a genetic component [5]. An increased 

Figure 1. Gross anatomy of the integumentary system. A) The skin is divided into a non-vascularized epidermis 
and an inferiorly situated vascularized dermis and hypodermis. The horizontal vascular plexus in the reticular dermis 
consists of arteries (dark gray) and veins (light gray) that supply blood to and drain blood from the dermal papillae via 
ascending arterioles and descending venules, respectively. The capillary networks are contained within the dermal 
papillae (encircled). In port wine stain skin, the capillaries and post-capillary venules are hyperdilated (B, arrow), the 
extent of which may be more than 50-fold compared to normal sized vessels. The hyperdilated blood vessels con-
tribute to an increased dermal blood volume and hence a red-to-purple appearance of the affected skin. Courtesy of 
Libuše Markvart, used with permission.
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perfusion pressure and age-related collagen degeneration in the dermis are possible contri-

butory factors to the progressive vascular hyperdilation [3,6,7]. By age 46, two-thirds of the 

affected individuals develop papular or nodular components resulting from soft tissue over-

growth (Fig. 2C), causing dysmorphosis, asymmetry, and occasional spontaneous bleeding 

[8,9]. Additionally, the aberrant cosmetic appearance of PWS may significantly impede the 

individual’s psychosocial development and well-being, and constitutes a considerable factor 

in the overall treatment of PWS, since 70-80% of these birthmarks occur in the head and 

neck regions [10-12]. The anatomical location and dermatomal distribution pattern of trigemi-

nal PWS (pertaining to the ophthalmic, maxillary, and mandibular branches of the trigeminal 

nerve located in the respective facial regions) have been linked to a heightened probability 

of ocular and/or central nervous system complications (glaucoma and/or Sturge-Weber and 

Klippel-Trénaunay syndromes, respectively) [9,13], further underscoring the need for an ef-

fective, universally applicable therapeutic modality. 

2.    LASER TREATMENT OF PORT WINE STAINS

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 photothermolysis. 

This non-invasive treatment modality relies on the conversion of radiant energy to heat by 

hemoglobin and the ensuing coagulation of blood and necrosis of (peri-)vascular tissue re-

sulting from thermal diffusion (Fig. 3A). By irradiating skin at a well-absorbed wavelength 

(Fig. 3B) and sufficient irradiance (the amount of photon energy incident on an area of tissue 

per unit time, expressed in W/cm2), 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 target vasculature. Thermal relaxation time is defined as the 

time required for heated matter to lose 50% of its peak thermal energy through thermal 

conductivity [17,18]. Normal-sized capillaries (4-6 µm inner diameter) and post-capillary  

venules (8-26 µm inner diameter) [19], which have relatively short thermal relaxation times,  

a smaller surface-to-volume ratio, and a smaller thermal mass, therefore remain spared  

Chapter � - Lasers and Liposomes

Figure 2. Typical port wine stain during early childhood before (A) and after (B) laser treatment. These birthmarks 
may progress to highly papular or nodular port wine stains at later age (C). Port wine stains appear red-to-purple due 
to an increased blood volume as a result of vascular hyperdilation and increased vascular density in the dermis. Cour-
tesy of J. Stuart Nelson, used with permission.
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1. 0605 Michal_Heger.indd   13 05-06-2009   11:53:36



�� Chapter � - Lasers and Liposomes

 

during longer pulse durations, as heat diffusion from  and convection in these vessels pre-

cludes the generation of denaturing temperatures. 

 In larger vessels, the laser-induced production of supracritical temperatures leads to 

thermal necrosis of the vascular wall and vaso-occlusion by thermolysed and agglutinated 

red blood cells (Fig. 3C-E) [20-25]. The putative contention is that the photocoagulated ves-

sels are removed by the reticuloendothelial system and replaced by normal-sized capillaries 

through vascular remodeling (Fig. 4). Replacement of hyperdilated vessels with lower blood 

volume-containing capillaries is associated with a reduction in PWS redness (lesional blanch-

ing), which marks the therapeutic end point.

 

Figure 3. A) Schematic representation of selective photothermolysis: (1) (oxy)hemoglobin-containing red blood cells 
in the vessel lumen absorb laser light; (2) the radiant energy is converted to heat that diffuses towards lower tem-
perature regions; (3) heat diffusion causes thermal denaturation (photocoagulation) of blood and the vascular wall. B) 
Molar absorptivities of clinically relevant chromophores: melanin (eumelanin, DHI monomer), deoxyhemoglobin (Hb), 
oxyhemoglobin (oxyHb), and methemoglobin (metHb, generated by the laser pulse). The range indicated in gray (577-
600 nm) represents the range of wavelengths emitted by pulsed dye lasers (PDL). Data from [14-16]. C) Scanning 
electron microscopy (SEM) image of the top (irradiated) surface of an in vitro laser-generated thermal coagulum. The 
thermal coagulum exhibits a smooth “melted” appearance, with complete loss of cellular morphology. The scattered 
spherocytes (thermally distorted red blood cells, ~8-10 µm in diameter) on the surface are believed to be cells that 
were not washed off during the preparation process. D) SEM image of the “bottom” surface of a thermal coagulum 
(opposite to the side of incident laser irradiation). Note the aggregation of spherocytes that are attached to the ther-
mal coagulum. E) SEM image of the bottom surface of a thermal coagulum. Note the appearance of “pockets” in the 
coagulum, where the matrix has coalesced around individual erythrocytes. Panels C-E courtesy of Jennifer K. Barton, 
used with permission.
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 Clinically, complete photocoagulation of the vascular lumen (Fig. 5) is associated with 

well-responding lesions [21], corresponding to approximately 40% of the cases [26]. In con-

trast, moderately responding (20-46%) and refractory (14-40%) PWS have an acute post-

treatment damage profile characterized by varying degrees of partially photocoagulated ves-

sels with semi-obstructive thermal coagula (Fig. 5) [20-27]. 

Figure 4. Remodeling of the dermal vascular plexus fol-
lowing selective photothermolysis. The removal of the 
affected vessels and the subsequent formation of nor-
mal capillaries and post-capillary venules lead to a reduc-
tion in dermal blood volume and corollary alleviation of 
lesional redness.

Figure 5. Cross-section of a punch biopsy taken from a 
577-nm pulsed dye laser-irradaited port wine stain. (1) 
epidermis; (2) hair follicle; (3) complete heat-induced co-
agulation of the vascular lumen, consisting of thermally 
denatured blood and vascular constituents; (4) dermal 
extracellular matrix, upper line pointing to papillary der-
mis and lower line pointing to mid-reticular dermis; (5) 
laser-induced vapor bubble; (6) semi-occluded vessel, 
only the superior portion has been affected by selective 
photothermolysis. The lower portion of the vessel has 
remained patent. Hematoxilin-eosin, original magnifica-
tion 50×. Scale bar: 200 µm. Courtesy of Oon Tian Tan, 
unpublished data.
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 The efficacy of selective photothermolysis depends on a combination of inevitable in-

trinsic factors: epidermal pigmentation [28-31], optical shielding by blood and superimposed 

vessels [20-22,32-34], and vascular anatomy and morphology [20,21,33-36]. Generally, treat-

ment efficacy correlates negatively with increased melanin content, vascular density and 

superimposition, and vessel diameter and depth, given that the prominence of these factors 

is inversely proportional to the optical penetration depth. Inasmuch as the optical penetration 

depth, and thus the fluence rate (f, the amount of photon energy incident on a cross-sec-

tional area inside a tissue volume per unit time, expressed in W/cm2) attenuates with depth 

in accordance with Beer’s law, scattering, and (specular) reflection [36,37], the volumetric 

heat production (f·µa) in blood vessels located beyond a certain depth will be inadequate 

for the complete photocoagulation of the vascular lumen. PWS vessels have been found in 

the reticular plexus up to a depth of 3.7 mm [38,39], albeit most of the ectatic vasculature 

is located within ~0.6 mm from the basal membrane [3,20]. Theoretically, complete lesional 

clearance can only be accomplished when the optical penetration depth equals or exceeds 

the depth up to which the ectatic vasculature is responsible for the visual appearance of the 

PWS. Mathematical modeling predicted this depth to be 0.6-0.9 mm at which hyperdilated 

vessels contribute to the skin discoloration [28,40]. Histological studies have revealed that 

photocoagulation occurs to a depth of ~0.65 mm in human skin using 585-nm wavelength 

and 0.45-ms pulse duration, with a mean (±SD) depth of 0.37 (±0.17) mm [20,21]. At these 

laser parameters (and a radiant exposure of 6.5 J/cm2), complete coagulation of the vessel 

lumen occurs in superficial vessels up to approximately 150 µm in diameter [20]. Larger and 

deeper vessels will therefore remain (partly) viable, as has been corroborated histologically 

and numerically [32,41]. In the context of the model predictions, these findings explain why 

some PWS are non-responsive to treatment at the abovementioned laser parameters based 

on depth alone.

 With respect to optical penetration, it is not surprising that the difference between the 

irradiance and the fluence rate becomes even more pronounced with depth in densely vas-

cularized areas [32,37,42] and in skin types with a higher melanin concentration [20,35] and 

dermal blood volume [12,35]. Consequently, incomplete photocoagulation of target vessels 

may result from the generation of subcritical isotherms (<70°C) as a result of inhomoge-

neous photon deposition in the lumen (as is the case with large diameter vessels), or may be 

forestalled altogether by insufficient heat production across the entire vessel diameter (such 

as in deeply situated or optically shielded vessels) (Fig. 5). Gyrations in intraluminal fluence 

rates due to the abovementioned factors therefore have a profound effect on the acute and 

chronic tissular responses, and thus lesional blanching.

 With the introduction of new laser systems (e.g., long pulse tunable dye lasers) and ac-

cessory technologies (e.g., dynamic cooling devices), higher fluence rates can be generated 

in the target vessels while sparing the basal membrane (where melanocytes absorb a signifi-

cant portion of the laser energy). Ectatic vasculature can therefore be treated more effective-

ly while thermal damage at the dermal-epidermal junction is reduced. Unfortunately, these 

developments have been coupled to a mere ~10% increase in treatment efficacy compared 

to the traditional PDL outcomes, leaving approximately 50% of patients with unsatisfactory 

end-results [ref]. This is not surprising since the range of possible laser parameters, in com-
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bination with dynamic cooling, is extended but does not become limitless. Consequently, 

a strong need persists to push optimization of treatment efficacy beyond the fine-tuning of 

laser parameters and dynamic cooling technology, and to develop modalities to circumvent 

the aforementioned anatomical and optical barriers.

3.    OUTLINE OF THESIS

In 1981, around the same time, two papers appeared describing the non-invasive, selective 

destruction of cutaneous vasculature by laser irradiation: one by van Gemert and Hulsber-

gen Henning [43] and the other by Anderson and Parrish [44]. The concept revolutionized 

the treatment of a broad spectrum of superficial vascular disorders, and PWS in particular. 

Twenty eight years later, a point in time preceded by an arduous quest to find the optimal and 

universally applicable laser parameters for PWS therapy, we have learned that there is really 

no such thing as optimal, universally applicable laser parameters. A therapeutic plateau has 

been reached, and, as is often the case with plateaus, the only way they can be breached 

is by changing strategies. So, an alternative to conventional PDL therapy must be sought to 

resolve its lurking dead ends: for the sake of the 50% of hopeful patients and for the sake of 

scientific challenge.

 Many years ago Drs. Rox Anderson and Milton Waner pondered about the possible 

role of thrombosis in lesional blanching [45]. This thesis gives an account of how a fleeting 

idea brought to life at the dinner table is caught, unfolded, and transformed into something 

tangible in a laboratory. First, different aspects of the conceptual framework had to be em-

pirically proven, after which the research could be pushed forward towards practical applica-

bility. The thesis is therefore divided into two parts. The first part focuses on endovascular 

laser-tissue interactions, whereas the second part comprises several chapters on the devel-

opment of a liposomal drug delivery system for site-specific pharmaco-laser therapy.

3.1    Part 1
Chapter 2 describes how the strategy of treating refractory PWS could potentially be changed 

by modulating endovascular laser-tissue interactions from within the systemic circulation. In 

this theoretical study, the acute and chronic responses of blood vessels to laser irradiation 

were investigated as a basis for justifying the potential applicability of prothrombotic and 

antifibrinolytic pharmaceutical agents as adjuvants to selective photothermolysis. Empha-

sis was placed on the dualistic character of endovascular laser-tissue interactions, namely 

the photothermal response (laser-induced photocoagulation of blood and vascular tissue) 

and the consequent hemodynamic response (thrombus formation as a result of endovas-

cular damage). With thrombosis as an integral component of endovascular laser-tissue in-

teractions, the abovementioned classes of drugs could be used to achieve the therapeutic 

end point (complete occlusion of the vascular lumen) through the hemodynamic response.  

The use of a drug delivery system in this context was further scrutinized, and suggestions 

for potential compounds for site-specific pharmaco-laser therapy were given. Finally, the  

possible mechanisms of vascular remodeling were discussed, which may be useful for de-
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signing modalities that control the remodeling process (e.g., administration of anti-VEGF).

 In the following chapters, we aimed to experimentally corroborate the hypotheses that 

were posited in Chapter 2. In the pilot experiments that led to Chapter 3, endovascular laser-

tissue interactions were studied by darkfield orthogonal polarized spectral imaging (DFOPS) 

of laser-irradiated rat mesenteric vessels. Although useful results were obtained at the vas-

cular plexus level, it became evident that the optics and the CCD camera of the DFOPS de-

vice were inadequate to unequivocally prove the occurrence of the hemodynamic response 

in consequence to the photothermal response, which forced us to turn to a different intravital 

microscopy technique. Using brightfield-fluorescence intravital microscopy, the laser-medi-

ated formation of a thermal coagulum (photothermal response) was confirmed in a hamster 

dorsal skin fold model (Chapter 4). The effect of laser pulse duration and blood flow velocity 

on the size of the thermal coagulum, its attachment behavior, and laser-mediated vasocon-

striction and subsequent dilation were examined. In Chapter 5 a slightly modified intravital 

microscopy setup was used to corroborate the hemodynamic response following a 532-nm 

laser pulse. Sub-occlusive thermal coagula were generated by laser irradiation of hamster 

dorsal venules and the consequent thrombus formation and breakdown were monitored by 

in vivo platelet staining with carboxyfluorescein and fluorophore-labeled antibodies against 

various platelet epitopes. The thrombus kinetics were quantified and, based on the findings, 

an elaborate account was given of the principles of site-specific pharmaco-laser therapy.

3.2    Part 2
Following a brief introduction of Part 2 (Chapter 6), Chapter 7 reports on a study examining 

platelet-liposome interactions. According to Mordon et al. [Microvasc Res 2002;64:316-25],  

platelets are capable of endocytosing sterically stabilized carboxyfluorescein-encapsulating 

DSPC:DPPC:DSPE-PEG liposomes within minutes after contact. Consequently, Mordon’s 

study was replicated with respect to the liposome formulation, platelet:liposome stoichiom-

etry, and animal model to demonstrate that such interactions do not occur. This was impera-

tive before proceeding inasmuch as platelet-liposome interactions may have a detrimental 

effect on site-specific pharmaco-laser therapy. Chapter 8 describes the development of a 

thermosensitive (stealth) liposomal drug delivery system encapsulating tranexamic acid; a 

lysine analogue responsible for the inhibition of plasmin-mediated thrombolysis. A broad 

spectrum of potential liposomal formulations was characterized for drug:lipid ratios, encap-

sulation efficiencies, size and polydispersity, endovesicular TA concentrations, and phase 

transition temperature and assayed for heat-induced TA release. Assays were developed for 

the quantification of liposomal TA and heat-induced TA release from two candidate formula-

tions. The outcome parameters were then combined with a 3D histological reconstruction 

of a PWS biopsy to extrapolate in vivo posologies for antifibrinolytic SSPLT. Finally, in an-

ticipation of a continuation of this research, a fluorescence-coupled high performance liquid 

chromatography (HPLC) method was developed for the quantification of tranexamic acid 

from plasma and whole blood (Chapter 9). The existing techniques, primarily HPLC-based, 

required either expensive equipment or were not capable of detecting tranexamic acid at 

nM concentrations in biological samples. We were able to lower the limit of detection down 

to 500 nM using a simple, rapid, and selective methodology. Quantification of tranexamic 
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1. 0605 Michal_Heger.indd   18 05-06-2009   11:53:39



��

acid release from thermosensitive DPPC:DSPE-PEG liposomes suspended in human plasma 

proved to be possible and highly reproducible with this technique.
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