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The most famous PWS-bearing person of modern times is undoubtedly Mikhail Gorbachev, 

whose persistent crimson birthmark is a symbolic reflection of his incessant loyalty to the 

Communist Party of the Soviet Union and its underlying political framework. Ironically, this 

symbolism of superiority under a collectivistic umbrella was always removed in his official 

photographs as a Politburo member – a deed that in actuality requires a bit more perestroika 

and glasnost than merely a collective set of blurring streaks produced by a diesel-driven, im-

age-editing sovchoz.

 In fact, scientists from several continents have been working diligently on the dilemma 

of suboptimal PWS blanching since the introduction of selective photothermolysis in 1981. 

It has, above all, proven to be an ‘appealing’ scientific dilemma, insofar as a condition that 

is anything but life-threatening with an incidence of 0.3-0.5% has generated more than 950 

publications since as far back as Thomson Scientific’s Web of Science database stretches, of 

which three publications appeared in the renowned New England Journal of Medicine – two 

of which were contributed by the Academic Medical Center.

 So what has driven the urges to remediate this vascular disorder that literally lies at 

our fingertip when we touch the red-to-purple skin? The underlying principles of selective 

photothermolysis and the procedure itself seem plain and effective in theory: PWS persist 

due to a chronically hyperdilated dermal microcirculation, ergo, removing the aberrant mi-

crocirculation with a few zaps of laser light containing a healthy dose of rationale from the 

fields of physics and biology should take care of the problem. Perhaps it is the relentless di-

chotomy between our theoretical assumptions and corollary expectations versus the inability 

to successfully translate these into practice that sparks the desire to eliminate the (painful?) 

confrontation with our incapability to deal with a ‘simple’ problem. And, in the process, to 

develop a modality that is as efficacious as a diesel-driven, image-editing sovchoz.

 Rather than engaging in complex mathematical modeling and numerical analysis of 

light distributions in dermal volumes containing a broad array of vessel-related variables, this 

thesis describes an approach that is focused on the underlying endovascular laser-tissue 

interactions (Part 1) as a stepping stone for novel therapeutic strategies (Part 2).

Part 1 - Chapter 2
The rudimentary concepts were first laid out in a theoretical study that, in addition to the 

putative photothermal component of endovascular laser-tissue interactions, introduced a he-

modynamic component that constitutes the basis for site-specific pharmaco-laser therapy 

(SSPLT). It was postulated that the photothermal response, which results from the gen-

eration of supracritical temperatures in the vascular lumen and the formation of a thermal 

coagulum, triggers a hemodynamic response in semi-occluded vessels that is characterized 

by the initiation of primary and secondary hemostasis. (The term ‘hemodynamic’ was care-

fully chosen inasmuch as higher shear rates are induced in the semi-occluded lumen that are 

required for platelet adhesion via GPIb). Consequently, the hemodynamic response may be 

‘exploited’ to modulate the extent of laser-induced thrombosis and ultimately the degree of 

hemostasis by the prior administration of prothrombotic and/or antifibrinolytic pharmaceuti-

cal agents. Naturally, the administration of such potent pharmaceuticals poses a threat to 

the hemostatic equilibrium in non-coagulopathic PWS patients, which may be circumvented 
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by the use of a drug delivery system that restricts the biological activity of the encapsulated 

drug until triggered release. The proposed modality was coined SSPLT: a hybrid laser-based 

therapeutic strategy encompassing conventional selective photothermolysis and the con-

comitant use of a prothrombotic and/or antifibrinolytic-encapsulating drug delivery system.

 Before concretely exploring suitable drug delivery systems for SSPLT, several essential 

parts of the theoretical study – namely the manifestation of the hemodynamic response in 

consequence to the photothermal response – had to be proven experimentally, and prefer-

ably in vivo. 

Part 1 - Chapter 3
In the first attempt to prove the existence of a hemodynamic response we wanted to de-

velop an all-in-one device capable of diagnostics and treatment. As explained in the general 

introduction, there are no optimal laser parameters that can be employed on any given PWS, 

which means that laser therapy has to be tailored to a specific dermo-vascular anatomy. A 

device capable of visualization of the vascular architecture, photocoagulation of the visual-

ized blood vessels, and subsequent monitoring of the tissular responses could therefore 

constitute a breakthrough in PWS therapy.

 For these purposes, darkfield orthogonal polarized spectral imaging (DFOPS) was 

used. This clinically employed microscope, which makes use of linearly polarized green light 

and remission to construct a 2D image of an illuminated mucosal tissue volume, was used in 

a pilot  experiment on rat mesenteric blood vessels in combination with 532-nm laser irradia-

tion to assess endo- and peri-vascular effects as a function of increasing radiant exposures. 

And although dose-dependent responses were observed and certain effects at the vascular 

plexus level were elucidated, including the formation of intralumenal translucent aggregates, 

retrograde flow, gradual and immediate hemostasis, reinstatement of flow, vessel disap-

pearance, and perivascular collagen damage, we were ultimately forced to use an alternative 

microscopic technique capable of higher magnification and resolution than was possible 

with the DFOPS device.

 Consequently, a collaboration was established with INSERM to investigate endovascu-

lar laser-tissue interactions in a hamster dorsal skin fold model. The group, led by Dr. Serge 

Mordon, had devised a laser system that, after some modifications, was able to generate 

semi-obstructive thermal coagula inside the lumen of a single venule, thereby mimicking the 

laser-induced vascular damage profile that is known to persist in refractory PWS.

Part 1 - Chapter 4
An experimental setup was used that encompassed simultaneous brightfield and fluores-

cence imaging of single hamster dorsal skin fold venules, whereby semi-obstructive thermal 

coagulum formation (photothermal response) was studied as a function of pulse duration 

and blood flow velocity in the context of thermal coagulum size, its attachment behavior, 

and laser-mediated vasomotion. It was found that the size of the coagulum and the extent 

of vasoconstriction and latent vasodilation were proportional to the laser pulse duration, but 

that pulse duration had no effect on coagulum attachment or dislodgement. Moreover, blood 

flow velocity exhibited no significant effect on the studied parameters.

Summary and Conclusion

1. 0605 Michal_Heger.indd   209 05-06-2009   11:54:56



��0

 These results not only shed new light on the endo- and perivascular events that are 

governed by the photothermal response, but created the opportunity to relate the photother-

mal response to a corollary hemodynamic response as described in Chapter 5, inasmuch as 

the same laser parameters and models were used.

Part 1 - Chapter 5
Using a slightly modified intravital microscopy setup but the same animal model and laser-

induced damage technique as described in Chapter 4, the aim of this study was to demon-

strate that primary and secondary hemostasis are triggered by laser-induced endovascu-

lar damage. Platelets were labeled in vivo by the systemic infusion of carboxyfluorescein 

(CF) (see List of Publications) or by the administration of antibodies raised against CD42b 

(the constitutively expressed glycoprotein (GP)Ib) and CD62P (the activation-dependent 

P-selectin). Heparin was administered in the CF experiments as an inhibitor of coagulation. 

Thermosensitive liposomes were co-infused with CF to serve as a thermal probe since the 

formation of thermal coagula was difficult to visualize in this configuration. Two image analy-

sis techniques were developed to quantify lesional size; one based on manual contours of 

the laser-induced lesions and the other based on a computation analysis program written in 

Mathematica.

 Platelet staining with CF clearly evinced that primary hemostasis (platelet adhesion, 

activation, and aggregation) constitutes an integral part of endovascular laser-tissue interac-

tions. The thrombus kinetics were characterized by a rapid growth phase during the first 

1.25 min followed by a slow growth phase that culminated in a maximum lesional size at 

6.25 min. The growth phase was ensued by a deterioration phase as evidenced by gradual 

embolization, which plateaued at ~13 min. Heparin significantly reduced the peak lesional 

size and back-shifted its incidence to 1.25 min, indicating that the hemodynamic response 

involves coagulation in addition to primary hemostasis. Fractional immunoblocking of the 

GPIb receptors reduced the extent of thrombosis, whereas infusion of anti-CD62P antibod-

ies resulted in no reduction in lesional size.

 Based on these data, the classical view of endovascular laser-tissue interactions was 

redefined to include a hemodynamic response that was subsequently presented as compelling 

evidence for the potential utility of SSPLT as a novel treatment modality for refractory PWS. 

 

Part 2 describes the development of a liposomal drug carrier encapsulating an antifibrinolytic 

agent, namely tranexamic acid (TA), as part of antifibrinolytic SSPLT, performed in collabora-

tion with Toon de Kroon and Irene Hamelers from the group of Ben de Kruijff at Biochem-

istry of Membranes, University of Utrecht. Inasmuch as heat generation is the rudimentary 

process in the photothermal response and can easily be modulated in superficial cutaneous 

vasculature, thermosensitivity was selected as a suitable means for triggered drug release. 

The basic principles of thermosensitive liposomes in the context of drug delivery are first 

outlined in the introductory Chapter 6 prior to moving on to specific experimental work re-

ported in the subsequent chapters.

 The foremost ‘enemies’ of people working in the drug delivery field have been the 

liver and the spleen. These organs are responsible for the clearance of a vast spectrum of 
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compounds such as metabolites and drugs from the circulation. Liposomes, which are na-

noscopic fat particles composed of a phospholipid bilayer surrounding an aqueous core (i.e., 

analogs of the cells that make up tissue), belong to the category of exogenous particulates 

that are rapidly removed by the reticuloendothelial system. Steric stabilization of liposomes 

by polymers such as polyethylene glycol (PEG) has been shown in numerous studies to sub-

stantially retard the uptake rate. An enhanced circulation time is imperative to allow the drug 

carrier to abundantly accumulate at the target site, which is why we chose to use PEGylated 

thermosensitive lecithin liposomes for antifibrinolytic SSPLT.

Part 2 - Chapter 7
In 2002, Serge Mordon and colleagues proposed that systemically-infused CF-encapsulating 

PEGylated liposomes composed of DSPC:DPPC:DSPE-PEG (85:10:5 mole ratio) are taken 

up by hamster platelets within minutes after infusion, allowing online fluorescence-based 

monitoring of platelet behavior following laser stimulation of endothelium [Microvasc Res 

2002;64:316-25]. Provided that the thermosensitive liposomes for antifibrinolytic SSPLT 

were to have a similar composition, it was imperative to thoroughly scrutinize these postula-

tions inasmuch as platelet-liposome interactions may be detrimental to the utility of this drug 

delivery system in SSPLT. 

 Platelet-liposome interactions were assayed by flow cytometry, confocal microscopy, 

a glass capillary thrombosis model, and in vivo in Gold Syrian hamsters. We attempted to 

replicate the study by Mordon et al. as accurately as possible by using the same liposome 

formulation, platelet:lipid stoichiometry, and, where feasible, animals as a source of plate-

lets. No evidence was found that substantiated the interaction between resting or activated 

platelets and sterically stabilized lecithin liposomes at a ratio of 2.9×1013 platelets/mole lipid, 

paving the way for the further development of antifibrinolytic SSPLT using PEGylated lecithin 

liposomes as a drug carrier.

Part 2 - Chapter 8
Albeit based on in vitro data, this chapter describes the first experimentally-derived prem-

ises for the potential applicability of SSPLT in the treatment of refractory PWS. Six different 

thermosensitive PEGylated liposomal formulations were characterized for drug:lipid ratios, 

encapsulation efficiencies, size, endovesicular TA concentrations (CTA), and phase transition 

temperature (Tm) and assayed for heat-induced TA release. Assays were developed for the 

quantification of liposomal TA and heat-induced TA release from two candidate formulations. 

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

port wine stain biopsy to extrapolate in vivo posologies for antifibrinolytic SSPLT. The prime 

formulation, DPPC:DSPE-PEG2000 (96:4 molar ratio), had a drug:lipid ratio of 0.82, an en-

capsulation efficiency of 1.29%, a diameter of 155 nm, a CTA of 214 mM. The peak TA release 

from this formulation (Tm = 42.3°C) comprised 96% within 2.5 min, whereas this was 94% 

in 2 min for DPPC:MPPC:DSPE-PEG2000 (86:10:4) liposomes (Tm = 41.5°C). Computational 

analysis revealed that <400 DPPC:DSPE-PEG2000 (96:4 molar ratio) liposomes are needed 

to treat a PWS of 40 cm2, compared to a three-fold greater quantity of DPPC:MPPC:DSPE-

PEG2000 (86:10:4) liposomes.
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 The heat-induced release kinetics and the Tms of both candidate formulations are very 

favorable with respect to SSPLT. In Chapter 5 it was demonstrated that laser-induced throm-

bosis reached a peak at 6.25 min, meaning that accumulation of the drug carrier and release 

of its contents is exacted within this time frame. The maximum release of TA from the DPPC:

DSPE-PEG2000 (96:4 molar ratio) formulation and its 10 mol% MPPC-containing counter-

part occurred well within the thrombus growth phase, theoretically allowing ample time for 

the drug carrier to accumulate at the target site. Moreover, the release capacity was nearly 

100%, which translates into a relatively low quantity of liposomes that are required to col-

locate with the thrombus to exert maximum biological activity.

 With a positive prognosis regarding the applicability of antifibrinolytic SSPLT, the final 

chapter of the thesis was forged in collaboration with the Department of Analytical Chemistry 

and Applied Spectroscopy (Dr. Freek Ariese) and the Departments of Medical Oncology and 

Molecular Cell Physiology (Professor Jan Lankelma) of the Free University in Amsterdam.

Part 2 - Chapter 9
The aim of this work was to develop a simple, rapid, and sensitive analytical method for 

TA quantification in blood and plasma samples that can be employed in drug release and 

pharmacokinetics studies during the further actualization of antifibrinolytic SSPLT. A couple 

of major hurdles related to the molecular aspects of TA had to be overcome. First, TA lacks 

the electronic configuration (i.e., -electrons) to behave as a chromophore or fluorophore, 

necessitating a derivatization step prior to spectroscopic detection. Second, high levels of 

blood-borne amino acids and possibly small peptides were expected to cause major inter-

ferences during separation. Therefore a means had to be devised to eliminate the majority 

of plasma components with similar chromatographic properties without losing TA in the  

process. Third, TA shares structural similarity to amino acids, requiring the use of a separa-

tion technique.

 The first issue was resolved by derivatizing TA with naphthalene-2-3-dicarboxalde-

hyde (NDA), a fluorophore that reacts with primary amines in the presence of cyanide. The  

reaction products could be analyzed post-column with a fluorescence detector. The second 

problem was overcome by filtering TA-spiked plasma samples through a 3 kDa cutoff filter. 

The last issue was solved by using reversed phase HPLC in combination with a pH-adjusted 

binary solvent system. Under optimal chromatographic conditions TA was well resolved from 

plasma interferences at pH=5.5, probably due to differences in pKa values between TA and 

plasma amino acids, within a 12-min elution time. 

 Once the derivatization and chromatography protocols were optimized, the technique 

was validated for heat-induced TA release from the prime antifibrinolytic SSPLT formulation, 

DPPC:DSPE-PEG2000 (96:4 molar ratio), in plasma. The kinetics of TA release correspond 

well to the TA release kinetics from the same liposomal formulation in buffer (Chapter 8),  

indicating that our HPLC method can be employed for the abovementioned purposes in  

future in vivo studies on antifibrinolytic SSPLT.

 As stated in the general introduction, a therapeutic plateau had been reached when the 

work presented in this thesis was started, and, as is often the case with plateaus, the only 

way they can be breached is by changing strategies. Consequently, the focus was reoriented 
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from fine-tuning laser parameters and setting up mathematical models to a more biochemi-

cal approach. The changed strategy has resulted in a more elaborate paradigm of endovas-

cular laser-tissue interactions and the corollary development of a hybrid laser-based modality 

for refractory PWS that, hopefully one day, will be able to remove PWS as effectively as the 

Politburo in the 80’s.
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