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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.

1. 0605 Michal_Heger.indd   12 05-06-2009   11:53:35



��

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.

A B C
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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-

Chapter � - Lasers and Liposomes
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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 

Chapter � - Lasers and Liposomes
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acid release from thermosensitive DPPC:DSPE-PEG liposomes suspended in human plasma 

proved to be possible and highly reproducible with this technique.

Chapter � - Lasers and Liposomes
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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).
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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 
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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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ABSTRACT

Due to the limited number of suitable intravital microscopy 

techniques, relatively little is known about the opto-thermal 

(endo)vascular responses to selective photothermolysis, used as 

a default treatment modality for superficial vascular anomalies 

such as port wine stains, telangiectasias, and hemangiomas. 

In this preliminary study we present a novel microscopy tech-

nique for studying (endo)vascular laser-tissue interactions in 

vivo, in which conventional orthogonal polarized spectral (OPS) 

imaging is combined with darkfield (DF) illumination. DFOPS 

imaging of rat mesenteric vasculature irradiated at increasing 

powers revealed the following (tissular) responses: formation of 

translucent aggregates, retrograde flow, gradual and immediate 

hemostasis, reinstatement of flow, vessel disappearance, and 

perivascular collagen damage. DFOPS imaging therefore consti-

tutes a useful tool for examining (endo)vascular events following 

selective photothermolysis.

Keywords:
Imaging systems, microscopy, photothermal effects
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1. INTRODUCTION

Orthogonal polarized spectral (OPS) imaging is a polarized light-based microscopic technique 

for intravital, non-invasive visualization of superficially located microcirculation [1]. OPS has 

recently been introduced in the clinical setting to image distinctive microvascular and hema-

tological pathologies associated with different disease states, including (cardio)vascular dis-

eases, cancer, and sepsis [2-4]. The imaging technique allows the observation of vascular 

structures and endovascular constituents (red blood cells and leukocytes) at high contrast [5], 

and facilitates quantitative measurements of physiological parameters (red blood cell veloc-

ity, vasomotion) as well as pathophysiological conditions (ischemia-reperfusion, hemorrhage, 

tumor angiogenesis) without requiring contrast enhancers or fluorescent dyes [3,6-10]. In OPS 

imaging, vascularized tissue is illuminated with linearly polarized light, while the remitted light 

is imaged through an analyzer (second polarizer) oriented orthogonally to the polarizer. The 

polarized source light is passed through a green spectral filter (548 nm) to ensure significant 

absorption by hemoglobin (Hb) and oxy-hemoglobin (HbO2). In non-absorbing tissue, such as 

perivascular tissue, the light undergoes multiple scattering events that randomize the plane 

of polarization. The depolarized scattered light back-illuminates the chromophore-containing 

red blood cells in the foreground, providing negative contrast with respect to vascular struc-

tures, i.e., the imaged vessels appear black against a light background. The remitted light is 

subsequently collected by the same objective lens and guided through the analyzer onto a 

CCD camera to comprise the image [1]. As opposed to a shared optical path for the source 

light and remitted light in the conventional OPS systems, darkfield (DF) OPS systems project 

the illumination concentrically on the tissue outside the field of view of the image capturing 

device [11] by means of an opening in the middle of the beam splitter, and collect the remitted 

light through the central pathway (Fig. 1). As a result, the DF means of illumination significantly 

enhances contrast and improves the quality of the OPS images.

 Here we report on the utility of DFOPS in studying endovascular laser-tissue interactions 

as they relate to selective photothermolysis, a process that relies on the conversion of radiant 

energy to heat by Hb(O2) and the ensuing thermal necrosis of blood and vascular tissue result-

ing from heat diffusion [12]. By employing a wavelength substantially absorbed by Hb(O2) at a 

pulse duration that matches the thermal relaxation time of the target vasculature, i.e., the time 

required for a heated vessel to lose 50% of its thermal energy, vessels can be selectively dam-

age without affecting perivascular tissue. Selective photothermolysis constitutes the default 

treatment modality in the non-invasive removal of a broad array of superficial vascular anoma-

lies, including port wine stains, hemangiomas, and telangiectasias [13]. The acute and chronic 

inflammatory responses triggered by laser-induced endovascular damage lead to vascular re-

modeling processes that result in lesional clearance. The exact mechanisms underlying the 

(endo)vascular responses to laser irradiation have not been extensively elucidated, primarily 

due to the fact that only few in vivo techniques have been developed to categorically examine 

these phenomena [14-18]. Moreover, most of these laser-induced vessel wall injury models 

[14-16] focus the laser beam directly on the endothelial layer, creating a damage profile that 

differs from selective photothermolysis in that the chromophore-containing red blood cells are 

circumvented as thermal catalysts and heat diffusion is an irrelevant factor. As a result, the 
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formation of coagula consisting of thermally denatured circulatory cells and plasma proteins 

[19-21] is excluded from the damage profile in these models. In a recent intravital study on 

hamsters, Suthamjariya and associates [22] showed that during the laser pulse, (endo)vascular 

events occur in the following order with increasing intraluminal fluences (J/cm2): 1) thermal 

coagulation of blood; 2) vasoconstriction; 3) thread-like appearance of the irradiated vessel seg-

ment; 4) vessel disappearance; 5) intravascular cavitation expanding along the vessel lumen; 

6) violent, bubble-like cavitation; 7) vessel wall rupture and hemorrhage; and 8) denaturation 

and shrinkage of perivascular collagen. However, their setup did not permit the visualization of 

specific laser-induced effects on local hemodynamics, i.e., changes in direction and velocity 

of flow. Moreover, the protocol focused on the phenomena occurring during selective photo-

thermolysis, and did not incorporate post-irradiation events such as reinstatement of flow and 

latent hemostasis. This preliminary study aims to elucidate the (endo)vascular events following 

laser irradiation and serves as a proof-of-principle for the utility of DFOPS in researching laser-

tissue interactions in vivo.

2. MATERIALS AND METHODS

2.1  Preparation of animals
The protocol was approved by the animal ethics committee of the Academic Medical Center. 

Five male Wistar rats (Charles River Laboratories, Maastricht, the Netherlands), weighing 

250-300 g, were deprived of food for 24 hours before the operation to reduce intestinal peri-

stalsis. Rats were anesthetized by intraperitoneal injection of ketamine (90 mg/kg), medeto-

medine (0.5 mg/kg), and atropine (0.05 mg/kg). Each animal was mechanically ventilated 

and placed on a heated stage to maintain body temperature. Vital signs were continually 

monitored. A medial laparotomy was performed to exteriorize an intestinal loop, which was 

secured on an elevated platform positioned adjacently to the incision site so as to enable 

optimal placement of the intestine and the DFOPS probe. Excessive desiccation of internal 

and exposed organs was alleviated by applying Ringer’s solution preheated to 37˚C. During 

surgery and DFOPS imaging anesthesia was continuously maintained by intravenous injec-

tion of ketamine (50 mg/kg/hr). At the end of the experiments the rats were sacrificed by 

intravenous administration of KCl. 

2.2  DFOPS imaging and video editing
A Cytoscan E-II Backfocus type device (Cytometrics, Philadelphia, PA) was used for DFOPS 

imaging. The module emits light at a wavelength of 548 nm at tunable intensities. The 

DFOPS probe was secured in a vertically adjustable holder to ensure steadfast imposition of 

the sterile plastic cap surrounding the tip of the light guide on the tissue with minimal impedi-

ment of blood flow. Suitable microvascular networks in the mesenteric sheath enveloping 

the large intestine were identified by gently moving the Cytoscan probe over the tissue. A 

10x objective was used for image capture. In vivo, the typical depth of focus is approximately 

200 m at a resolution of 1 m2 per CCD pixel, allowing visualization of individual red blood 

cells and leukocytes at flow velocities below 1 mm·s-1 [23]. The built-in CCD chip has a data 
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acquisition rate of 25 frames per second. All data were recorded on a Sony DSR-20P digital 

video recorder and visualized on a Sony PVM 97 monitor. For optimal visualization of laser-

induced effects, the contrast of the videos in Figs. 3 and 6 was also inverted using Adobe 

Premiere Pro 1.5 software. 

2.3  Laser irradiation
A frequency-doubled Nd:YAG laser (Alcon Laboratories, model Ophthalas 532 EyeLite, Forth 

Worth, TX) was employed to induce (endo)vascular damage in selected microvascular net-

works. The laser emits a wavelength of 532 nm, corresponding to a significant absorption 

coefficient of Hb(O2) for selective photothermolysis. An engineered opening in the side of 

the bottom part of the protective plastic cap allowed insertion and positioning of the laser 

probe without interfering with the visual field of DFOPS. Proper targeting was achieved by 

manually guiding the aiming beam of the laser to the region of interest, as confirmed by 

the highly reflective spot on the video image (see movies Figs. 4 and 6). It should be noted 

that in the actual experiments, the laser probe had to be inserted at variable angles, caus-

ing the spot to become elliptical rather than circular and the irradiances to vary across the 

beam diameter. The measured spot sizes ranged from 0.3 mm2 to 0.4 mm2. The minimum 

laser power required for visible (endo)vascular effects was initially empirically determined by 

increasing power by 100 mW increments while keeping pulse duration constant at 500 ms. 

DFOPS imaging of laser-irradiated vasculature was only performed above the established 

threshold power settings. The imaged vascular region was irradiated once unless otherwise 

noted in the text.
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Figure 1.  Diagram of the experimental setup. The Cytoscan probe (insert top left) is positioned onto an exteriorized 
rat large intestine. Source light incident on tissue is passed through a polarizer and a green spectral filter (548 nm). 
Remitted light is guided through an orthogonally oriented polarizer (analyzer) to a CCD camera by a beam splitter, and 
the images are video-recorded. A frequency-doubled Nd:YAG laser (532 nm) is used to inflict photothermal damage 
during DFOPS imaging.
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2.4  DFOPS imaging and light microscopy of laser-induced thermal coagula in vitro
To ascertain whether the laser-induced, blood-borne translucent material (that was ubiqui-

tously present in all irradiated vasculature imaged with DFOPS) was composed of coagulat-

ed red blood cells, we performed DFOPS analysis on irradiated porcine whole blood in vitro. 

The blood was collected into plastic tubes containing an anticoagulant mixture of citrate, 

phosphate, and dextrose. Small cuvettes (average length 1.18 mm, width 0.40 mm, depth 

20.8 mm) were constructed by gluing glass cover slips surface to surface onto a microscope 

slide using UV glue. The blood was deposited at the superior opening of the cuvette and 

allowed to move into the cuvette by capillary action. The cuvettes were irradiated with the 

previously employed frequency doubled Nd:YAG laser at a constant pulse duration (500 ms) 

and increasing power: 1000 mW (4 cuvettes); 1500 mW (4 cuvettes); and 2000 mW (4 cu-

vettes). The laser probe was firmly secured in a specially designed holder to ensure an invari-

able distance between the probe tip and the sample, producing a spot size of 2.7 mm2. The 

radiant exposures for each laser setting were measured using a power meter with a thermal 

surface absorber (Ophir Optronics, Jerusalem, Israel). Ten measurements were made for 

each laser setting and the values were averaged. The maximum and minimum values were 

excluded from the radiant exposure calculations. Immediately after irradiation, the cuvettes 

were examined by DFOPS imaging and light microscopy (Nikon, model Eclipse E600, Bun-

nik, the Netherlands). For DFOPS imaging, the cuvettes were placed on thick white paper to 

ensure maximum reflection of light and illumination of the coagulum.

3. RESULTS

Screening of vascular networks occurred by laterally moving the DFOPS probe over the tis-

sue. Only those regions in which the vasculature was of relatively small diameter (up to 50 

m) and superficially located were selected for DFOPS imaging and laser irradiation. Dense-
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Figure 2. DFOPS imaging of superficially located microcirculation in the large intestine of a rat. A) Movie:  
Hierarchical organization of mesenteric vasculature. Arrows indicate direction of flow, arrowheads indicate vessel 
segment with clearly visible leukocyte rolling. B) Movie: Leukocyte rolling and red blood cell-devoid strips of plasma. 
Arrows indicate translucent strips of plasma, arrowheads point to sites of clearly visible leukocyte rolling. Scale bar 
= 100 m. 
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ly vascularized and optically shielded regions (by vessel superimposition) were avoided to 

ensure maximum remission of scattered light.

  Based on the imaged vessel dimensions, direction of flow (arrows), and anastomotic 

patterns in Fig. 2A, it is evident that the superficial vascular architecture in the transparent 

mesenteric sheath is primarily composed of capillaries and collecting venules and veins. 

The latter connect to the deeper vascular plexus through an intermediary descending ves-

sel. In some of the smaller venules and capillaries, flowing red blood cells can be identified, 

whereas the flow velocity and optical density of the chromophores in the larger vessels are 

too high for visualization of individual cells. Occasionally, the red blood cells passing through 

capillaries are separated by long strips of pellucid plasma (Fig. 2B, arrows). Leukocyte roll-

ing, a process in which leukocytes transiently tether to the intimal layer during flow, can 

be observed in the vasculature as white (translucent) cells moving along the vessel-tissue 

interface (Figs. 2A and B, arrowheads). Finally, rhythmic pulsation is seen in the intermediary 

vessel and vasculature of the deeper plexus (Fig. 2A, movie).

 To examine the photothermal responses in vessels, the imaged tissue was irradiated 

with a frequency-doubled Nd:YAG laser at powers above the threshold for visible damage 

(~ 800 mW). Laser power was incrementally amplified to induce different damage profiles 

associated with rising volumetric heat production. 

 The movie in Fig. 3A shows that translucent matter is formed immediately after the 

1000 mW, 500-ms laser pulse. The translucent matter is predominantly concentrated in 

the section where the two main venules connect to the descending, intermediary vessel 

(Fig. 3A, encircled). This point of confluence appears constricted after the pulse, and the 

descending vessel is no longer in the field of view, although several seconds later it partially 

reappears. The vast majority of the translucent material is hemodynamically removed in 

retrograde direction through the right main venule and its two branching vessels (Fig. 3A, 

encircled crosses), although circulation in the latter and other vessels (Fig. 3A, all crosses) 

eventually ceases. A smaller portion of the material is initially propelled in the opposite direc-

tion into the left main venule and its superior branching vessel, but ultimately most of the 

translucent material is removed via the junction (Fig. 3A, encircled) and the right main ven-

ule. During this process, the larger translucent bodies occasionally fragment and separate. 

In addition to the right main venule, the direction of flow has reversed in a feeding venule 

that anastomoses to a branching vessel of the left main venule (Fig. 3A, black arrows). Fur-

thermore, translucent matter has attached to the vessel wall immediately after the pulse in 

the vessel segments adjacent to the junction (Fig. 3C, arrowheads). Laser irradiation also 

induced a substantial reduction in flow velocity in the imaged vasculature.

 Two minutes after irradiation (Fig. 3B), flow is fully reinstated through one of the vessels 

that had become hemostatic immediately after lasing (Fig. 3A, boxed cross), while flow in the 

larger branch of the left main vessel (Fig. 3B, encircled cross) has virtually been reduced to 

null. The smaller branch of the left main vessel (Fig. 3A, boxed cross) and the right main vessel 

seem to comprise the main circulatory pathway in the photothermally affected tissue (Fig. 3B, 

white arrow). All the other vessels have undergone complete hemostasis (Fig. 3B, all crosses). 

At the connecting ends of the two upstream branching venules (Fig. 3A, encircled crosses), 

translucent material has gradually accumulated and occupies a relatively large portion of the  
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lumen (Fig. 3B, encircled). Translucent material has also formed stable adhesion points on the 

inner vessel wall, causing mild venular stenosis (Fig. 3B, arrowheads). These obstructions 

were not present immediately (Fig. 3A, movie) or 50 seconds after the laser pulse. More-
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Figure 3.  A) Movie: Formation of translucent matter in laser-irradiated microcirculation. The laser was set to a power 
of 1000 mW, 500 ms pulse duration, and a spot size of 0.35±0.05 mm2. Laser irradiation (white screen in movie) 
induced the formation of translucent matter (encircled) in the vasculature imaged in Fig 2A. All yellow crosses des-
ignate hemostatic vessels after lasing, white arrows indicate direction of flow before irradiation, and green arrows 
signify retrograde flow after irradiation. B) Movie: Vasculature in A), two minutes after laser irradiation. The open ar-
rowhead marks the encircled area in A), the green arrow indicates main flow path of blood, all yellow crosses signify 
hemostatic vessels, black arrowheads designate translucent, endoluminal obstructions, red arrowhead designates 
detaching translucent matter, and the red circles demarcate translucent vessel segments. C) Encircled area in A) 
enlarged. Arrowheads point to translucent material attached to the vessel wall. D) Movie: Fig. 3A, inverted contrast. 
E) Movie: Fig. 3B, inverted contrast. Scale bar = 100 m.
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over, at the intersection where the two venules conjoin to comprise the left main venule (Fig. 

3B, white arrowhead), translucent material transiently conglomerates, detaches from the 

ridge, and is subsequently removed by the circulation. 

 Laser irradiation at 1500 mW, 500 ms, and a spot size of 0.35±0.05 mm2 inflicted a 

differential response in the vasculature situated within the irradiated zone (Fig. 4A, arrow-

heads). A pre-irradiation video frame (A) is juxtaposed to a post-irradiation video frame (B) 

in Fig. 4. The pulse induced vessel disappearance in the smaller diameter vessels (Fig. 4A, 

white arrowheads), whereas the larger diameter vessel (Fig. 4A, black arrowheads) primarily 

underwent vasoconstriction. Translucent material is present in the larger diameter vessel 

(Fig. 4A, black arrowheads) immediately after the laser pulse. Flow persisted in the right half 

of this vessel due to the intact state of the loop structure (Fig. 4B, encircled) and the large 

venule (Fig. 4B, arrowheads), albeit at impaired levels. Influx of additional translucent mate-

rial into the larger diameter vessel in the irradiated zone (Fig. 4A, black arrowheads) occurred 

via the loop structure, whereas the large venule (Fig. 4B, arrowheads) facilitated the drainage 

of the translucent matter. 

 Two and a half minutes after irradiation (Fig. 5, movie), the flow velocity is sig-

nificantly reduced in the large venule that initially remained unaffected by the laser pulse 

(Fig. 4B, arrowheads), although we cannot rule out that this may have been due to laser 

irradiation of other, nearby vascular structures (data not shown). At three seconds into 

the movie (Fig. 5, movie), the vein spontaneously ruptures, and red blood cells gradual-

ly extravasate into the perivascular space. After extravasation the vessel wall can be vi-

sualized as the pellucid interface between the small hematoma and the blood-filled  

column.

 The vasculature imaged in Figs. 4 and 5 was irradiated a second time at 2000 mW, 

500 ms, and a 0.35±0.05 mm2 spot size, 3:45 minutes after the first laser pulse. Figs. 6A 

and C show the pre- and post-irradiation video frames, respectively. Interestingly, the vessel 

that had constricted after the first laser pulse (Fig. 4A, black arrowheads) had reverted to its 
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Figure 4. Movie: Vessel disappearance following laser irradiation. The laser was set to a power of 1500 mW and 500 
ms pulse duration with a spot size of 0.35±0.05 mm2. A) shows a video frame right before laser irradiation, and B) 
displays a video frame immediately after the laser pulse. Small arrowheads in A) indicate affected vessels in B), large 
arrowheads in B) designate unaffected vessel, and circle marks intact vascular loop. Scale bar = 100 m.
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original diameter before the second laser pulse (Fig. 6A, arrowheads). As in previous images, 

laser irradiation induced differential responses in the targeted vasculature, ranging from the 

formation of translucent material (Fig. 6B, white arrowhead) and retrograde flow (Fig. 6B, 

arrow) at the periphery of the laser beam to hemostasis, vasoconstriction, and vessel dis-

appearance (Fig. 6B, inside the dotted line) in the center of the laser beam. The pulse also 

markedly decreased the reflectivity of the mesenteric sheath in the irradiated region, which 

coincides with the region illuminated by the aiming beam. We purposefully retained the aim-

ing beam on the irradiated site for one second after the laser pulse so as to demonstrate the 

overlap (see movie). A large part of the hemorrhaged vascular segment (Fig. 5, encircled) has 

disappeared, whereas the hemostatic vessel (Fig. 6A, arrowheads), which is also located 

in the central region of the beam, has constricted. The distance between these vessels 

markedly decreased following irradiation. The pulse did not impinge on the extravasated red 

blood cells (Fig. 6B, black arrowhead). Furthermore, the translucent section of the vertically 

oriented vessel segment in Fig. 6A has been filled by red blood cells instantaneously after 

laser irradiation (Fig. 6B, encircled). At the periphery of the irradiated region, a large body (~ 

120 m) of translucent material has formed (Fig. 6B, white arrowhead). This material does 

not adhere to the vessel wall as it moves through the column with the (residual) blood flow. 

With time it is forced apart by the influx of blood via the two small capillaries that connect 

superiorly to the vessel segment. Fourteen seconds after the laser pulse (Fig. 6A, movie) 

the translucent material fragments and the smaller top portion is removed by the vessel with 

the reversed flow direction (Fig. 6B, arrows). Interestingly, the vessel segment tapers as it 

intersects with the region of collagen damage, marking the boundary of the disappeared 

vessel, but distends when blood is gradually infused (movie).

 Several studies have shown that thermal coagula form during selective photothermol-

ysis [19,21,22,24]. These coagula, consisting of agglutinated thermolysed red blood cells 

[19,21], either adhere to the vessel wall or embolize following the laser pulse [19,22]. The 

optical properties of thermal coagula have been spectroscopically determined in vitro [25]. 

At 550-nm wavelength (approximately equivalent to the wavelength of the DFOPS light 

source), blood coagula elicit a reduced transmission, increased absorption and scattering 

coefficients, but no changes in reflectance [25] in comparison to uncoagulated whole blood. 

Based on the optical characteristics of thermal coagula, the translucent nature of the material 
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Figure 5. Movie: Acute hemorrhage in partially affected 
vessel 2.5 minutes after laser irradiation at 1500 mW, 
500-ms pulse duration, and a 0.35±0.05 mm2 spot size. 
Hemorrhage (encircled) occurs spontaneously from the 
large vessel depicted in Fig. 4. Scale bar = 100 m.
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observed in the laser-irradiated vasculature suggests that the material imaged with DFOPS 

is not composed of photocoagulated red blood cells. To demonstrate this experimentally, 

thermal coagula were induced in glass cuvettes at the laser parameters used in the in vivo 

experiments and subsequently imaged with DFOPS and light microscopy. Figs. 7A and B 

show thermal coagula induced at 500-ms pulse duration and a power of 1000 mW, im-

aged with light microscopy (magnification 4x) and DFOPS (magnification 10x), respectively. 

Similarly, Figs. 7C and D show coagula created at 500-ms pulse duration and power of 1500 

mW. No coagula were created at maximum power settings (500 ms, 2000 mW) because 

the laser pulse consistently triggered explosive expulsion of blood from the cuvette. Laser 

powers of 1000, 1500, and 2000 mW at 500 ms pulse duration correspond to average irradi-

ances (±SD) of 58 (±3), 86 (±6), and 114 (±2) W·cm-2. The in vitro generated thermal coagula 

appear black (negative contrast) in the DFOPS images, meaning that the source light at  
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Figure 6. Movie: Disappearance of partially affected vessels following a second laser pulse. Vessels from Figs. 4 and 
5 were irradiated again 3:45 minutes after the first laser pulse. The laser was set to maximum power (2000 mW) at 
500-ms pulse duration and a spot size of 0.35±0.05 mm2. A) shows a video frame right before laser irradiation (white 
screen in movie), and B) displays a video frame immediately after the laser pulse. The demarcated higher order dam-
age region (Fig. 6B, dotted line) corresponds to the center of the beam profile. Vessel marked by small arrowheads 
in A) represents the similarly marked vessel in Fig. 4A. In B), the black arrowhead indicates hemorrhage, white ar-
rowhead designates translucent material, and arrows signify retrograde flow. Movie: C) shows an inverted contrast 
video frame right before laser irradiation, and D) displays an inverted contrast video frame immediately after the laser 
pulse. Scale bar = 100 m.

1. 0605 Michal_Heger.indd   64 05-06-2009   11:53:49



��

548-nm wavelength is absorbed. These findings are in agreement with the spectroscopic 

data published by Barton et al. [25].

4. DISCUSSION

In this preliminary study we have demonstrated that DFOPS imaging constitutes a useful tool 

for studying (endo)vascular laser-tissue interactions by selective photothermolysis in vivo. By 

using linearly polarized light at a wavelength that is well absorbed by Hb(O2) in a darkfield 

configuration, the vascular architecture, flow distribution, and cellular constituents can be 

imaged at high contrast while specular reflection is eliminated by the orthogonally oriented 

analyzer. Since the technique is based on spectral imaging at an absorption peak of Hb, any 

laser-induced shifts in the spatial distribution of the chromophore-containing red blood cells 

or aggregation/precipitation of translucent intraluminal material are immediately registered. A 

recent study by Suthamjariya et al. [22] evinced the events that occur during the laser pulse as 

a function of fluence rates (or volumetric heat production) using light microscopy. Our DFOPS 
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Figure 7. A) Light microscopic image of a laser-induced coagulum in vitro (532 nm, 500 ms, 1000 mW). The light gray 
column represents the blood-filled cuvette, the coagulum appears black. Original magnification x4. B) Coagulum in 
A) imaged with DFOPS. Original magnification x10. C) Light microscopic image of a laser-induced coagulum in vitro 
(532 nm, 500 ms, 1500 mW). The light gray column represents the blood-filled cuvette, the coagulum appears black. 
Original magnification x4. D) Coagulum in C) imaged with DFOPS. Original magnification x10.

1. 0605 Michal_Heger.indd   65 05-06-2009   11:53:49



��

imaging study, although preliminary, complements Suthamjariya et al.’s research by focusing 

on the (endo)vascular events following laser irradiation of rat mesenteric vessels. 

 The most striking event that occurred at all laser powers was the formation of translucent 

aggregates immediately after laser irradiation. At higher laser powers (1500 and 2000 mW), 

the translucent aggregates formed predominantly at the periphery of the irradiated region. 

This lower order damage effect at the periphery of the irradiated zone may be ascribed to 

the Gaussian power distribution of the laser beam. Most of the translucent aggregates were 

blood-borne, but occasionally the translucent material attached to the vessel wall either imme-

diately after the pulse or during later stages. In vitro DFOPS imaging of laser-induced coagula 

ruled out that the translucent material is composed of chromophore-containing thermolysed 

cells, which is corroborated by the spectroscopic analysis performed by Barton et al. [25]. Un-

fortunately, DFOPS imaging at this magnification is limited insofar as the translucent material 

cannot be conclusively characterized and no irrefutable distinction can be made between the 

various translucent constituents. Despite these limitations, it is arguable that the blood-borne 

translucent bodies are comprised of thermally denatured and precipitated plasma proteins, 

which have a lower irreversible denaturation threshold than lipoproteins or cell membranes 

[20,26] due to the lack of thermodynamically stabilizing phospholipids [27]. Generated intra-

luminal isotherms may therefore be subcritical for thermolysis and agglutination (>80°C) [24] 

of red blood cells, yet exceed the threshold values for irreversible plasma protein denatur-

ation (i.e., >45°C for serum albumin) [26]. This would explain why these aggregates can form 

without coagulum-induced emphraxis of the vessel lumen. The translucent matter that was 

attached to the vessel wall immediately after the laser pulse may also consist of denatured 

plasma proteins or non-chromophore-containing plasma cells chemically affixed to the endo-

thelial monolayer (see theoretical study by Heger et al. [28]), whereas the translucent adherent 

material that developed several minutes after the laser pulse may represent sites of plate-

let aggregation. These postulations are justified by the fact that the development of a nidus  

(biochemical response) takes several seconds to complete [29], whereas creation of non- 

embolizing (sub)occlusive thermal coagula (photothermal response) occurs during and imme-

diately after the laser pulse [21,22,24].

 Laser irradiation of the intestinal vasculature also triggered hemodynamic changes that 

were not necessarily confined to the irradiated zone. Irradiation at 500 ms and 1000 mW 

induced an instantaneous reduction in blood flow velocity, gradual hemostasis, and retro-

grade flow in directly and indirectly affected vasculature. The observed retrograde flow has 

also been reported by Genevois and colleagues [30] during laser-induced branch retinal vein 

occlusion. We propose that this may be a result of circulatory obstructions in the laser-irradi-

ated vessel segment(s), whereby blood flow in the intact vasculature that is connected to the 

obstructed draining vessel is redirected into the vessel with the least pressure resistance. 

In Fig. 3A, for instance, obstruction of the (disappeared) intermediary descending vessel 

segment may have caused an acute collision of the two opposing bloodstreams at the anas-

tomotic junction, forcing the blood to flow against the lowest pressure gradient, i.e., up the 

right main venule (Fig. 3A, black arrow). Similarly, vessel disappearance in Fig. 6 completely 

abrogated fluency in the vessel segment containing the translucent aggregates (Fig. 6B, 

white arrowhead). This in turn may have lead to a reorganization of flow directionality in the 
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merging vessels pictured in the top left quadrant of Fig. 6B (arrows). An interesting devel-

opment associated with hemostasis was the accumulation of translucent material at the 

branching junctions of the hemostatic vessels that anastomosed to patent vasculature (e.g., 

Fig. 3B, encircled). The translucent vessel segment in Fig. 6A (encircled in Fig. 6B) gradu-

ally developed by the same dynamics. Albeit the composition of the translucent material is 

unknown, we speculate that hemostatic vascular segments connected to non-obstructed 

vessels accumulate plasma and chromophore-lacking cells such as platelets and leukocytes. 

Rheologically, platelets and leukocytes are primarily found near the blood-endothelium inter-

face, whereas the red blood cells predominantly occupy the center of the bloodstream. The 

position of these cells, perhaps in coaction with increased blood pressure in the patent ves-

sel resultant from the obstruction of draining sites, makes it likely that these cells and plasma 

are impelled into the hemostatic branching vessels. Furthermore, vessels in which circula-

tion ceased after the laser pulse regained flow several minutes after irradiation, showing the 

potential of vessels to become patent shortly after laser-induced hemostasis. Unfortunately, 

it is difficult to account for most of these (photothermally-modulated) hemodynamic effects 

because the events that take place in the vasculature outside the field of view cannot be 

considered.

 The higher order fluence-dependent damage profiles observed during DFOPS imag-

ing included vessel disappearance [22] and alterations in the reflectivity of the irradiated 

mesenteric sheath. According to Suthamjariya [22], vessel disappearance results either from 

midpoint separation and subsequent retraction of a formed coagulum or intravascular cavita-

tion expanding along the vessel lumen. Both events occur during the laser pulse, hence the 

underlying mechanisms responsible for the vessel disappearance cannot be established by 

DFOPS imaging. Inasmuch as the vessel wall is devoid of chromophores, it is also difficult 

to ascertain whether the disappeared vessel segments contain pellucid material, or whether 

the vessel wall has collapsed due to the pressure gradient created by a retracting coagulum 

or expanding bubble. It is arguable that the vessel wall in e.g., Fig. 6 collapsed during the 

laser pulse, given that the disappeared vessel segment is gradually filled with blood at its 

left extremity (Fig. 6B, between the white and black arrowhead at the height of the dotted 

line), causing the diameter of the column to widen and its morphology to become outlined. 

This is further reinforced by the possibility that red blood cells were forced into the pel-

lucid section upon vascular collapse during the laser pulse, replacing the initial translucent 

material. The absence of thermal mass (red blood cells) in this translucent segment likely 

precluded the generation of supracritical temperatures and consequent thermally-induced 

constriction of the vessel wall, providing space for the translocation of blood. The change 

in reflectance intensity of the perivascular tissue in the irradiated zone is likely associated 

with thermal denaturation of the superficial layers of mesenteric sheath, and namely colla-

gen. Conformational rearrangements associated with collagen denaturation [31] have been 

reported to occur at temperatures above 40-42°C [32,33]. The effect is most pronounced 

at 2000 mW, mildly enunciated at 1500 mW, and absent at the lowest power settings. The 

graded reflectance profiles at increasing laser powers suggest that the denaturation thresh-

old of the collagenous elements in the mesenteric sheath lies between 1000 and 1500 mW. 

Moreover, the distance between the hemorrhagic vessel (Fig. 6B, black arrowhead) and the 
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constricted vessel (Fig. 6A, arrowheads) shortened after the laser pulse, probably because 

of heat-induced shrinkage of collagen [34] and other matrix components. 

5. CONCLUSION

We have introduced a new imaging technique for studying the opto-thermal and hemody-

namic responses in laser-irradiated vessels. Although the results are preliminary, the ad-

vantages of using DFOPS imaging over conventional microscopic techniques for laser-tis-

sue interaction studies have been clearly demonstrated. The technique is minimally invasive 

and provides high quality images without the necessity of exogenous contrast agents or 

fluorophores. Moreover, the high contrast spectral imaging of vascular architecture and indi-

vidual luminal components enabled the visualization of several laser-tissue interactions that 

have not been previously reported, although some of these phenomena, such as the laser- 

induced blood-borne and adherent translucent aggregates, warrant further examination.
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ABSTRACT

Abstract: The putative features of the (endo)vascular photother-

mal response, characterized by laser-induced thermal denatur-

ation of blood and vessel wall constituents, have been elucidated 

individually, but not simultaneously in dynamic, isolated in vivo 

systems. A hamster dorsal skin fold model in combination with 

brightfield/fluorescence intravital microscopy was used to exam-

ine the effect of laser pulse duration and blood flow velocity on 

the size of the thermal coagulum, its attachment behavior, and 

laser-mediated vasomotion. The size of the coagulum and the

extent of vasoconstriction and latent vasodilation were propor-

tional to the laser pulse duration, but pulse duration had no ef-

fect on coagulum attachment/dislodgement. Blood flow velocity 

exhibited no significant effect on the studied parameters. The 

(endo)vascular photothermal response is governed predominant-

ly by laser energy deposition and to a marginal extent by blood 

flow velocity.

Keywords:

Imaging systems, microscopy, fluorescence microscopy, photo-

thermal effects, physiology
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1. INTRODUCTION

The use of lasers in the treatment of vascular pathologies has grown significantly in the last

two decades. In ophthalmology, dermatology, and oncology, clinicians have employed differ-

ent laser systems for the photothermolytic removal of aberrant vasculature [1-8]. The princi-

pal mechanism of photothermolytic treatment modalities is based on the photocoagulation 

of blood, which relies on the conversion of radiant energy to heat by (de)oxyhemoglobin and 

subsequent heat diffusion that results in thermal denaturation of blood and (peri)vascular tis-

sue. Thermally denatured blood precipitates to form a so-called thermal coagulum; an amor-

phous clump of coagulated cellular constituents (e.g., membranes and cytosolic proteins) 

and plasma molecules (e.g., clotting factors and albumin). In therapeutic modalities such 

as selective photothermolysis [9], laser-induced thermal coagula act as hemostatic plugs 

through which vascular remodeling is likely mediated [10]. Although the general principles 

governing endovascular laser-tissue interactions have been described [9-15], the quantita-

tive aspects of laser-induced damage in vivo, including thermal coagulum size, coagulum 

behavior, and the extent of vasoconstriction have not been measured as a function of laser 

parameters and rheological conditions. Inasmuch as photothermolysis is frequently used in 

the clinical setting, a thorough knowledge of endovascular laser-tissue interactions is impera-

tive for treatment optimization.

 In this study a hamster dorsal skin fold model and frequency-doubled Nd:YAG laser 

irradiation were used in conjunction with intravital fluorescence microscopy to examine the 

effect of laser pulse duration (LPD) and blood flow velocity (BFV) on thermal coagulum size, 

its attachment to and dislodgement from the vessel wall, and the extent of vasoconstriction 

and latent vasodilation. A modified fluorescence microscope was optically configured for the 

simultaneous acquisition of brightfield and fluorescence video images in order to visualize 

laser-induced thermal coagula and anatomical structures while monitoring blood flow by 

means of systemically administered fluorescent microspheres.

2. MATERIALS AND METHODS

2.1  Preparation of animals
The animal protocol was approved by the Lille University Hospital animal ethics committee, 

and all animals were treated in compliance with the Resolution on the use of animals in re-
search (Ministère Français de l’Agriculture et de la Forêt, No. 87-848, Agreement No. 4844). 

Ninety-five Gold Syrian hamsters (Dépré, Saint Doulchard, France) weighing between 89-113 

g were anesthetized by intramuscular injection of ketamine (200 mg/kg), xylazine (10 mg/kg), 

and buprenorfine (0.03 mg/kg) after brief pre-anesthesia with diethyl ether. The dorsal side 

of the hamster was shaved and depilated with depilatory cream. The dorsal skin was lifted 

and placed between two symmetrical stainless steel frames containing a central annular 

window (Ø = 18 mm) that were secured onto the skin fold by sutures. The skin and adipose 

tissue covering the target venules (mean Ø = 147 ± 27 µm, 78-233 µm range) were surgically 

removed from one layer of folded skin in order to improve intravital imaging. The other skin 
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fold layer remained intact. Subsequently, the subclavian vein was exposed for the infusion 

of fluorescent microspheres. During the experiments vascular spasticity was deterred by 

continuous irrigation with 0.9% NaCl. After the experimental procedure, the animals were 

sacrificed by intravenous administration of KCl.

2.2  Blood flow monitoring
Intravenously administered fluorescent polystyrene microspheres (FluoSpheres Red, Ø = 1 

µm, ex = 580 ± 15 nm, em = 605 ± 15 nm, Molecular Probes, Eugene, OR) were used for 

measuring BFV. The absorption properties of the microspheres were specifically attuned to

the absorption properties of blood (i.e., at ex, µa,deoxyHb = 192 cm-1 and µa,oxyHb = 260 cm-1 and 

at em, µa,deoxyHb = 62 cm-1 and µa,oxyHb = 10 cm-1, Jennifer Barton, personal communication). 

The high ratio µa,whole blood [ex] / µa,whole blood [em] confined the optical penetration depth, and thus 

microsphere excitation, to the upper vessel segment, which allowed the comparison of all 

visible microspheres and ensured a sufficient contrast between blood and microspheres by 

the modest absorption-induced attenuation of the emitted light. 

 The microsphere stock solution was diluted to a concentration of 2.0 × 109 beads/mL 

with 0.9% NaCl, briefly sonicated, and immediately infused into the systemic circulation (1 

mL/kg) through the subclavian vein using a 30 G needle (BD Biosciences, Etten-Leur, the 

Netherlands).

2.3  Intravital fluorescence microscopy
The animals were placed on a specially engineered platform containing three pins that inter-

lock with holes in the implanted optical chamber so as to minimize motional disturbances 

during imaging. The platform was designed to fit on the translator stage of a modified intravi-

tal fluorescence microscope (10 × objective, NA = 0.30, Eclipse E800, Nikon, Tokyo, Japan). 

A diagram of the microscopy setup is provided in Fig. 1.

 The microscope was equipped with a Texas Red filter set (Y2EC-T25, ex = 560 ± 20 

nm, em = 630 ± 25 nm) and a mercury lamp (model 68806, Oriel, Stratford, CT) for excitation 

of the fluorescent microspheres and epi-illumination of the dorsal skin flap. A fiber-coupled 

mercury lamp (Karl Storz, Tuttlingen, Germany) was employed for transillumination of the 

skin fold to modulate contrast. The fiber was coupled to the platform via an SMA connector

affixed in front of a reflective mirror that was mounted at a 45° angle with respect to the su-

periorly secured optical chamber. In this configuration, the 50-nm bandwidth of the emission 

filter in combination with broadband light transillumination allowed passage of sufficient light 

to generate brightfield images of the region of interest simultaneously with fluorescence 

mode for microsphere monitoring. Because the transmission coefficients of photocoagulat-

ed blood < undamaged blood < (peri)vascular tissue in the spectral range of the emission fil-

ter (605-655 nm) [13], the different structures, i.e., thermal coagula, blood vessels, and peri-

vascular (adipose) tissue could be easily discriminated by virtue of their varying intensities. 

Images were captured with a Peltier-cooled CCD video camera (model L3C65-06BPV01, 

E2V Technologies, Chelmsford, UK) at 25 frames per second and a resolution of 720 × 576 

pixels. The endovascular events were recorded with a digital video recorder (DVR 30, Sony, 

Tokyo, Japan) and visualized on a monitor (Trinitron, Sony).
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2.4  Laser-induced (endo)vascular damage
A frequency-doubled Nd:YAG laser (Entertainer, Laser Quantum, Stockport, UK) was used 

for the induction of (endo)vascular damage. The laser system emits a wavelength of 532 nm, 

corresponding to a high absorption coefficient of blood [16]. Proper targeting was achieved

by mounting the laser on a custom-built xyz-translator stage and guiding the light via a probe, 

a focusing lens (NA = 0.05), and a mirror onto the target venule. The laser spot (A = 2.3 × 103 

± 0.3 × 103 µm2, measured using photosensitive paper) was elliptically shaped as a result of 

its angle of incidence. The longitudinal axis of the spot, mean ± SD r1 = 38 ± 2 µm (N = 9), 

was positioned parallel to the length of the vessel, whereas the lateral axis of the spot, r2 = 

20 ± 2 µm, was orthogonal to the length of the vessel. All incident light was focused into the 

vessel lumen, with pulse energies ranging from 6.7 to 33.6 mJ and radiant exposures from 

289 ± 38 to 1444 ± 190 J/cm2 of the 30- and 150-ms pulses, respectively. Pulse duration 

was regulated with an analog shutter containing a 10% transmission filter to enable aiming 

of the laser beam prior to irradiation. LPDs were adjusted to 30 (N = 18), 60 (N = 18), 90 (N = 

17), 120 (N = 20), and 150 ms (N = 22) at a fixed laser output power of 224 mW. One venule 

was irradiated per hamster.

Figure 1. a) Experimental setup consisting of a modified intravital fluorescence microscope with mercury lamp epi- 
and transillumination. b) Left-hand side: mercury lamp epi-illumination was filtered (ex = 560 ± 20 nm) and reflected 
towards the dorsal skin fold. The emitted light passed through a dichroic mirror (cutoff = 595 nm) and emission filter 
(em = 630 ± 25 nm) and was captured by the CCD video camera. Right-hand side: mercury lamp transillumination 
enhanced contrast as a result of differences in transmission spectra of thermal coagula, undamaged blood, and 
(peri)vascular tissue in the wavelength range of the emission filter. c) The animal was secured to the microscope plat-
form by the implanted optical chamber. The fiber guiding the light from the external mercury lamp was affixed in front 
of a reflective mirror that was mounted under the dorsal skin flap at a 45° angle with respect to the optical chamber. 
The 532-nm laser light was focused into the vessel lumen via a mirror in the probe.
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2.5 Data analysis
The size of the laser-induced thermal coagulum, its attachment to and dislodgement from 

the vessel wall, and the extent of vasoconstriction and latent vasodilation were measured as 

a function of BFV and LPD. BFV was determined by averaging the distance traveled by the 

10 fastest microspheres per unit time during a period of 2 min prior to laser irradiation. Each 

microsphere was traced frame by frame using Adobe Premier Pro and the distance traveled

was quantified offline with Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA). For co-

agulum size measurements, the isolated video frames of laser-induced thermal coagula (first 

frame after the laser pulse) were manually contoured in Photoshop and the contoured regions 

quantified for pixel area using SigmaScan Pro 1.5 (Aspire Software, Ashburn, VA). The total 

pixel area of the thermal coagulum represented an approximation of its size. The duration of 

coagulum attachment was timed and coagula were considered attached when they did not 

dislodge within 5 min post-irradiation. The inner diameter of the vessel at the irradiated site 

was measured prior to and immediately after the laser pulse (to compute vasoconstriction) 

and at 1-min intervals for a period of 5 min post-irradiation (to compute latent vasodilation). 

For the vessel diameter measurements, a line was drawn wall-to-wall on the isolated video 

frame at the site of maximum constriction and its length was recorded. The corresponding 

video frames were isolated with Adobe Premiere Pro and the drawn lines quantified with 

Photoshop. All vessel diameters were normalized by dividing the diameters after irradiation 

by the diameters measured prior to irradiation. 

 Statistical analysis (means, standard deviations, correlation analysis, linear regression 

analysis, and independent homoscedastic Student’s t-tests) were performed with Statistical 

Package for Social Sciences 12.0 (SSPS, Chicago, IL). A p-value of < 0.05, designated with 

(*) throughout the text, was considered statistically significant. A p-value of < 0.01 is desig-

nated by (**). Kolmogorov-Smirnov and Shapiro-Wilk tests confirmed the normal distribution 

of the data sets.

3. RESULTS 

3.1 Blood flow velocity distribution
The BFV of the irradiated vessels, measured prior to laser irradiation, ranged from 0.13 mm/s 

to 1.02 mm/s with a mean ± SD BFV of 0.48 ± 0.21 mm/s (Fig. 2). The mean flow velocity 

of 0.48 mm/s corresponds to 72 µm/150 ms, where 72 µm approximates the longitudinal 

diameter of the laser spot. For analysis of thermal coagulum size, coagulum attachment/

detachment, vasoconstriction, and latent vasodilation as function of BFV, the BFVs were 

categorized into three groups: 1) low BFVs: < 0.35 mm/s (N = 30); 2) moderate BFVs: 0.35 

< BFV < 0.55 mm/s (N = 32); and 3) high BFVs: > 0.55 mm/s (N = 29) (Fig. 2). Four of the 

irradiated vessels were excluded from analysis because laser irradiation induced complete 

vaso-occlusion and/or vessel rupture (1 × 90 ms, 3 × 150 ms). There were no vessels with a 

high BFV in the 30 ms LPD group.
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3.2 Thermal coagulum size
Fig. 3 shows the mean sizes of laser-induced coagula as a function of BFV and LPD. With 

the exception of the 60-ms LPD group (Pearson’s r = -0.678**), no correlation was found 

between coagulum size and BFV. Moreover, the intragroup variability in r-values underscores 

the overall random nature of this relationship. For example, the coagulum size in the 60-ms 

LPD group decreased at higher BFVs (negative r-value), whereas this trend was opposite for 

the 150-ms laser pulses (positive r-value) and absent for the 90-ms LPD group (r-value close 

to 0).

 To analyze coagulum size as a function of LPD, the mean coagulum sizes for each LPD 

group were calculated. The mean coagulum size exhibited an increasing trend with longer 

LPDs (Fig. 3, R2 = 0.88 and r = 0.524**). The coagula produced by a 30-ms laser pulse were 

significantly smaller (**) than the coagula produced at longer LPDs. An example of the size 

Figure 2. Blood flow velocity (BFV) distribution of the irradiated venules, measured prior to laser irradiation. BFV 
category 0.1 corresponds to a BFV range of 0.05 < BFV < 0.15 mm/s; BFV category 0.2 corresponds to a range of 
0.15 < BFV < 0.25 mm/s; etc. The color of the bars indicates the grouping of BFVs for the quantification of coagulum 
size, coagulum attachment/detachment, vasoconstriction, and latent vasodilation. 

Figure 3. Laser-induced coagulum size plotted as a function of blood flow velocity (BFV) and laser pulse duration 
(LPD). The mean coagulum sizes exhibit an increasing trend with longer LPDs, but seem to be independent of BFV.
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differences is provided in Fig. 4 (movie), where a 30-ms LPD-induced coagulum is juxta-

posed to a thermal coagulum produced by a 150-ms pulse. Significant differences were also 

found between the mean coagulum size of the 60- and 150-ms (*) and the 90- and 150-ms 

(*) LPD groups.

3.3 Coagulum attachment
The percentage of thermal coagula that remained attached to the vessel wall during a period 

of 5 min was calculated as a function of BFV and LPD. Coagulum attachment was indepen-

dent of both BFV and LPD, since no statistical pattern could be found for either parameter. 

This is exemplified in Fig. 5 (movie), where a 6.5 × 103 µm2 coagulum induced by a 30-ms 

pulse remains attached at moderate BFV (0.5 mm/s) and a 16.9 × 103 µm2 coagulum induced 

by a 120-ms pulse dislodges at low BFV (0.2 mm/s). Of all coagula 37.9% dislodged, mostly 

within 0-10 s post-irradiation. Only a few coagula did not initially attach at all and were di-

rectly translocated downstream. All attached coagula exhibited gradual volume reduction, 

possibly due to shear stress-induced fragmentation.
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Figure 4. Movie: Laser pulse duration-dependent thermal coagulum size. Thermal coagulum size induced by 30-ms 
irradiation (a) (4.6 × 103 µm2) was significantly smaller than the coagulum size induced by 150-ms irradiation (b) (10.4 
× 103 µm2). Scale bar = 100 µm.

Figure 5. Movie: Randomness of coagulum attachment and dislodgement. In the first example (a) a coagulum (6.5 × 
103 µm2) induced by a 30-ms laser pulse attaches at 0.5 mm/s blood flow velocity (BFV), whereas in (b) a coagulum 
(16.9 × 103 µm2) produced by a 120-ms pulse dislodges at a 0.2 mm/s BFV. Scale bar = 100 µm.
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3.4 vasoconstriction and latent vasodilation
The mean normalized vessel diameters following a laser pulse are shown in Fig. 6. The dia-

gram only contains the results for the 30- and 150-ms LPD groups, inasmuch as the results 

for the 60-, 90-, and 120-ms LPD groups follow a similar pattern. Vasoconstriction occurred 

during the laser pulse, which manifested itself in both lateral and axial shrinkage of the vas-

cular tube (Fig. 7, movie), and was ensued by a gradual dilation of the constricted vessel 

segment. However, only lateral constriction was measured.

 No correlation existed between vasoconstriction/latent vasodilation and BFV. The 

mean vessel diameters measured directly after irradiation decreased with larger LPDs (r = 

-0.600**), suggesting that the extent of vasoconstriction is proportional to the LPD, albeit 

in a non-linear fashion (R2 = 0.91). The levels of vasoconstriction produced at 30 ms differed 

Figure 6. Mean normalized vessel diameters before irradiation and at 0, 1, 2, 3, 4, and 5 min after irradiation for the 
30- and 150-ms laser pulse duration (LPD) groups. Blood flow velocity (BFV) data is discounted since no correlation 
was found between vasoconstriction and latent vasodilation as a function of BFV. The normalized vessel diameters 
measured directly after irradiation decreased with longer LPDs. Within 5 min post-irradiation, vessel diameters ex-
panded over time for each LPD group; the rate of expansion was positively correlated to the degree of laser-induced 
vasoconstriction (Fig. 9).

Figure 7. Movie: Laser-induced axial vasoconstriction. Two microspheres that are attached to the vessel wall ((a), 
arrow) are ‘pulled’ towards the irradiation site during the 150-ms laser pulse, demonstrating that vasoconstriction 
also occurs along the longitudinal axis ((b), arrows, indicating pre- (gray) and post-irradiation (black) microsphere posi-
tions). Scale bar = 100 µm.
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statistically from the higher LPD groups (**). A statistical difference also existed between 

the 60- and 120-ms (*), 60- and 150-ms (**), and 90- and 150-ms LPDs (*). The mean ves-

sel diameters gradually expanded during a 5-min time span after the laser pulse, but never 

reached their original diameter (Fig. 8, movie). The vessel diameters in the 30-, 60-, 90-, 

120-, and 150-ms LPD groups restored to 79%, 70%, 69%, 65%, and 62% on average, re-

spectively (R2 = 0.94). Latent vasodilation after 5 min exhibited a weak negative correlation 

with LPD (r = -0.433**). Vasodilation in the 30-ms LPD group differed statistically from the 

extent of vasodilation after 5 min in the higher LPDs (* or **). Also, a significant difference 

existed between the 60- and 150-ms LPD groups (*), but no difference was found between 

the 90-, 120-, and 150-ms LPD groups. Moreover, the extent of latent vasodilation after 5 

min correlated strongly with the degree of vasoconstriction (r = 0.767**). The most profound 

mean dilation occurred in the first minute after the laser pulse (**) (Fig. 9), which correlated 

weakly to the LPD (r = 0.415**). However, statistical differences in dilation rates (defined as 

[(Øt - Øt-1) / Øt], where t is time after irradiation in min) during the first min following a laser 

pulse were only found between 30-ms LPD and the 90-, 120-, and 150-ms LPD groups (**).
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Figure 8. Movie: Laser-induced vasoconstriction and latent vasodilation. Vessel diameter measurements were per-
formed prior to irradiation, directly after the laser pulse, and every min up to 5 min post-irradiation. During a 30-ms 
laser pulse, the vessel constricts from 150 µm to 51 µm ((a), arrow) and then dilates during a period of 5 min to a 
diameter of 62 µm ((b), arrow). Scale bar = 100 µm.

Figure 9. Mean rate of latent vasodilation expressed as a percentage, plotted as a function of time (min) after laser 
irradiation. For the calculation of the mean latent vasodilation, the pulse durations (30, 60, 90, 120, and 150 ms) were 
grouped per time interval. The rate of vasodilation was calculated as [(Øt - Øt-1) / Øt-1], where Ø is the vessel diameter 
and t is time (min) after laser irradiation, and expressed as a percentage.
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4. DISCUSSION

Endovascular laser-tissue interactions are defined by 1) a photothermal response, which re-

sults in thermal damage to blood and (peri)vascular tissue, and 2) a hemodynamic response, 

which is consequential to the photothermal effects and manifests itself by thrombosis at 

the site of laser-induced vascular damage [10,17]. Suthamjariya et al. provided an elaborate 

account of the photothermal response in vivo during the laser pulse at different laser param-

eters [14], whereas our group has qualitatively examined the laser-induced events that occur 

in vivo mainly after irradiation [12,15,17].

4.1 Laser-induced (endo)vascular photothermal response
The photothermal response can be subcategorized into two fundamental effects: 1a) endo-

vascular effects, such as denaturation and aggregation of plasma proteins, formation of a 

thermal coagulum, and coagulum attachment/dislodgement; and 1b) (peri)vascular effects, 

including thermal coagulation and constriction of the vessel wall, heat diffusion-mediated 

denaturation of matrix proteins and consequent shrinkage of perivascular tissue, and vessel

wall rupture in cases of rapid and/or excessive heat build-up. To describe the events that 

occur during the formation of a thermal coagulum, a tri-phasic process has been described 

by Black and Barton [13,18,19], consisting of a heating phase (T < 70 °C), a primary coagu-

lation phase (T > 70 °C, during irradiation), and a secondary coagulation phase (T > 70 °C, 

postirradiation). During the heating phase plasma proteins such as albumin, which have a 

lower thermal denaturation threshold than lipoproteins or cell membranes [20], denature 

and precipitate. These aggregates are optically translucent when observed with 532 nm 

darkfield orthogonal polarized spectral imaging [12], suggesting that they are devoid of 

(de)oxyhemoglobin-containing cells. In the subsequent primary coagulation phase, red blood 

cells transform from biconcave disks to spherical cells (spherocytes), which rupture and ag-

gregate to form a thermal coagulum. Post-irradiation heat diffusion causes an expansion of 

the thermal coagulum by the addition of proximal red blood cells/spherocytes undergoing the 

same processes during the secondary coagulation phase. Heat diffusion into collagen-rich 

tissue is responsible for the laser-induced (peri)vascular effects, as has been corroborated 

by numerous studies on structural and mechanical alterations of collagen subjected to exces-

sive hyperthermia [21-27] as well as by histological examination of laser-treated port wine 

stains [28,29]. Thermally-induced breakage of intramolecular (hydrogen and disulfide) bonds 

leads to the transformation of the collagen’s triple helix molecular structure into a random 

coil. This results in an overall shrinkage of the collagenous tissue [21-27], which, in case of 

(peri)vascular collagen, likely contributes to the local constriction of the vascular tube or even 

complete vessel closure. In addition, chemical interactions between the thermal coagulum 

and vessel wall constituents might be thermally-mediated during both coagulation phases 

and could be associated with coagulum attachment to the intima.

 The aim of this study was to further investigate the photothermal response in an iso-

lated, dynamic in vivo system in order to elucidate additional features of (endo)vascular la-

ser-tissu interactions that may also bear clinical relevance. First, the role of BFV was studied 

since blood flow is responsible for heat convection and creates hemodynamic pressure on 
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the thermal coagulum and constricted vascular segment. It was therefore expected that 

high preirradiation BFVs would limit vasoconstriction and enhance coagulum dislodgement 

and latent vasodilation. Secondly, the photothermal effects were examined at varying LPDs. 

During the heating- and primary coagulation phase, the radiant energy from the laser pulse 

is converted to heat that diffuses from the nucleation site, creating an isotropic Gaussian 

temperature profile which broadens as a function of time (notwithstanding the complex in-

fluence of convection and the changing structural and optical properties of irradiated tissue) 

[11]. The extent of the isotropic broadening is theoretically proportional to the deposited 

energy and hence to the laser power and LPD. Increasing LPDs at a constant laser power 

should therefore coincide with a three-dimensional expansion of supracritical isotherms  

(> 70 °C), which in turn should result in larger thermal coagula, an increased probability of 

coagulum attachment (due to a larger contact area with the intima), and a greater degree of 

vasoconstriction.

 The experimental results have shown that all measured parameters (coagulum size, 

coagulum attachment/dislodgement, vasoconstriction, and latent vasodilation) were inde-

pendent of pre-irradiation BFV but correlated positively to the LPD, albeit to a limited extent. 

Coagulum size and the extent of vasoconstriction increased proportionally to the LPD. A 

positive correlation was found between the extent of vasoconstriction and latent vasodilation 

across all LPD groups, with the rate of latent vasodilation being most pronounced in the first 

minute after laser irradiation. No relationship was found between coagulum attachment and 

either BFV or LPD.

4.2 Blood flow velocity
The absence of a relationship between the BFV and the measured parameters may result 

from transiently altered hemodynamics and vasoconstriction during the laser pulse, neutral-

izing any influence of convection. Figure 10(a) (movie) shows that a microsphere flowing 

downstream of the irradiation site accelerates during laser irradiation. This is likely caused 

by the increasing endoluminal temperature during the heating phase, which leads to a rapid 

expansion of the irradiated blood volume. In addition, the locally constricting vessel segment 

could ‘squeeze’ the (photocoagulated) blood away from the irradiation zone during the pri-

mary coagulation phase. During these events blood is translocated away from the irradiation 

site, both upstream and downstream. Furthermore, the transiently attached coagulum and 

the local vasoconstriction may jointly cause temporary hemostasis in the irradiated vessel 

segment until the coagulum dislodges (Fig. 9(b)). Naturally, if blood flow during the laser 

pulse is distorted, then no (or perhaps a limited) relation exists between the pre-irradia-

tion BFV and the laser-induced thermal coagulum size and the extent of vasoconstriction. 

It should be noted that post-irradiation events such as coagulum dislodgement and vaso-

dilation could still be influenced by the (possibly altered) BFV through heat convection and  

hemodynamic pressure on the coagulum and the constricted vessel segment. Also, BFV 

may have a more measurable impact on coagulum dynamics at LPDs shorter than 30 ms due 

to less extensive photothermal effects.
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4.3 Laser pulse duration
The LPD, in contrast, was shown to be a considerable factor in the photothermal response. 

Thermal coagula and vasoconstriction were observed in all irradiated vessels at all LPDs, 

indicating that even during the short (30 ms) laser pulses blood and (peri)vascular tissue 

were supracritically heated. With a positive correlation between LPD and thermal coagulum 

size it could therefore be concluded that at longer pulse durations (60, 90, 120, and 150 

ms), isotropic broadening of the thermal damage zone is achieved due to more pronounced 

primary and secondary coagulation effects. Additionally, thermal denaturation is a rate pro- 

cess, meaning that the extent of laser-induced tissue damage is a time- and temperature-  

dependent phenomenon [23]. Hence, longer LPDs lower the critical temperature threshold 

for denaturation and therefore contributed to a more profound damage profile.

4.4 Latent vasodilation
Constricted vessel segments exhibited latent dilation during a period of 5 min after the laser 

pulse, which was prevalent in all LPD groups. Mechanistically, the vasodilation observed in 

our study differed from the dilation found by Verkruysse et al. [15], which occurred in the 

absence of prior vasoconstriction and within ms after the laser pulse. The rate at which 

vasodilation occurred increased with the extent of constriction (and thus with LPD), suggest-

ing that an elastic force on and/or in the constricted vascular tube may be causing the latent 

dilation. This force may originate from an increased tension imposed by thermally unaffected 

perivascular tissue, slightly stretched due to the local constriction of the vessel and directly 

adjacent tissue, thereby ‘pulling’ the tube segment back towards its original shape [25-27]. 

The rapid dilation rate in the first min following laser irradiation (Fig. 9) suggests that the 

tension is quickly redistributed over the stretched tissue volume until a state of tensile equi-

librium has been achieved, as is deducible from the asymptotic decay of the curve. Figure 

7 shows that shrinkage of (peri)vascular tissue occurred in both lateral and axial direction. 

Latent vasodilation may therefore be even more pronounced in situations where the irradi-

ated vasculature is entirely tissue-embedded as the elastic forces will be distributed more 

isotropically. Consequently, spatial confinement of thermal damage may decrease the latent 
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Figure 10. Movie: Altered hemodynamics during laser irradiation. Microspheres flowing downstream of the irradia-
tion site accelerate during the laser pulse ((a), arrow). Directly after laser irradiation, stasis of microspheres coincides 
with cessation of blood flow (b). After a few seconds, the attached coagulum dislodges and blood flow is restored. 
Scale bar =100 µm.
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vasodilation rate inasmuch as the elastic tension caused by contraction of the vascular tube 

will be distributed over a greater volume of malleable, non-affected perivascular tissue. An-

other possible contribution to the dilation is the increased shear stress in the constricted seg-

ment, resulting from the local reduction of vessel diameter in combination with an unaltered 

blood flow (shear stress is inversely proportional to the third power of the vascular diameter). 

Nevertheless, it should be stressed that biochemical signaling pathways and neural modula-

tion could play a role in both vasoconstriction and the latent vasodilation.

4.5 Coagulum/vessel wall interactions
A striking result was the complete lack of correlation between coagulum attachment/dis-

lodgement and all the parameters, i.e., BFV, LPD, coagulum size, and vasoconstriction. Co-

agulum attachment has been examined histologically in a 577 nm pulsed dye laser-treated 

port wine stain biopsy, where photocoagulated red blood cells appeared to be affixed to a 

relatively intact and morphologically distinguishable endothelial cell [30, also shown in 10]. 

These findings, in addition to the yet inexplicable random character of coagulum behavior, 

underscore the rather obscure nature of physiological and biochemical phenomena that arise 

during endovascular laser-tissue interactions. Namely, the thermodynamic implications of 

the primary and secondary coagulation phases appear to be cell type-specific, and the ther-

mal coagulum-endothelial layer interactions are complex and probably governed by a multi-

tude of variables. With respect to the former, it is difficult to rationalize why endothelial cells, 

positioned only a few Ångströms from the nucleation site that has unequivocally passed 

through the primary and secondary coagulation phases, do not exhibit substantial heat dif-

fusion-induced swelling and consequent cell rupture. The endothelial cells appear to retain 

their general morphological features which have been completely lost by the thermal coagu-

lum-embedded red blood cells. Upon closer examination, the margins of the photocoagulat-

ed red blood cells are not in all instances in direct contact with the endothelial cell membrane 

as evidenced by the electron-lucent void between these structures. This, in conjunction 

with the discrete endothelial cell-thermal coagulum interface, is why we postulated in [10] 

that thermal coagulum-endothelial cell interactions are likely due to heat-mediated chemi-

cal affixation of blood cell/endothelial cell membrane (glyco)proteins. At supracritical intra-

luminal temperatures, these proteins undergo denaturation, during which charged moieties 

or atoms capable of electrostatic bonding become available for intermolecular interactions. 

When the denatured proteins of two different membranes come in close proximity, such as 

during simultaneously occurring vasoconstriction and thermal coagulum formation, they can 

cross-link rather than revert to their original or slightly altered 3D configuration [31], thereby 

covalently (S-S bridges) or electrostatically (e.g., H-bonding) tethering the thermal coagu-

lum to the endothelial layer. Involvement of the cell membrane in the attachment process 

cannot be dismissed given the protein/polypeptide kinetics in a thermotropically-disturbed 

phospholipid bilayer/aqueous system [32,33]. Following this hypothesis, one would expect 

that the percentage of attached coagula would increase with LPD as a result of a larger adhe-

sion area of the thermal coagulum, and would decrease at higher BFVs since hemodynamic 

pressure on the coagulum increases with coagulum size and BFV during and after irradiation. 

However, the results suggest that factors other than the ones studied here, perhaps acting 
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in concert with LPD and BFV, are responsible for coagulum behavior. More in-depth studies 

on in vivo coagulum behavior are warranted.

5. CONCLUSIONS

The expanded model of the laser-induced (endo)vascular photothermal response might serve 

to improve the laser-treatment of numerous vascular pathologies. As was expected, LPD 

was shown to be an important treatment parameter, since both coagulum size and extent 

of vasoconstriction increased with pulse duration. However, the increased vasoconstriction 

reflects a decreased spatial confinement of the thermal damage due to excessive heat dif-

fusion, leading to thermal denaturation of non-target tissue. The resulting latent vasodilation 

underscores the necessity of confining thermal damage to the vascular tube, inasmuch as 

dilation (and thus reperfusion) may impair proper vascular remodeling [10]. However, the pre-

cise (patho)physiological implications of vasodilation are difficult to deduce from this study. 

In addition, the mechanisms of coagulum attachment should be studied explicitly, since the 

formation of thermal coagula and their interaction with the intima are paramount for selec-

tive photothermolytic therapies and could serve as a basis for site-specific pharmaco-laser 

therapy, as proposed in [10] and [17].
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ABSTRACT

Site-specific pharmaco-laser therapy (SSPLT) is a development 

stage treatment modality for the removal of superficial vascular 

anomalies by combining non-invasive laser irradiation with the 

administration of a prothrombotic and/or antifibrinolytic-en-

capsulating liposomal drug delivery system. The endovascular 

laser-tissue interactions that govern the therapeutic response 

of SSPLT are based on a photothermal component, namely the 

laser-mediated thermal coagulation of blood, and a (hypothetical) 

hemodynamic response, i.e., thrombosis. In order to proof the 

manifestation of the hemodynamic response as a consequence 

of the photothermal response, hamster dorsal skin fold venules 

were irradiated with a 532-nm laser focused into the vascular 

lumen and visualized by intravital fluorescence microscopy. 

The laser-induced formation of sub-occlusive thermal coagula 

was ensued by thrombosis as evidenced by the aggregation of 

carboxyfluorescein-labeled platelets at the site of irradiation. The 

maximum thrombus size was reached 6.25 min after irradiation, 

which was reduced and back-shifted to an earlier incidence in 

the presence of heparin. Fractional immunoblocking experiments 

revealed that laser-induced venular thrombosis was mediated 

by platelet glycoprotein Ib-alpha but not P-selectin. The results 

indicate that the hemodynamic response encompasses both 

primary and secondary hemostasis, whereby P-selectin may 

constitute a potential molecular target for the accumulation of 

the drug carrier at the site of laser-induced damage.

Keywords: 
Platelet staining, thermosensitive liposomes, P-selectin, glyco-

protein Ib, fibrinolysis 
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INTRODUCTION

In the past few decades laser technology has driven a plethora of fundamentally diverse ap-

plications in research and medicine. Lasers emitting in the visible spectrum have become 

particularly useful in vascular biology due to the preferential absorption of 400-600 nm light 

by hemoglobin.1 A prominent example is the introduction of selective photothermolysis (SP) 

in 1981,2 which revolutionized the non-invasive treatment of pathological cutaneous vascula-

ture. Today, SP constitutes the gold standard for the treatment of superficial vascular anoma-

lies such as port wine stains (PWS), with extended applicability towards a large number of 

vessel-related disorders in dermatology and ophthalmology.3

 The underlying mechanisms of SP are based on the conversion of radiant energy to 

heat by (de)oxyhemoglobin and the ensuing thermal denaturation of blood and vascular tis-

sue as a result of heat diffusion, referred to as photocoagulation or the photothermal re-

sponse.4 By employing an appropriate wavelength and irradiance, supracritical temperatures 

(>70°C) can be generated in the vessel lumen and confined spatially when the pulse duration 

is kept within the thermal relaxation time, defined as the time required for heated tissue to 

lose half of its thermal energy through diffusion,5 of blood and mural constituents (0.5-10 

ms for PWS vessels of 30-300 µm in diameter).6,7 Normal-sized capillaries and post-capillary 

venules (4–26 µm inner diameter)8 have relatively short thermal relaxation times and thus 

remain spared during longer pulse durations, inasmuch as heat diffusion from these vessels 

into perivascular tissue precludes the generation of supracritical temperatures.

 The therapeutic efficacy of SP with respect to PWS depends on the extent to which 

the target vasculature is ultimately affected by the photothermal response. Complete pho-

tocoagulation of the vascular lumen, i.e., hemostasis, is associated with optimal lesional 

blanching,9 which occurs in approximately 40% of patients.10 In contrast, moderately re-

sponding (20–46%) and recalcitrant (14–40%) PWS10,11 exhibit varying degrees of partially 

photocoagulated vessels containing semi-obstructive thermal coagula and platelet aggre-

gates.12 Accordingly, the clinical fate of laser-treated PWS ultimately depends on the promi-

nence of several inevitable intrinsic factors such as epidermal pigmentation, optical shielding 

by blood, and PWS anatomy and morphology,13-16 insofar as these factors dictate the penetra-

tion depth of laser light and thus the photothermal response.

 Based on extensive circumstantial evidence, the theory on endovascular laser-tissue 

interactions was recently adapted to include a hemodynamic response, i.e., the initiation of 

thrombosis as a result of the photothermal response.17 Consequently, an experimental mo-

dality was proposed as a means to circumvent the abovementioned intrinsic limitations of 

conventional SP: site-specific pharmaco-laser therapy (SSPLT). In SSPLT, conventional SP is 

combined with the prior administration of a prothrombotic- and/or antifibrinolytic-containing 

drug delivery system to instill complete occlusion of semi-photocoagulated target vessels by 

the methodical augmentation of the hemodynamic response. The adjuvant contribution of 

SSPLT to conventional SP is predicated on the putative contention that complete hemostasis 

is a prerequisite pathophysiological condition that triggers remodeling of the affected vascu-

lar plexus and ultimately leads to optimal lesional blanching.17

 This study was performed in order to provide unequivocal evidence that thrombosis 

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   96 05-06-2009   11:54:00



��

constitutes an integral part of endovascular laser-tissue interactions in relation to SP. The 

data reported here further serve as a fundamental basis for the continued development of 

SSPLT in an effort to optimize the laser treatment of aberrant cutaneous vasculature such as 

that of PWS.

ANIMALS AND METHODS

Animals
Details on the hamster dorsal skin fold model can be found in section 3 of the appendix.

In vivo platelet labeling
After implantation of the dorsal skin fold chamber, platelets were stained cytochemically 

by infusion of 180 µL of fluorophore-encapsulating DSPC:DPPC:DSPE-PEG (85:10:5 molar 

ratio) thermosensitive liposomes in PBS containing 40 µmol/L of unencapsulated 5,6-car-

boxyfluorescein (CF) (n=17). Liposomes were loaded with a self-quenching CF concentration 

(100 mmol/L) and served as a thermal probe during laser irradiation,18 whereas the unen-

capsulated CF in the liposome suspension was used for platelet staining.19 High molecular 

weight heparin was administered after liposome infusion as negative control (n=11) at a 

concentration of 2000 IU/kg.

 Platelet immunoblocking was performed by infusion of mouse anti-human CD42b 

monoclonal antibodies (mAbs) (350 µg/kg, n=10) secondarily labeled with FITC-conjugated 

F(ab’)2 fragments of polyclonal rabbit anti-mouse IgG (250 µg/kg) during 15 min before infu-

sion. The latter were used as negative control (250 µg/kg, n=5). Activated platelets were 

stained by Alexa 488-labeled rat anti-mouse CD62P mAbs (500 µg/kg, n=10). FITC-conju-

gated rat anti-mouse IgG1k (500 µg/kg, n=4) was used as isotype control. All mAbs were 

diluted with 0.9% NaCl to a final injection volume of 200 µL. Fractional immunoneutralization 

with fluorescent mAbs allowed simultaneous visualization and quantification of the extent of 

platelet aggregation under mild inhibitory conditions.

 The preparation and characterization of liposomes, antibody cross-reactivity and  

binding analysis, and antibody-induced thrombocytopenia analysis are described in sections 

4-7 of the appendix.

Intravital microscopy, laser-induced thrombosis, and thrombus quantification
Details on the microscopy setup, the non-occlusive laser-induced endovascular damage 

model, and calculation of venular shear rates are provided in sections 8-10 of the appendix. 

 The quantification of laser-induced lesions was performed differently for cytochemi-

cally (CF-) vs. immunolabeled platelets. In case of the former, isolated video frames of la-

ser-induced lesions were manually contoured and quantified for pixel area (Apix) and total 

intensity (Itot) in SigmaScan Pro (Systat Software). In contrast, immunolabeled thrombi were 

demarcated in SigmaScan Pro using a thresholding algorithm, whereby ‘thrombus pixels’ 

were defined as pixels with an intensity of 5 grayscale units above the highest background 

intensity, and quantified for Apix and Itot. For both quantification techniques, Apix was normal-
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ized to baseline (t=0, lesional area immediately after the laser pulse) and Itot was normalized 

to the maximum total intensity.

 Lesional size was defined by normalized (Apix)·(Itot) in both quantification methods and 

expressed comprehensively (photothermal and hemodynamic contributions) or individually 

(hemodynamic contribution only). The relative lesional growth was calculated by dividing the 

comprehensive lesional size at each time interval by the baseline value. A more elaborate 

account on image analysis can be found in sections 11-12 of the online data supplement. The 

most dynamic range of thrombosis was defined as the time range for which the difference 

between the minimum and maximum lesional size was greater than 70% of the maximum 

difference calculated over the entire data set. 

Statistical analysis
Statistical analysis (means, standard deviations, and independent hetero- and homoscedas-

tic Student’s t-tests) were performed with Statistical Package for Social Sciences (SSPS). 

Kolmogorov-Smirnov and Shapiro-Wilk tests confirmed the normal distribution of continuous 

data. The type of t-test used was based on Levene’s test of equality of variances. A p-value 

of <0.05, designated by (*) throughout the text, was considered statistically significant. A 

p-value of <0.01 is designated by (**). 

RESULTS

Endovascular laser-tissue interactions have been described by a biphasic model: 1) the pho-

tothermal response, which results in the formation of a thermal coagulum (a clump of ther-

mally denatured blood) during the laser pulse,4 and 2) the hemodynamic response, which is 

characterized by platelet aggregation and initiation of the coagulation cascade that culminates 

in the formation of a thrombus in consequence to the photothermal response.17 The former 

has been proven in multifarious studies,4,5,9,11,12,15,20-22 whereas the hemodynamic response 

is sheerly hypothetical.17 A laser-mediated vascular injury model was therefore developed 

in which both components of endovascular laser-tissue interactions can be concomitantly 

studied by intravital microscopy.

Photothermolysis induced subocclusive thermal coagulum formation that 
mimicked the SP-induced endovascular damage profile in refractory PWS
Contrary to other laser-mediated vascular injury models, which selectively destroy endothe-

lial cells by irradiation of the vascular wall at high energy densities,23 endovascular damage 

was induced with an external 532-nm laser focused into the venular lumen with hemoglobin 

as the target chromophore. A 30-ms pulse duration, a mean±SD irradiance of 289±38 J/cm2, 

and a spot size of 2.3×10-3 mm2 consistently resulted in the formation of thermal coagula 

that either remained attached to the vessel wall (Fig. 1A-D) or detached within a few sec-

onds after the laser pulse (Fig. 1E-H). Due to the limited penetration depth of 532-nm light in 

blood,1 the laser-induced thermal coagula were superficial and subocclusive in all of the 15 ir-

radiated vessels, as evidenced by the uninterrupted flow of systemically infused fluorescent 
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microspheres (Videos 1 and 2). This damage induction system ideally emulated the clinical 

damage profile with respect to SP-treated refractory PWS vasculature.

 The formation and dislodgement of bright aggregates (Fig. 1H, arrowhead) suggested 

that thrombosis and embolization ensued the photothermal response.

The photothermal response triggers platelet aggregation and coagulation
To investigate the manifestation of the hemodynamic response following photothermolysis, 

platelets were labeled in vivo by the systemic infusion of CF, which is readily taken up plate-

lets.19 Inasmuch as thermal coagula were difficult to characterize due to the isoluminous 

intensity of background, thermosensitive PEGylated liposomes containing a self-quenching 

concentration of CF were co-infused to serve as a thermal damage indicator. 

 Laser irradiation was associated with transient hyperfluorescence as a result of a heat-

induced liposomal membrane transition and corollary release of CF into the exovesicular 

environment (Fig. 2B, arrowhead, Video 3), confirming the generation of intraluminal tem-

peratures >55.5°C (section 4, appendix).

 Platelet adhesion and the development of a nidus occurred within seconds after ther-

mal coagulum formation (Fig. 2A-F), which was characterized by a rapid growth phase dur-

ing the first 1.25 min and a slow growth phase in the subsequent 5.0 min. At 6.25 min the 

mean comprehensive lesional size reached a maximum with a 9.5-fold greater volume with 

respect to baseline (**, Fig. 2M, O). The dynamic range of thrombosis, i.e., the difference 

between the maximum and minimum lesional size, was greatest at 5.5 min and exhibited a 

consistently vast spread between 4.0 and 6.5 min. This time interval encompassed exten-

sive thromboembolic activity in which clot build-up exceeded breakdown, given the zigzag 

pattern of the maxima and the upward trend of the mean lesional size curve, respectively 

(Fig. 2M). The slow growth phase was ensued by clot lysis and embolization as evidenced 
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Figure 1. Laser-induced semi-obstructive thermal coagulum formation in hamster dorsal skin fold venules visualized 
in brightfield and fluorescence mode. Fluorescent microspheres were injected intravenously to monitor flow. Thermal 
coagula either remained attached (A-D) or detached immediately after the laser pulse (E-H) without causing luminal 
occlusion. Laser-induced endoluminal damage led to thrombus formation (arrowheads). A=arteriole, V=venule, semi-
opaque ellipses correspond to sites of laser impact, arrows indicate direction of flow, the time relative to the laser 
pulse is indicated in the upper right corner (min:sec).
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by the rapid decline in mean lesional size and relative growth after 6.25 min (Fig. 2M, O). At 

15.0 min, the lesions had gradually sloughed off to 58% of their maximum (**).

 The administration of heparin (Fig. 2G-L), a potent inhibitor of the coagulation cascade 

through its antagonistic effect on factor Xa and thrombin formation,24 reduced the maximum 

mean lesional size to 71% of the heparin-untreated group (p=0.07) and back-shifted its in-

cidence to 1.25 min (Fig. 2N, O). At this time point the comprehensive lesional volume had 

increased 2.6-fold (Fig. 2O), whereby the maximum relative lesional growth was 27% of that 

in the heparin-untreated group (*). The dynamic range of thrombosis peaked at 1.25 min with 

the most extensive spread occurring between 0.5 and 3.25 min (Fig. 2N). In contrast to the 

expansive thrombus kinetics in the absence of heparin, this time interval was dominated by 

clot breakdown as evidenced by the negative slope of the curve after 1.25 min (Fig. 2N). The 

breakdown phase plateaued at 6.25 min at a mean comprehensive lesional size that did not 

differ from baseline (p=0.08), suggesting that the presence of residual platelet aggregates 

was minimal and/or that the thermal coagulum had partly or entirely dissociated from the 

endothelium.

 The accumulation of CF-labeled platelets at the site of endovascular damage and the 

inhibitory effect of heparin demonstrate that the photothermal response triggers both ele-

ments of the hemodynamic response, namely platelet adhesion and aggregation as well as 

the initiation of the coagulation cascade. To examine which platelet receptors may play a role 
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Figure 2. Aggregation of 5,6-carboxyfluorescein (CF)-labeled platelets at the site of laser-induced damage in the ab-
sence (A-F) and presence (g-L) of heparin (Hep). The bright ellipse in (A) is the laser spot. A=arteriole, V=venule, ar-
rows indicate direction of flow, and the time relative to the laser pulse is indicated in the upper right corner (min:sec). 
The arrowhead in (B) indicates a region of residual hyperfluorescence as a result of heat-mediated CF release from 
thermosensitive liposomes. The arrowhead in (G) points to a remnant thermal coagulum. The lesional sizes (hemody-
namic contribution only) with minima (Min) and maxima (Max) are plotted vs. time for CF-labeled platelets (M, n=14) 
and for CF-labeled platelets in the presence of heparin (N, n=11). In (O), the relative lesional growth is depicted  vs. 
time. The vertical lines indicate growth peaks for CF (light) and CF+Hep (dark). Data are presented as mean±SEM.
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in cell adhesion and aggregation during the hemodynamic response and to explore potential 

molecular targets for SSPLT, the hemodynamic response was studied following fractional 

immunoblocking of glycoprotein (GP)Ib (CD42b) and P-selectin (CD62P).

Inhibition of CD42b reduces the extent of laser-induced thrombosis
CD42b is a transmembrane subunit of the constitutively-expressed GPIb-IX-V receptor 

complex with heterotypic binding sites for von Willebrand factor (vWF), Mac-1, CD62P, -

thrombin, clotting factors XI/XIIa, and high-molecular-weight kininogen.25 Although the ma-

jor physiological function of CD42b is the adhesion of circulating platelets to vWF in the 

subendothelial matrix at high shear, which leads to activation of integrin IIbIII (GPIIb/IIIa) 

and subsequent aggregation,26 it has also been shown to mediate platelet adhesion under 

low shear conditions, i.e., in venules.27,28 Inhibition of CD42b has further been correlated to 

significantly reduced platelet microparticle formation.29 CD42b may therefore constitute an 

important receptor during the hemodynamic response, inasmuch as both platelet aggrega-

tion and coagulation prevail.

 At a mean±SD shear rate of 7.0±3.7 s-1, factional immunoblocking of CD42b (Fig. 3A-F) 

imposed no deleterious effect on thrombus formation during the first 3.5 min when com-

pared to CF-stained lesions, but significantly reduced clot size during the subsequent time 

interval up to 11.5 min (*, Fig. 3M). Thrombosis peaked at 2.75 min (Fig. 3M, O) followed by 

a relatively steep and consistent deterioration phase that stabilized at 4.25 min. The most 
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Figure 3. Aggregation of anti-CD42b- (A-F) and anti-CD62P-labeled platelets (g-L) at the site of laser-induced dam-
age. A=arteriole, V=venule, arrows indicate direction of flow, and the time relative to the laser pulse is indicated in 
the upper right corner (min:sec). The arrowheads in (C) and (I) point to a residual thermal coagulum. The lesional 
sizes (hemodynamic contribution only) with corresponding minima (Min) and maxima (Max) are depicted vs. time for 
CD42b-labeled platelets (M, n=10) and CD62P-labeled platelets (N, n=10). In (O), the thrombus dynamics expressed 
as normalized relative lesional growth are depicted for CF-labeled platelets in the absence and presence of heparin 
(Hep) and anti-CD42b- and anti-CD62P-labeled platelets.
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dynamic range of thrombosis was manifest between 1.0 and 4.0 min with a maximum at 

3.25 min (not shown). Thrombi remained enveloped around the thermal coagulum up to 15.0 

min (** vs. baseline, p=0.09 vs. CF), suggesting that, at an estimated 3‰ GPIb inhibition 

(section 6, online data supplement), clot fortification by cross-polymerized fibrin imposed 

greater resistance to deterioration than a clot composed of platelets only (Fig. 3M, CD42b 

vs. CF+Hep).

Inhibition of CD62P does not affect the extent of laser-induced thrombosis
 CD62P is a cell adhesion molecule constitutively expressed in platelet -granules30 

and endothelial cell Weibel-Palade bodies31 that, upon cell activation, is translocated to the 

outer membrane to mediate platelet-platelet,32 platelet-leukocyte,33 and platelet-endothelial 

cell interactions.34 In addition to cell recruitment, the expression of CD62P potentiates a 

procoagulant state by enhancing fibrin deposition35 through the incorporation of P-selectin 

glycoprotein ligand (PSGL-1)-expressing, tissue factor-bearing microparticles derived from 

the abovementioned cells.36 As CD42b, CD62P may therefore play an instrumental role in 

the laser-induced hemodynamic response.

 With the known inhibitory properties of the RB40.34 clone (online data supplement), it 

was expected that the anti-CD62P mAbs would reduce the extent of thrombosis. Although 

a slight reduction in thrombus size manifested itself in the rapid growth phase, no inhibitory 

effect was observed in the slow growth and the breakdown phases vs. CF-stained thrombi 

(Fig. 3N, black vs. dotted line, respectively). Within the most dynamic range of thrombo-

sis (3.0-7.75 min) the maximum thrombus size was reached at 5.75 min. Both lesional size 

curves exhibited a similar progression up to 8 min. The 8.0 min time point marked a deflec-

tion in the downward trend in lesional size in the CD62P group, which may have been a result 

of increased CD62P expression (as evidenced by an increase in fluorescence intensity and 

not the lesional area, data not shown) and/or the marginal nonspecific binding of the mAb 

(section 5, appendix). 

DISCUSSION

 The efficacy of SP is limited by a number of biological and biophysical variables that 

cannot be circumvented by conventional means, e.g., by fine-tuning laser parameters. The 

superficial vascular organization in cutaneous disorders such as PWS is anatomically poly-

morphous and highly heterogeneous within a single lesion. Every dermal papilla would there-

fore require a unique combination of laser parameters for optimal photocoagulation of the 

ectatic capillaries and post-capillary venules it contains. A clinical modality capable of adjust-

ing laser parameters to a specific vascular anatomy is currently not available.

 Rather than developing strategies to optimize SP from an external perspective, a po-

tential modality was devised to target the aberrant microcirculation at the core of the recalci-

trance, i.e., within the vascular lumen.  This modality, termed SSPLT, was predicated on the 

premise that endovascular laser-tissue interactions are characterized by a photothermal re-

sponse that is ensued by a hemodynamic response. If the premise holds, the hemodynamic 
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response could be systematically amplified by the prior administration of prothrombotic and/

or antifibrinolytic drugs so as to instill complete emphraxis of the vascular lumen – a damage 

profile that is analogous to completely photocoagulated blood vessels (Fig. 4).

 Using an experimental animal model that is most representative of the clinical situation 

we have unequivocally demonstrated that the laser-induced formation of a semi-occlusive 

thermal coagulum leads to thrombosis at the irradiated vascular wall, thereby rendering the 

premise valid. The laser-induced thrombus kinetics were further quantified in order to facili-

tate the proper design of a drug delivery system for SSPLT. Moreover, potential molecular 

targets for SSPLT were explored by separately investigating the involvement of platelets and 

coagulation as well as the role of relevant platelet membrane receptors.

 As postulated previously,17 photocoagulation of blood induces prothrombotic condi-

tions as a result of cellular damage and protein denaturation. Thermal coagulum-trapped and 

damaged red blood cells and platelets release a number of agonists (e.g., ADP, serotonin, 

thromboxane A2) and expose several proaggregatory and procoagulant epitopes (e.g., P-se-

lectin, integrin II/3, phosphatidylserine) that mediate and propagate primary and secondary 

hemostasis. Thermally afflicted and activated endothelial cells secrete vWF and express 

tissue factor and P-selectin on the outer membrane surface. Furthermore, there is increas-

ing evidence that misfolded proteins have the propensity to activate platelets via CD42b37 

and initiate the contact activation pathway through the auto-activation of fXII by anionic sur-

faces.38 Inasmuch as thermal coagula are in part comprised of thermally denatured (i.e., mis-

folded) proteins and anionic moieties, these laser-induced lesions may constitute the basis 

for the initiation of primary and secondary hemostasis that persisted around the thermal 

coagula.

 The in vivo experiments clearly evinced that CF-labeled platelets incorporated into the 

developing nidus and that inhibition of factor Xa and thrombin substantially reduced the size 

of the laser-induced lesion and altered the thrombus kinetics, implying a role for primary 

hemostasis and the tissue factor and/or contact activation pathway, respectively. The im-

munoblocking experiments revealed that the adhesion of platelets to the thermal coagulum 

and/or to the thermally afflicted vascular wall is mediated in part by CD42b. The binding of 

vWF to the GPIb-IX-V complex activates integrin IIb/III
39

 that allows fibrinogen-mediated 

aggregation to occur.40 Similarly, the binding of thrombin to this complex induces platelet 

adhesion and spreading, dense granule secretion, integrin IIb/III activation and subsequent 

aggregation (an integrin IIb/III -mediated event),41 and accelerates the hydrolysis of prote-

ase-activated receptor (PAR)-142 (a thrombin receptor) that further contributes to platelet ac-

tivation. Moreover, the binding of CD42b to misfolded proteins (amyloids) results in platelet 

aggregation and agglutination (i.e., IIb/III -independent aggregation).37 Thus, in addition to 

the earlier mentioned reduction of microparticle generation,29 the inhibition of CD42b by the 

systemic administration of antibodies may explain the antithrombotic implications observed 

in vivo – an effect that is more pronounced than when CD62P, which may play an inferior role 

in venous thrombosis, is inhibited. 

 The laser-induced thrombus kinetics were characterized by a rapid growth phase (0-

1.25 min), a slow growth phase (1.25-6.25 min), and a breakdown phase (>6.25 min) that 

embodied substantial embolization of thrombus fragments. The breakdown phase likely re-
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sulted from a hemostatic shift from a prothrombotic to a fibrinolytic state in combination 

with increased shear stress. The time span of the growth phase is highly favorable for the 

envisaged SSPLT modality in that a systemically infused drug carrier will have ample time to 

accumulate at the target site (Fig. 4F) before triggered release of the prothrombotic and/or 

antifibrinolytic pharmaceuticals (Fig. 4G). With respect to the latter, thermosensitive lipo-

somes encapsulating tranexamic acid, a potent inhibitor of plasmin(ogen), have already been 

developed for the antifibrinolytic component of SSPLT.43,44 These liposome formulations are 

capable of releasing almost 100% of the encapsulated content within 2.5 min of heating at 

43.3°C (but not at body temperature),44 which is ideal in the context of drug posologies and 

thrombus kinetics, respectively.

 One of the most important features of a drug delivery system includes specific target-

ing to the site at which the bioactivity of the encapsulated drug is exacted. This is typically 

achieved by the conjugation or grafting of an antibody, its Fab’ fragment, or an immunoactive 

peptide to the drug delivery system. The laser-mediated induction of local pathophysiological 

conditions in the target vasculature can be advantageously exploited in the case of SSPLT, 

provided that the acute site-specific generation of a non-native surface (thermal coagulum), 

hyperthermic damage to cells, and corollary thrombosis constitute ‘exogenous’ conditions. 

Consequently, any molecular component that is expressed under these circumstances, but 

not in a normal situation, comprises a potential substrate for the drug delivery system. It 

is now clear that the hemodynamic component of endovascular laser tissue interactions 

Figure 4. Principles of conventional selective photothermolysis (SP) vs. site-specific pharmaco-laser therapy (SSPLT). 
In SP, irradiation of refractory port wine stain (PWS) vessels with a yellow laser (A) results in semi-obstructive photo-
coagulation (B, insert) and thrombosis (B). Within 10 min, the thrombus has deteriorated due to fibrinolysis and high 
shear stress (C), resulting in a suboptimal damage profile for lesional blanching (C, insert: 1, thermal coagulum; 2, 
thrombus; 3, patent lumen). SSPLT is an alternative treatment modality for refractory PWS, whereby SP is combined 
with the systemic administration of a prothrombotic- and/or antifibrinolytic-containing drug carrier (D). Upon photo-
thermolysis, the drug carrier accumulates in the thrombus (E) and its contents are released by a second stimulus (e.g., 
heat generated by a near-infrared laser pulse) (F), resulting in local hyperthrombosis and corollary occlusion of the 
vascular lumen (g). The consequent damage profile (G, insert) conforms to an optimal lesional blanching prognosis.
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encompasses both platelet activation and initiation of the coagulation cascade. Any activa-

tion-dependent epitope on platelets, such as CD62P, is hence a viable target. This study 

evinced that immunoblocking of the CD62P receptor imposed no deleterious effects on 

laser-induced thrombosis; the conjugation of anti-CD62P antibodies or Fab’ fragments to the 

drug delivery system for targeting to the site of laser-induced damage is therefore feasible. 

Similarly, the initiation of coagulation by either pathway culminates in the formation of fibrin, 

which can also be targeted by antibodies or peptides containing an RGD45,46 or AGDV47,48 

sequence.  

 In conclusion, thrombosis constitutes an integral component of endovascular laser- 

tissue interactions that involves the activation of both primary and secondary hemostasis. 

The laser-induced endovascular events can be exploited in the optimization of non-invasive 

laser therapy of superficial vascular anomalies by means of SSPLT.
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1. Index of abbreviations
em   - emission wavelength

ex    - excitation wavelength

ACD   - acid citrate dextrose

CF   - 5,6-carboxyfluorescein

CTI   - corn tripsin inhibitor

DM   - dichroic mirror

DPPC  - 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine

DSC   - differential scanning calorimetry

DSPC  - 1,2-distearoyl-sn-glycero-3-phosphatidylcholine

DSPE  - 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine

FACS  - fluorescence-activated cell sorting

FITC   - fluorescein isothiocyanate

fps   - frames per second

GP   - glycoprotein

HEPES  - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HRP   - horseradish peroxidase

IgG   - immunoglobulin G

IU   - international units

LUVET  - large unilamellar vesicles prepared by extrusion technique

mAb   - monoclonal antibody

MWCO  - molecular weight cutoff

OPD   - o-phenylenediamine

PBS   - phosphate buffered saline, pH = 7.4

PE   - R-phycoerythrin

PEG2000 - polyethylene glycol (MW = 2000 g·mol-1)

PPP   - platelet-poor plasma

PRP   - platelet-rich plasma

RT   - room temperature

Tm   - phase transition temperature

2. Materials
DPPC and DSPC were purchased from Lipoïd and DSPE-PEG2000 was a gift from Gen-

zyme. FITC-conjugated rat anti-mouse CD62P mAbs (clone RB40.34) and FITC-conjugated 

rat anti-mouse IgG1k isotype control (IgG-FITC, clone R3-34) were obtained from Research 

Diagnostics, FITC-conjugated F(ab’)2 fragments of polyclonal rabbit anti-mouse IgG (Fab2-

FITC) from Dako Cytomation, and PE-conjugated F(ab’)2 fragments of polyclonal goat anti-

mouse IgG (IgG-PE) from Jackson Immunoresearch. Mouse anti-human CD42b (clones 

11A4 and 6B4) mAbs were cloned as described.1,2 CF was acquired from Kodak Chemicals, 

heparin (heparin Choay) was obtained from Sanofi Winthrop, convulxin (CVX) from Kordia, 

and polyclonal HRP-conjugated goat anti-mouse IgG (IgG-HRP), sodium citrate, ADP, ACD, 

poly-L-lysine, OPD, and PBS (tablets) were purchased from Sigma-Aldrich. The fluorescent 

microspheres (FluoSpheres Red, Ø=1 µm) and Alexa Fluor 488 antibody staining kits were 
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obtained from Molecular Probes. For in vivo experiments and thrombocytopenia assays (sec-

tion 7) anti-CD62P mAbs were labeled with Alexa488 (CD62P-Alexa488) according to the 

manufacturer’s instructions.

3. Animal preparation and implantation of dorsal skin fold chamber
The animal protocol, including the pilot studies (n=58), was approved by the Lille University 

Hospital Animal Ethics Committee. All animals were treated in compliance with the National 
Institute of Health Guidelines for the Care and Use of Laboratory Animals (NIH publication 

86-23). 

 Sixty two male Syrian Gold hamsters (Dépré), weighing between 93 and 117 g, were 

anesthetized by intramuscular injection of ketamine (200 mg/kg), xylazine (10 mg/kg), and 

buprenorfine (0.02 mg/kg) after brief pre-anesthesia with diethyl ether. As described previ-

ously,3 the dorsal side of the hamster was shaved, depilated with depilatory cream, and 

disinfected with antiseptic. The skin was lifted and the double-layered skin fold was placed 

between two symmetrical stainless steel frames containing a central annular window (Ø=18 

mm). The frames were secured onto the skin fold by sutures. A section of the skin layer was 

excised through the chamber window to reveal the vasculature, and the superficial and deep 

fascia as well as perivascular adipose tissue covering the target venules (mean±SD diameter 

of 157±35 µm, 86-252 µm range) were surgically removed to reduce reflectance and scatter-

ing of light during microscopy and laser irradiation. The distal skin layer (epidermis, dermis, 

hypodermis, striated muscle) remained intact. The exposed tissue was rinsed with PBS and 

dried with a gauze prior to laser irradiation. For injection of reagents, the jugular and subcla-

vian veins were exposed by excising approximately 3-4 cm2 of thoracic skin and a minimal 

amount of overlying tissue. Manual infusion of LUVETs and antibodies into the subclavian 

vein was performed with a 30 G needle at a slow rate (~200 µL/30 s). The needle was bent at 

a ~60 degree angle and inserted into the subclavian vein at an oblique angle so as to prevent 

bleeding during retraction. The wound was subsequently covered with a PBS-drenched strip 

of gauze. During the experimental procedure the margins of the excision site were frequently 

irrigated with PBS to prevent vasospasticity as a result of desiccation. At the end of the  

experiments the animals were sacrificed by intravenous administration of KCl. 

4. LUvET preparation and characterization
A combinatory in vivo thermal profiling and platelet labeling technique was developed for in-

travital fluorescence microscopy to monitor the laser-induced generation of critical tempera-

tures in hamster dorsal venules and to concomitantly label platelets for thrombus imaging 

and quantification. For the thermal profiling component, thermosensitive PEGylated lecithin 

LUVETs were loaded with a self-quenching concentration of CF.4 Raising the temperature 

beyond the Tm of the LUVET bilayer (55.5 °C, Fig. 1) is associated with a gel-to-liquid-crys-

talline phase transition of component phospholipids,5 leading to rapid release of CF6 and a 

reduction in fluorescence quenching.7 Hyperfluorescence during intravital fluorescence mi-

croscopy immediately following the laser pulse therefore serves as an internal control for 

substantive thermal damage induction. The in vivo platelet labeling component is based 

on the uptake of free CF (infused in unencapsulated form and released from the LUVETs) 
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by resting and activated platelets as described by Heger et al.,8 resulting in the formation 

of a fluorescent thrombus subsequent to laser-induced endovascular damage. Moreover, 

CF was chosen because its fluorescence emission is quenched by plasma,9 which redu-

ces background fluorescence by blood-borne, extracellular CF during intravital fluorescence  

microscopy.

 LUVETs composed of DPPC:DSPC:DSPE-PEG2000 (10:85:5 mole ratio) were supplied 

by the Technical Laboratory for Industrial Pharmacology (Montpellier, France) and prepared 

as described previously.10 Phospholipid stock solutions were prepared in chloroform and 

mixed at predefined ratios. The solvent was exsiccated at 40°C for 3 h and the resulting lipid 

film hydrated with 100 mmol/L CF in 50 mmol/L PBS, pH=7.4 (10 mmol/L final lipid concen-

tration). The resulting liposome suspension was pressure-extruded (Lipex Biomembranes) at 

41°C through 450 nm, 220 nm, and 100 nm polycarbonate membranes. Unencapsulated CF 

was removed by dialysis (Spectra/Por 7 cellulose ester dialysis membrane, MWCO 100000, 

Spectrum Laboratories) in PBS at RT until a residual solvent concentration of 40 µmol/L CF 

(measured spectrophotometrically, OD450=0.59) was obtained under gentle stirring. LUVET 

size was confirmed by photon correlation spectroscopy at a 90° angle using unimodal analy-

sis (SM 633-RTG Correlator, Sematech). The mean±SD LUVET diameter was 132±11 nm at 

a polydispersity of 0.252 (n=6, 50 iterative measurements per LUVET batch). The phase tran-

sition temperature of the CF-encapsulating LUVETs was measured by DSC (DSC Q2000, 

TA Instruments) in equilibration buffer (10 mM HEPES, 0.88% NaCl, pH = 7.4, osmolarity of 

0.302 osmol/kg) and in PPP (Fig. 1) following size exclusion chromatography using Sephadex 

G-50 fine column material (GE Healthcare).

5. Cross-reactivity analysis of antibodies with hamster and human platelets
Inasmuch as primary antibodies against Gold Syrian hamster platelet antigens are not com-

mercially available, a library of 91 customized anti-human mAbs against CD42b (KULAK) 

as well as commercially available rat anti-mouse CD31 (PECAM-1, clone Mec13.3), CD41 

(GPIIb, clone MWREG30), and CD62P (P-selectin) (Research Diagnostics) were screened for 

cross-reactivity with resting and activated hamster platelets.

 All animals were treated in accordance with animal ethics guidelines at the Catholic 

University of Leuven, Kortrijk Campus. Hamsters were anesthetized with diethyl ether, and 
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Figure 1. Normalized phase transition temperatures 
(Tm) of DPPC:DSPC:DSPE-PEG2000 (10:85:5 mole ra-
tio) LUVETs in buffer (gray, Tm=54.5°C) and PPP (black, 
Tm=55.5°C). PPP exhibited no endothermic events in this 
temperature range (not shown).
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blood was drawn from the retro-orbital plexus into a tube containing 0.31% sodium citrate  

(final concentration, 1:9 citrate:blood ratio) through a glass capillary. Human venous blood 

was drawn from healthy volunteers into 50 mL tubes containing 12.9 mmol/L sodium citrate 

(final whole blood concentration). The collected blood samples were immediately centri-

fuged at 200×g for 10 min. The isolated PRP was counted (Cell-Dyn 1300, Abbott Laborato-

ries) and diluted with PBS to a concentration of 2×105 platelets/µL.

 The screening procedure evinced that 5 anti-CD42b mAbs and the anti-CD62P mAb 

cross-reacted with hamster platelets. Consequently, the most reactive anti-CD42b mAb 

(clone 11A4) and anti-CD62P-Alexa488 mAbs were reassayed for (cross-)reactivity with 

hamster and human platelets. A second anti-CD42b antibody, clone 6B4, was included in 

the FACS and ELISA assays in order to serve as a double negative and positive control,  

respectively.

 Platelets (106 cells – 5 µL of PRP) were activated with 1 µL of ADP (1 mmol/L) or 1 µL 

of convulxin (10 µg/mL) for 15 min, followed by incubation with 5 µL of 11A4 (200 µg/mL) or 

6B4 (200 µg/mL) or 2 µL of anti-CD62P-FITC (500 µg/mL) mAbs for 15 min at RT in a 50-µL 

final volume. Platelets labeled with anti-CD42b mAbs were secondarily labeled with 5 µL 

IgG-PE (0.1 mg/mL) during 15 min at RT. IgG-PE and IgG-FITC (2 µL of 0.5 mg/mL) served 

as negative controls for anti-CD42b and anti-CD62P-FITC mAbs, respectively. The sample 

volume was increased to 0.5 mL with PBS (11A4 and anti-CD62P) or 0.2% formyl saline 

(6B4). The samples were assayed on an EPICS XL-MCL flow cytometer (Beckman Coulter) 

and analyzed with FCS software (De Novo Software). For each sample, 104 events were col-

lected in the platelet gate.

 Fig. 2 shows that anti-CD42b (11A4) exhibited strong (cross-)reactivity with resting 

and activated hamster (top left panel) platelets. The relatively indiscriminative affinity with 

which 11A4 bound to CD42b on resting and activated cells is in agreement with the constitu-

tive, activation-independent presence of the glycoprotein on the human platelet outer mem-

brane (top middle panel). In contrast, a differential binding pattern with respect to resting 

and activated hamster platelets was found for anti-CD62P, which exhibited stronger binding 

to activated (P-selectin-expressing) hamster platelets than to resting platelets (bottom left 

panel). Software-assisted quantitative analysis of the binding behavior (histogram subtrac-

tion) yielded a 47% increase in anti-CD62P binding upon platelet activation with CVX (bottom 

left panel, white area ‘a’). It should be noted that there was a mild degree of nonspecific 

binding of anti-CD62P mAbs to resting hamster platelets (13%, bottom left panel, white 

area ‘b’), as evidenced by the right-shifted histogram of resting platelets compared to con-

trol. Anti-CD62P mAb binding to activated human platelets exhibited no distinctive pattern 

in juxtaposition to resting cells (bottom middle panel). Similarly, a mild degree of nonspe-

cific binding of anti-CD62P mAbs to resting human platelets was observed. 6B4 exhibited 

no cross-reactivity with hamster platelets (right column, top panel), whereas its affinity for  

human CD42b was substantial (right column, bottom panel), making it a suitable mAb control 

for the FACS and ELISA experiments.
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 Given the cross-reactivity of mouse anti-human CD42b (11A4) and rat anti-mouse 

CD62P with hamster platelets, these fluorescently labeled mAbs were used in the in vivo 

experiments (Materials and Methods) to assess the role of these proteins in laser-induced 

venular thrombosis2,11,12 and to assess platelet activation state (CD62P). The RB40.34 clone 

has been reported to inhibit the physiological activities of CD62P.13,14  Additionally, concentra-

tion-dependent binding of anti-CD42b mAbs to hamster platelets was assayed (section 6) to 

validate the FACS results and to determine the proper dosage for the intravital microscopy 

experiments. Additionally, thrombocytopenia assays were performed (section 7) to assess 

the degree of mAb-induced platelet depletion.

6. CD42b antibody binding analysis
A titration curve of anti-CD42b mAb (11A4) binding to resting hamster platelets was estab-

lished by ELISA to corroborate the FACS results and to determine a suitable mAb concentra-

tion range for infusion into the hamster circulation.

 Buffered formaldehyde-fixed washed platelets were added to microtiter plates (106 

cells/well) precoated with 10 µg/mL poly-L-lysine (100 µL/well). Plates were centrifuged for 

15 min at 150×g, washed with PBS, and blocked with 3% milk-PBS (2 h). Serial dilutions of 

anti-CD42b mAbs were added to each well at a 100 µL final volume, incubated for 1 h at 

RT, washed with PBS, followed by secondary labeling with IgG-HRP (1:5000 dilution) for 1 

h at RT in the dark. After washing with PBS, OPD was added and the reaction was stopped 

with 4 mol/L H2SO4. Protein concentrations were determined spectrophotometrically at 492 

nm (EL340, Bio-Tek Instruments, Winooski, VT). ELISAs were also performed with fixed  

human platelets so as to internally validate the protocol. Anti-CD42b mAbs (6B4) were used 

as negative and positive controls for hamster and human platelets, respectively.

Figure 2. Flow cytometric (cross-)reactivity analysis of anti-CD42b (11A4) (top row) and anti-CD62P (bottom row) 
mAbs with resting and convulxin-activated hamster (left column) and human (middle column) platelets. Right 
column: flow cytometric analysis of anti-CD42b (6B4) mAbs with resting hamster (top panel) and human (bottom 
panel) platelets. The open light gray and dark gray histograms represent resting and activated platelets, respectively. 
The black filled histograms correspond to controls. 
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 Anti-CD42b (11A4) exhibited concentration-dependent binding to resting hamster 

platelets (Fig. 3), reaching a level of saturation near 2.5 µg per 106 platelets. The specificity 

of the anti-CD42b (11A4) mAb was confirmed by the absence of significant binding of the 

anti-CD42b (6B4) control. Similar results were obtained with respect to human platelets, 

although the avidity of anti-CD42b (11A4) mAbs towards the CD42b ligand was greater for 

human platelets than for hamster platelets as evidenced by the higher absorbance per titra-

tion. The positive control mAb had a strong binding affinity towards human CD42b, whereby 

a level of saturation was reached at the lowest concentration assayed (0.1 µg/mL).

 The binding profiles produced with the human platelets attest to the propriety of the 

ELISA protocol, whereas the ELISA results in their totality confirmed the accuracy of the 

FACS data.  

  Next, the mass of anti-CD42b mAbs required to inhibit all CD42b receptors in the ham-

ster platelet population was extrapolated in order to estimate the extent of immunoblocking 

during the in vivo experiments. According to Modderman et al.,15 there are approximately 

25×103 copies of the GPIb-V-IX complex expressed on the plasma membrane of a human 

platelet. A hamster with a mean weight of 100 g has a total blood volume of approximately 

7.8 mL and approximately 5.1×109 circulating platelets with a mean platelet count of 6.5×105 

platelets/µL, corresponding to 1.3×1014 GPIb-V-IX complexes when cross-species differ-

ences in the number of GPIb-V-IX complexes are discounted. With a saturation level of 2.5 

µg anti-CD42b mAbs per 106 platelets, the infusion of 35 µg of anti-CD42b mAbs into the 

hamster circulation translates to roughly 3‰ immunoblocking of the receptor.

7. Antibody-induced thrombocytopenia
Animals were anesthetized as described in section 3. Platelet counts were assayed following 

administration of anti-CD62P-Alexa488 or anti-CD42b (clone 11A4) secondarily labeled with 

Fab2-FITC to assess the extent of platelet depletion. Antibodies were prepared and infused 

in the same fashion and at the same posological ratios as used in the intravital microscopy 

experiments. Blood was drawn at different time intervals by jugular vein puncture and col-

lected into a 2 mL syringe containing ACD (3:1 final blood:ACD ratio). Platelet counting was 

performed on whole blood samples before antibody infusion and at 15, 30, and 45 min after 
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Figure 3. Fixed resting hamster (Ha) platelets were in-
cubated with increasing concentrations of anti-CD42b 
(clone 11A4) mAbs (upward triangle) or anti-CD42b 
(clone 6B4) control (downward triangle) and second-
arily labeled with IgG-HRP. ELISAs were also performed 
with fixed resting human (Hu) platelets incubated with 
anti-CD42b (clone 11A4) mAbs (squares) or anti-CD42b 
(clone 6B4) control (circles) and secondarily labeled 
with IgG-HRP as an internal control. mAb concentrations 
were measured spectrophotometrically at OD492. Data 
are presented as mean±SD (n=3).
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injection of antibodies (n=2 per group per time interval). Animals were sacrificed immedi-

ately after blood collection by intravenous administration of KCl.

 The binding of anti-CD42b to the constitutively expressed GPIb on hamster platelets 

was associated with a mild reduction16 in platelet levels by 46%, 56%, and 40% 15, 30, and 

45 min after infusion, respectively (Fig. 4). The leveled platelet count after 15 min indicates 

that platelets were rapidly opsonized following mAb infusion, and that at the time of laser-

induced thrombosis the extent of platelet aggregation was likely reduced but not further 

affected by a continued decrease in platelet number.

 Anti-CD62P-labeled platelets also underwent depletion, albeit to a lesser extent than 

anti-CD42b with platelet count reductions of 31%, 54%, and 14% 15, 30, and 45 min af-

ter mAb infusion, respectively. In contrast to GPIb, P-selectin is an activation-dependent 

marker; platelets in native state should therefore not bind the mAb due to the absence of the 

ligand on the platelet outer membrane. We did report a mild extent of nonspecific binding of 

anti-CD62P mAbs to hamster platelets in section 5, but the 13% nonspecific binding (Fig. 

2, bottom left panel, b) does not justify platelet depletion to less than half of the initial value 

during 30 min. The exact reason for this discrepancy was not further investigated inasmuch 

as it was inconsequential to the scope of this paper.

8. Intravital microscopy
A schematic representation of the microscope setup is provided in Fig. 5. The animals were 

placed on a microscope stage-fitted platform (Fig. 5, 13). The platform contains three em-

bedded pins that interlock with holes in the dorsal chamber frames to mechanically secure 

the skin fold. 

 In order to verify that non-obstructive thermal coagula (that result from a photothermal 

response) are formed at the laser parameters employed for thrombus induction (see below), 

the microscope optics were configured as described.3 Thermal coagula (n=15) were visual-

ized with a Texas Red filter set (Y2EC-T25, Nikon) whose ex range (540-580 nm) matches 

a high absorption range of thermally denatured blood17 and whose em range (605-655 nm) 

is broad enough to generate brightfield images when transillumination is engaged (Fig. 

5, C and D). In this configuration, simultaneous visualization of the laser-induced thermal  

Figure 4. Mean±SD hamster platelet counts before (t=0) 
and after intravenous administration of anti-CD62P-FITC 
or anti-CD42b-Fab2-FITC at 15, 30, and 45 min. Analy-
sis of differences was performed using an unpaired ho-
moscedastic Student’s t-test assuming a Gaussian dis-
tribution. The asterisks above the error bars and linking 
lines designate a p-value of <0.01 vs. control (t=0) and 
the linked bar, respectively. NS = not significant.
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coagulum (appearing dark against a lighter background), skin fold anatomy, and fluorescent 

microspheres (see below) was possible (Videos 1 and 2). For transillumination, broadband 

light (tunable, fiber-coupled xenon light source, 201315 20 Nova, Karl Storz; Fig. 5, 3, 14, and 

E) was reflected off a mirror (Fig. 5, 16) that was affixed to the platform (Fig. 5, 13) at a 45° 

angle with respect to the superiorly positioned dorsal skin fold chamber (Fig. 5, 15).

 For thrombus imaging (which formed as part of a hemodynamic response in con-

sequence to the photothermal response), fluorophore-conjugated mAb- and CF-labeled 

platelets (Video 3) were visualized using a FITC filter set (B2EC, Nikon, ex=480±15 nm, 

em=535±20 nm; Fig. 5, A and B). In some antibody experiments, transillumination was  

applied for contrast enhancement.

 Endovascular events were recorded for a period of 8 min in the thermal coagulum  

experiments and for 15 min in the thrombosis experiments.

Figure 5. Intravital microscopy setup, consisting of 1) modified fluorescence microsocope (10× objective, NA 0.30, 
Eclipse E800, Nikon); 2) Peltier-cooled CCD video camera, 25 fps, 720×576 pixel resolution (model L3C65-06BPV01, 
E2V Technologies); 3) xenon lamp (transillumination); 4) xenon lamp (epi-illumination; model 68806, Oriel); 5) analog 
shutter controller; 6) mechanical shutter; 7) frequency-doubled Nd:YAG laser; 8) xyz-translator stage; 9) digital video 
recorder (DSR30, Sony); 10) monitor (Trinitron, Sony); 11) laser probe; 12) reflective mirror; 13) animal platform; 14) 
optical fiber connected to (13); 15) dorsal skin fold chamber; 16) mirror. Insert bottom left corner: microscope optics, 
arrows indicate the path of light. Filter A (ex=480±15 nm) and filter B (em=535±20 nm) with a DM cut-on at 505 
nm were used for thrombus imaging (epi-illumination mode), whereas filter C (ex=560±20 nm) and D (em=630±25 
nm) with a DM cut-on at 595 nm were employed for thermal coagulum imaging in trans- and epi-illumination modes 
(C-E, 3, and 14).
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9. Laser-induced thrombosis
A laser-induced vessel wall injury model was employed as described previously.3 Suboc-

clusive thrombi were induced with a frequency-doubled Nd:YAG laser (532 nm, Entertainer, 

Laser Quantum; Fig. 5, 7) at a power of 224 mW and a mean±SD incident radiant exposure 

of 289±38 J/cm2 at a 2.3×10-3 mm2 spot size. The laser was mounted on a translator stage 

(Fig. 5, 8) for axial positioning of the beam that was guided at an angle onto the vessel by 

a mirror in the tip of the laser probe (Fig. 5, 12). The pulse duration of 30 ms was regulated 

with a vibration-controlled analog shutter (Fig. 5, 6) interposed between the laser aperture 

and mirror. The laser beam passed through a 10% transmission filter incorporated into the 

shutter aperture to generate a low power spot size for targeting.

10. Determination shear rates
Blood flow measurements were performed by means of fluorescent microspheres with at-

tuned excitation and emission properties (ex=580 nm, em=605 nm, 1.0 µm diameter).3 The 

microsphere suspension was diluted with 0.9% NaCl, briefly sonicated, and injected into the 

subclavian vein at a concentration of 2×109 microspheres/kg (injection volume 100 µL). 

 Shear stress was determined in hamster dorsal skin fold venules (n=95) based on the 

measured blood flow velocity and vessel radius. Blood flow velocities were quantified by 

measuring the distance traveled by microspheres per unit time (typically 1-3 frames at a 

frame rate of 25 fps). The velocities of the 10 fastest microspheres were measured during a 

period of 2 min and averaged to obtain a representative flow velocity. For venular diameter 

measurements, a line was protracted wall-to-wall of the respective venule in an isolated 

video frame and its length measured in Adobe Photoshop. A 60 µm-diameter copper wire 

was video-recorded with the same CCD camera as used in the in vivo experiments to cali-

brate the pixel dimensions. At a mean±SD flow of 0.48±0.21 mm/s and a mean±SD venular 

diameter of 0.15±0.03 mm the mean±SD shear rate in hamster dorsal venules was 7.0±3.7 

s-1 (range 1.8-19.6 s-1).

11. Manual image analysis
The manual image analysis procedure is depicted in Fig. 6. Video frames were isolated every 

15 s for the first 10 min and every 30 s from 10-15 min (i.e., 51 sampling points per record-

ing, including the baseline frame immediately after laser irradiation (t=0)) following the laser 

pulse and stored as image files using Adobe Premiere software. For CF-stained platelet 

experiments, the image files of the laser-induced lesions, consisting of a non-fluorescent, 

black thermal coagulum and a fluorescent thrombus, were manually contoured in Adobe 

Photoshop. The contoured lesions were saved as separate image files (without further im-

age editing) and quantified for pixel area (Apix) and total intensity (Itot) with SigmaScan Pro (Sy-

stat Software). Apix was normalized to the baseline lesional size (t=0) to correct for variations 

in thermal coagulum size and Itot was normalized to the maximum total intensity to correct 

for differential quantum yields of FITC and Alexa 488, intensity differences between video 

sequences as a result of varying gain settings on the camera, and differential platelet labeling 

intensities (due to unequal blood volumes). Because a volumetric entity (thermal coagulum/

thrombus) was analyzed in a two-dimensional plane, lesional size was defined as the product 
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of normalized (Apix · Itot) in order to generate pseudo-three-dimensional representations of the 

lesion in accordance with the principles outlined by Schmidt-Erfurth et al.18 The product per 

time interval was normalized to the maximum lesional size and plotted as a function of time. 

Furthermore, relative lesional sizes, which give a dynamic impression of thrombus growth/

breakdown when plotted vs. time, were generated by dividing the normalized lesional size at 

each time interval by the normalized lesional size at t=0.

 Due to the inherent subjectivity in the contouring procedure, all lesions were contoured 

by two independent analysts; one analyst who had performed all the experiments (Analyst 

1) and the other who was not involved in the experiments but was only presented the video 

material in a blinded fashion (Analyst 2). Additionally, software was developed to quantify 

lesional size (section 12) so as to validate the manual contours and to provide a less time-

consuming method for image analysis.

 For analysis of the antibody-stained platelets, (part of) the vascular lumen that con-

tained the thrombus was roughly contoured in Adobe Photoshop and the contoured area 

saved as a separate image file. The image files were imported into SigmaScan Pro and 

analyzed for Apix and Itot. The thrombus was demarcated in automated mode (programmed 

macro) by intensity thresholding; i.e., quantification of Apix and Itot was performed only on pix-

els with a pixel intensity of 5 grayscale units above the highest pixel intensity of background 

(measured in the vessel lumen on the upstream side of the thrombus for each experiment). 

The background intensities (in a range of 0-255) and the corresponding number of pixels for 

each grayscale value were recorded from selected frames at predefined time points, namely 

Figure 6. Image analysis procedure and quantification of lesional size. For the analysis of thrombi stained by CF 
(top panel), the margins of the fluorescent lesion were manually contoured (by 2 independent analysts), saved as a 
separate image file (1), and quantified for pixel area (Apix) and total intensity (Itot). For the analysis of antibody-stained 
thrombi, the vascular lumen was roughly contoured and saved as a separate image file (2). An intensity histogram 
of background (2, encircled) was collected from frames of each video sequence at t=0, 2.5, 5.0, 7.5, and 10.0 min. 
To characterize the thrombus (3), a threshold range was defined in the SigmaScan macro that had an intensity cut-
on value of 5 units higher than the highest recorded intensity value in the 5 background frames. The thrombus was 
quantified for Apix (the total number of ‘thrombus pixels’) and Itot (cumulative intensity of the ‘thrombus pixels’). Le-
sional size was calculated by normalized (Apix · Itot) and relative lesional size was calculated by [normalized (Apix · Itot)t 

/ normalized (Apix · Itot)t=0], where t represents a time point in the video sequence and t=0 represents the time point 
immediately after the laser pulse.
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at baseline (t=0), and at 2.5, 5.0, 7.5, and 10.0 min after the laser pulse, to determine the 

cut-on value. Lesional size and relative growth were calculated as described above.

 Since the quantification of CF-labeled lesions included both the photothermal and 

hemodynamic response, the baseline lesional size was subtracted from subsequent time 

points for each individual experiment to sequester the extent of the hemodynamic response. 

Similarly, the mean baseline pixel area of manually contoured CF-labeled lesions was first 

added to the area of immunolabeled lesions so as to incorporate the contribution of the 

photothermal response. It should be noted that inasmuch as a thermal coagulum in itself is 

inept to expand, the dynamic nature of the lesion is fully attributable to the hemodynamic 

response.

 Figs. 7A and B give an impression of the mean laser-induced lesional area (n=12) as a 

function of time according to Analyst 1 and 2, respectively. Fig. 7C demonstrates that the 

manual image analysis technique constitutes a reproducible method with a minimal differ-

ence range (0.1-7.4%, mean±SD difference of 2.0±1.6) between the analysts.

12. Computational image analysis
Analytical software was developed in Mathematica (version 6.0.1, Wolfram Research) to 

quantify the CF-labeled lesions on the basis of a set of objective parameters. Due to the 

technical difficulties inherently associated with the image composition and acquisition, e.g., 

the characteristics of the laser-induced lesions (dark thermal coagulum and light aggregated 

platelets), leakage of the fluorophore into perivascular tissue, and non-uniform camera gain 

settings, the program had to be compiled from a sequence of algorithms (Fig. 8). Only a 

brief description is provided here; detailed information on the composite program as well as 

subsequent program optimizations will be published separately.

 The principal premises that the program is built around include the relatively static 

nature of the lesion in an environment of dynamic flow. Consequently, the first parameter 

that was used to discriminate between ‘static’ and ‘dynamic’ regions was blood flow, which 

was detected by calculating the mean absolute time derivative of the pixel intensity, i.e., the 

number of fluorescently labeled platelets passing through a pixel in sequential frames, over 

period of 125 frames (5 s) (Fig. 8, step 1). Subsequently, a region growing algorithm was im-

Figure 7. The mean±SEM comprehensive lesional areas (in µm2, including thermal coagulum and aggregated plate-
lets) plotted vs. time following the laser pulse as quantified by Analyst 1 (A) and Analyst 2 (B). The bottom (light gray) 
line represents the minimum lesional area per time point; the top (dark gray) line represents the maximum lesional 
area per time point. In (C), the lesional areas (left y-axis) obtained by both analysts are superimposed and the differ-
ence (%) plotted for each time point (blue line, right y-axis).
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Figure 8. Overview of the steps used in the computational image analysis procedure. A set of 125 frames was com-
pared to produce a map corresponding to the flux of platelets (1). This was then combined with a seed image (2) to 
produce the first approximation of the vessel (3). The missing part of the vessel was reconstructed using intensity 
gradients and polynomial interpolation (4). The portions in the vessel with a minimum flow were selected by using the 
cutoff value (5). After assigning two probabilities to every pixel in the detected thrombus and the detected vessel wall 
(6), the final contours of the thrombus could be defined (7). Abbreviations (in chronological order): det.=detection; 
deriv.=derivative; polynom.=polynomial; int.=interpolation.

plemented on a user-defined seed image, where the vessel of interest was manually marked 

by a line or a cross (Fig. 8, step 2), and combined with the flow information to demarcate the 

vessel of interest (Fig. 8, step 3). 

 Due to the absence of flow in the laser-induced lesion, the respective no-flow segment 

of the vessel was excluded from the demarcated vascular structure. A second order Gauss-

ian derivative of the pixel intensity data was therefore used in the direction perpendicular to 

the vessel’s longitudinal axis to reconstruct the missing segment. Additionally, polynomial 

interpolations were used to eliminate undefined vascular segments and to incorporate miss-

ing ‘vessel pixels’ as a result of inherently poor pixel intensity gradients (Fig. 8, step 4). After 

the boundaries of the contralateral vascular walls were defined, the laser-induced lesion was 

characterized by applying a cut-off value to the flow data, selecting only the segment in the 
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vessel with a minimum of flow (Fig. 8, step 5). The flow cut-off value was defined by the 

first zero-crossing of the second derivative of the mean pixel intensity of the lesions. This 

value was then held constant throughout the analysis of the movie prior to computing the 

complete set, as was the seed image. In the next step two probabilities were assigned to 

every pixel, depending on the number of pixels in its vicinity that had been defined as either 

part of the thrombus or the vessel wall (Fig. 8, step 6). Subsequently, the thrombus margins 

near the vessel wall were refined by comparing these probabilities (Fig. 8, step 7). Finally 

the contoured lesions were saved in separate image files for quantification of Apix and Itot as 

described above.

 In Fig. 9 the mean comprehensive lesional areas as obtained by manual analysis (A, 

mean data from Figs. 7A and B) are juxtaposed to the lesional areas obtained from the same 

data set by computational analysis (B) (n=12). The curves are superimposed in Fig. 9C, with 

the percentage difference between the individual time points plotted in blue. Albeit compu-

tational analysis generated several outliers in relation to the manual analysis, the majority of 

the computational analysis data exhibited relatively good correspondence to the reference 

set (0.2-31.0%, mean±SD difference of 5.1±5.5). The outliers are predominantly the result 

of poor contrast between the vascular lumen and perivascular tissue, the presence of peri-

vascular fat droplets that have intensity gradients similar to the vessel wall, and the very 

close proximity of the arteriole and venule, causing edge and line detection methods such 

as the Gaussian derivative approach to yield misrepresentative results. This is particularly 

the case when the thrombus overlaps with the vascular wall. The outliers notwithstanding, 

the commonality in the trend of lesional development exhibited by the analytical techniques 

corroborates the hemodynamic response and underscores the potential utility of a compu-

tational approach, once optimized, for the rapid analysis of semi-occlusive fluorescently-

stained thrombi.

Figure 9. The mean±SEM comprehensive lesional areas (in µm2, including thermal coagulum and aggregated plate-
lets) plotted vs. time following the laser pulse as quantified by manual analysis ((A), mean data from Analysts 1 and 
2, section 11) and computational analysis (B). The bottom (light gray) line represents the minimum lesional area per 
time point; the top (dark gray) line represents the maximum lesional area per time point. In (C), the lesional areas (left 
y-axis) obtained by manual and computational analysis are superimposed and the difference (%) plotted for each time 
point (dotted line, right y-axis).
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vIDEO LEgENDS

video 1.  Video compilation of a semi-occlusive thermal coagulum induction by a frequency-

doubled Nd:YAG laser (532 nm wavelength, 30-ms pulse duration, 224 mW power, 2.3×10-3 

mm2 spot size, and mean±SD incident radiant exposure of 289±38 J/cm2). Fluorescent mi-

crospheres were injected for flow detection. Following laser irradiation, a thermal coagulum 

formed that remained attached to the vascular wall. Laser irradiation was accompanied by 

acute contraction of the vascular lumen, which was likely a result of thermal denaturation of 

mural constituents. The time following the laser pulse is indicated in the upper right corner. 

At ~1.26 min after thermal coagulum induction a hyperluminous region was present at the 

irradiated site, suggestive of a thrombus.

video 2.  Video compilation of a semi-occlusive thermal coagulum induction as performed in 

Video 1, whereby the thermal coagulum almost instantaneously detached from the vascular 

wall. The time following the laser pulse is indicated in the upper right corner. At ~4.46 min 

after thermal coagulum induction a hyperluminous clot was present at the irradiated site, 

suggestive of a thrombus. Note its gradual embolization.

video 3.  Video compilation of laser-induced thrombosis produced at the same laser param-

eters as employed for thermal coagulum induction. Carboxyfluorescein (CF) was encapsula-

ted at a self-quenching concentration into lecithin liposomes to serve as a thermal probe. The 

CF is released when intralumenal temperatures exceeding the phospholipid bilayer phase 

transition temperature (>55.5°C) are generated, causing hyperfluorescence. The administra-

tion of unencapsulated CF was used to fluorescently label platelets in vivo. The development 

and breakdown of the thrombus is followed in time after the laser pulse, indicated in the  

upper right corner. Thrombo-embolic events prevailed up to 30 min after laser irradiation.
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1. SITE-SPECIFIC PHARMACO-LASER THERAPy

In Chapters 1 and 5 we proposed that the treatment efficacy of selective photothermolysis 

may be enhanced by site-specific pharmaco-laser therapy (SSPLT), a treatment modality that 

combines conventional laser therapy with the prior systemic administration of prothrombotic 

and/or antifibrinolytic pharmaceutical agents encapsulated in a drug delivery system (DDS). 

The underlying principles of SSPLT are derived from the fact that thrombosis constitutes 

an inherent component of endovascular laser-tissue interactions in incompletely coagulated 

vessels. With permanent hemostasis as the primary goal of selective photothermolysis, the 

hemodynamic response may be used as a means to occlude vascular lumens that have not 

been completely thermolysed during laser irradiation (60% of PWS patients). In this respect, 

manipulating hemostatic conditions by the administration of prothrombotic and/or antifibri-

nolytic pharmaceuticals may function as an adjuvant in complementing an inadequate endo-

vascular damage profile.

 In the ideal scenario, a combination of procoagulants and antifibrinolytics is adminis-

tered to enhance and sustain thrombus development and integrity. An important distinction 

in these classes of drugs is that the currently marketed procoagulants are primarily recom-

binant proteins, whereas the two major antifibrinolytics – tranexamic acid (TA) and aminoca-

proic acid – are low molecular weight synthetic compounds composed of a carbon backbone 

and an amino and a carboxylic acid group. This distinction is crucially relevant in assessing 

the qualifications of a drug in regard to its molecular complexity, shape and size, stability, 

as well as pharmacokinetics, inasmuch as these factors will have an impact on the physical, 

chemical, and physiological properties of the DDS. Due to the evident disadvantageous fea-

tures of proteins and possibilities to circumvent their use as procoagulants, the development 

of an antifibrinolytic DDS was preferred over its procoagulant counterpart. 

2. ANTIFIBRINOLyTIC-ENCAPSULATINg LIPOSOMAL DRUg DELIvERy SySTEM

The evident hazard of parentally administering prothrombotic and/or antifibrinolytic substanc-

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

system. Consequently, the pharmaceutical efficacy must be constrained to the laser-treated 

birthmark region only, insofar as regulation of naturally occurring hemostatic events is not 

compromised. A rudimentary DDS for SSPLT should therefore be characterized by: 1) stable 

physicochemical properties with minimal passive release rates of the encapsulated drug 

over time, 2) high encapsulation efficiency since enclosure of the drug will limit its bioavail-

ability, 3) targeting to the site of laser-induced damage, 4) efficacious drug release mecha-

nism, and 5) low immunogenicity. 

 In light of these criteria, the initial focus is on developing a liposomal DDS for the 

encapsulation of TA, an antifibrinolytic agent that is widely used in the clinical setting to 

deter peri- and postoperative blood loss in cardiac surgery [1,2] and other highly invasive 

procedures, including scoliosis corrections in children [3] and hip arthroplasties [4]. TA is also 

prescribed as a prophylactic for patients with hemophilia and von Willebrand disease [5], 
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as well as excessively mennorhagic women [6]. TA completely antagonizes the biological 

activity of plasmin(ogen) by occupying its lysine-binding sites [7]. Plasmin, which is gradu-

ally formed with the onset of blood coagulation, is responsible for cleaving cross-polymer-

ized fibrin strands that make up the reticular network of the clot (Fig. 1) [8]. The absence of 

Figure 1. Simplified schematic representation of the coagulation cascade (secondary hemostasis) and fibrinolysis. 
Upon endothelial damage and exposure of tissue factor, a cascade of conversions of zymogens (factors) to their active 
form (“a”) is initiated, culminating in the formation of thrombin, which in turn acts as an enzyme in the conversion 
of soluble fibrinogen to fibrin strands. Aggregated platelets at the lesional site (primary hemostasis) are tethered by 
cross-polymerized fibrin strands to constitute a thrombus, where the cross-linked fibrin strands provide the skeletal 
framework. The fibrinolytic pathway is initiated concomitantly with the onset of the coagulation cascade to propor-
tionally restrain thrombus growth to the extent of injury. The end-product of this pathway is plasmin, which solubilizes 
polymerized fibrin through proteolytic action, thereby degrading the thrombus. Prothrombotic drugs influence the 
coagulation cascade by augmenting thrombin production, whereas antifibrinolytic drugs, such as tranexamic acid 
(TA), inhibit plasmin(ogen) and inhibit thrombus dissolution. tPA: tissue plasminogen activator, PAI-1: plasminogen 
activator inhibitor-1, -2-AP: -2-antiplasmin, TAFI: thrombin-activatable fibrinolysis inhibitor. The bilayer segments 
represent cytoplasmic membranes of platelets and endothelial cells.
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fibrinolysis by the inhibitory effect of TA will therefore preserve clot integrity and promote 

clot stability during and after laser-induced thrombus formation, delaying gradual thrombus 

dissolution as a result of fibrinolysis and shear stress.

 The chemical simplicity of TA (a cyclohexane with a carboxylic acid and an aminometh-

yl attached at the 1 and 4 positions, respectively; MW =157.2), together with its hydrophilic 

properties, high solubility, pharmacological efficacy, and (off patent) FDA approval status 

make this molecule a suitable compound for encapsulation. For the purposes of SSPLT, lipo-

somes constitute the most advantageous carrier system due to their manipulatable attributes 

(Fig. 2) and their ability to encapsulate hydrophilic and lipophilic molecules at high efficien-

cies. In addition to the inherent non-toxicity of neutral phospholipids [9,10], liposomes can be 

modified compositionally to facilitate the unique prerequisites of the DDS. Enhancement of 

the in vivo circulation time can be accomplished by proper sizing [11] and by the conjugation 

of polyethylene glycol (PEG) to polar phospholipids, usually phosphatidylethanolamine [12-

15]. It has been proposed that the presence of a “dense conformational cloud” by the PEG 

polymers over the liposome surface [16], the repulsive interactions between PEG-grafted 

membranes and blood constituents [17], the hydrophylicity of PEGylated formulations [18], 

and the decreased rate of plasma protein adsorption on the hydrophilic surface of PEGylated 

liposomes [19] impose so-called ‘stealth’ properties through which rapid clearance by cells 

of the reticuloendothelial system is considerably forestalled [20]. Inclusion of PEG chains is 

also useful for designing long-circulating immunoliposomes capable of homing to the target 

site through the attachment of antibodies or Fab’ fragments to a chemically modified distal 

end of a liposome-grafted PEG chain [21-24]. Antibodies directed against platelet epitopes, 

including CD41 (glycoprotein IIb/IIIa) and CD62P (P-selectin), or antibodies against fibrin are 

suitable candidates for SSPLT.

Figure 2. Compositional versatility of liposomes. Left 
panel: Conventional liposomes are composed of neu-
tral phospholipids (primarily phosphatidylcholine) with 
encapsulated compounds in either the aqueous phase 
or embedded in the membrane (e.g., lipophilic drugs), 
or with molecules attached to the outer membrane sur-
face. Top panel: Anionic lipids such as phosphatidyl-
serine can be incorporated into the bilayer to facilitate 
uptake by cells. Charged moieties can also be attached 
to various polymers chemically linked to the lipid head 
group. Right panel: Stealth liposomes contain polyeth-
ylene glycol-grafted phospholipids to evade rapid uptake 
by leukocytes and to prevent aggregation through steric 
stabilization. Bottom panel: Immunoliposomes have 
antibodies, antibody fragments, or peptides attached to 
their surface to facilitate targeting to cells or tissues that 
specifically recognize the conjugated epitopes.
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3. THERMOSENSITIvE LIPOSOMES

An additional benefit of liposomal DDSs is that the drug release mechanism can be accom-

modative to the specific application and physiological context. For SSPLT, the active trig-

gering mechanisms can be engineered around thermosensitivity (membrane destabilization 

through kinetic energy) [25-27], photochemical modification of bilayer structure [28,29], or a 

combination thereof. In all cases, light can be used for the active triggering of drug release, 

either through kinetic energy (heat) or photochemistry (oxygen radicals, acyl chain confor-

mational modifications).

  Given the thermal nature of endovascular laser-tissue interactions, the triggering 

mechanism of the rudimentary antifibrinolytic DDS will be designed around thermosensi-

tivity. Contrary to photochemical triggering mechanisms, which require the co-encapsula-

tion of a photosensitizer, liposomal thermosensitivity is strictly derived from the selection of 

thermodynamically suitable phospholipids. Due to its neutral head group and clinically favor-

able gel (L) to liquid-crystalline (L) phase transition temperature (Tm = 41°C), dipalmitoyl 

phosphatidylcholine (DPPC) has been used as the basal phospholipid for in vivo DDSs, often 

blended with phospholipids with a variable acyl chain length of ±2 carbon atoms to ensure 

ideal mixing of phases and to extend the temperature shoulders of the Tm [30,31], and/or 

chain-matched lysoPC for speeding up release kinetics [26,27]. Hyperthermia has been em-

ployed in numerous liposomal formulations in vitro and in vivo [26,27,32-38] to initiate a 

thermotropic alteration in membrane permeability that will lead to a rapid, triggered release 

of the loaded molecules. 

 Two interrelated hypotheses have been formulated to account for the increased perme-

ability as a function of energy input. The first hypothesis is centered around the existence 

of grain boundaries (Fig. 3A) that arise in mixed systems of phospholipids coexisting in the 

relatively ordered L and relatively disordered L phases or in monolipidic and mixed systems 

undergoing main phase transitions [39-44]. Upon reaching Tm, “the gain in configurational 

entropy of the lipid chains” drives the chain-melting transition that chiefly results in rotational 

isomerisation (the transition from a trans to gauche conformation, Fig. 3B) and alterations in 

the ordering of water molecules (i.e., hydration state of the membrane) [43]. The former is a 

highly cooperative event given the anisotropic constraint imposed by the molecular organiza-

tion of the lipid matrix; kinks in one hydrocarbon tail will unequivocally affect the conforma-

tion of adjacent tails [42], hence the lateral propagation of the chain melting process from its 

origin at the grain boundaries (Fig. 2C, D). This, in turn, results in membrane surface-span-

ning molecular packing defects whereby polar and charged molecules can transgress the hy-

drophobic core through thermotropically-induced cavities. Secondly, increases in membrane 

permeability have been correlated to increases in lateral compressibility, i.e., the changes 

in the cross-sectional area of lipid chains (or volume per lipid molecule) near and at the Tm 

[43,45,46]. According to theoretical models [45,46], these critical density oscillations in the 

bilayer display a maximum at the Tm and lower the transmembrane free energy barrier to dif-

fusion of ions and supposedly lower molecular weight compounds such as doxorubicin and 

carboxyfluorescein – an effect that has been extrapolated (mathematically) to a temperature 

range from several °C below to several °C above Tm. The spacing between the polar head 
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groups in the near-critical state exposes the hydrocarbons to H2O, which, according to Evans 

and Waugh [47], coincides with the exposure of the hemispherical cavities that could thus 

act as permeability gateways.

 It should be emphasized that empirical findings clearly and unequivocally demonstrate 

membrane permeability at the Tm and in its transition shoulders. However, explications of 
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Figure 3.    A) Electron micrograph of grain boundaries in a gel phase lipid monolayer of distearoyl phosphatidylcho-
line coated onto a gas bubble. Recent evidence from electron micrograph images of dimyristoyl phosphatidylcholine 
(DMPC) liposomes [86] and giant vesicles [65] and atomic force microscopy (AFM) images of supported single DMPC 
bilayers [87] corroborate the existence of grain boundaries in monolipidic formulations. Courtesy of David Needham, 
used with permission. B) Diagram of a lipid bilayer leaflet of dipalmitoyl phosphatidylcholine in the gel phase (left mol-
ecule) transiting to the liquid-crystalline phase (right molecule). The figure is a superimposable representation at the 
molecular level of the thermogram/phase diagram in (C). The hydrocarbon chains of the gel phase phospholipid are in 
an all-trans state before phase transition. Following phase transition into the liquid crystalline phase, the hydrocarbon 
chains exhibit considerable rotameric disorder that is characteristic of linear alkyl chains at T>Tm. The thinning of the 
membrane is shown by I = Ib – Ia and the molecular areas Aa (gel phase) and Ab (liquid crystalline phase) are indicated. 
The horizontal solid line marks the midplane of the bilayer. Partially adapted from [80]. C) The gel to liquid crystalline 
phase transition for a lipid bilayer. The maximum in several physical properties and characteristics, such as (all on y-
axis) specific heat, membrane permeability, and interphase boundary (between the melted liquid phase and still solid 
gel phase) are all at a maximum at Tm, and define Tm. The pre-melting and the post-melting at the grain boundaries, 
corresponding to respectively the low temperature and high temperature shoulder, could in principal provide signifi-
cant membrane permeability for the release of entrapped molecules. Partially adapted from [65]. D) AFM images (3x3 
µm) of the main phase transition of a DMPC supported single bilayer. Differential phase transition kinetics arise at the 
substrate (mica)-lipid interface and the lipid-solution interface due to the non-equivalent (thermal) environment of the 
membrane leaflets, characterized by differences in lipid densities [87]. The darkest areas are cavities in the bilayer. 
The sample was continuously heated under the AFM tip at a rate of 0.1°C·min-1. Phase transition invokes the lateral 
expansion of the higher order entropic phase, as depicted in (C). Courtesy of Anne Charrier, used with permission.
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the exact mechanisms underlying membrane permeability remain partially elusive inasmuch 

as they have been based on model assumptions of primarily isolated systems where certain 

input variables have often been omitted, albeit in some cases supplemented with (structural) 

information obtained from NMR, X-ray diffraction, electron spin resonance spectroscopy, 

differential scanning calorimetry, or atomic force microscopy data [40-49, and references 

therein]. 

1. 0605 Michal_Heger.indd   133 05-06-2009   11:54:24



��� Chapter � - Lasers and Liposomes

REFERENCES
 1. J.H. Levy, “Pharmacologic preservation of the hemostatic system during cardiac surgery,” Ann. Thorac. Surg.  
  2001, 72, S1814-20.
 2. J. Karski, G. Djaiani, J. Carroll, M. Iwanochko, P. Seneviratne, P. Liu, W. Kucharczyk, L. Fedorko, T. David,  
  D. Cheng, “Tranexamic acid and early saphenous vein graft patency in conventional coronary artery bypass graft  
  surgery: a prospective randomized controlled clinical trial,” J. Thorac. Cardiovasc. Surg. 2005, 130, 309-14.
 3. N.F. Sethna, D. Zurakowski, R.M. Brustowicz, J. Bacsik, L.J. Sullivan, F. Shapiro, “Tranexamic acid reduces intra- 
  operative blood loss in pediatric patients undergoing scoliosis surgery,” Anesthesiology. 2005, 102, 727-32.
 4. S. Yamasaki, K. Masuhara, T. Fuji, “Tranexamic acid reduces postoperative blood loss in cementless total hip  
  arthroplasty,” J. Bone Joint Surg. Am. 2005, 87, 766-70.
 5. P.M. Mannucci, “Treatment of von Willebrand’s disease,” N. Engl. J. Med. 2004, 351, 683-94.
 6. A. Prentice, “Fortnightly review. Medical management of menorrhagia,” BMJ. 1999, 319, 1343-5.
 7. A. Takada, Y. Takada, “Inhibition by tranexamic acid of the conversion of single-chain tissue plasminogen  
  activator to its two chain form by plasmin: the presence on tissue plasminogen activator of a site to bind with  
  lysine binding sites of plasmin,” Thromb. Res. 1989, 55, 717-25.
 8. J.J. Oliver, D.J. Webb, D.E. Newby, “Stimulated tissue plasminogen activator release as a marker of endothelial  
  function in humans,” Arterioscler. Thromb. Vasc. Biol. 2005, 25, 2470-9.
 9. P.I. Campbell, “Toxicity of some charged lipids used in liposome preparations,” Cytobios. 1983, 37, 21-6  
  (abstract).
 10. E. Mayhew, M. Ito, R. Lazo, “Toxicity of non-drug containing liposomes for cultured human cells,” Exp. Cell Res.  
  1987, 171, 195-202.
 11. V.D Awasthi, D. Garcia, B.A. Goins, W.T. Phillips, “Circulation and biodistribution profiles of long-circulating  
  PEG-liposomes of various sizes in rabbits,” Int. J. Pharm. 2003, 253, 121-32.
 12. A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang, “Amphipathic polyethyleneglycols effectively prolong the  
  circulation time of liposomes,” FEBS Lett. 1990, 268, 235-7.
 13. J. Senior, C. Delgado, D. Fisher, C. Tilcock, G. Gregoriadis, “Influence of surface hydrophilicity of liposomes on  
  their interaction with plasma protein and clearance from the circulation: studies with poly(ethylene glycol)-coated  
  vesicles,” Biochim. Biophys. Acta. 1991, 1062, 77-82.
 14. T.M. Allen, C. Hansen, F. Martin, C. Redemann, Y.A. Young, “Liposomes containing synthetic lipid derivatives of  
  poly(ethylene glycol) show prolonged circulation half-lives in vivo,” Biochim. Biophys. Acta. 1991, 1066, 29-36.
 15. D. Papahadjopoulos, T.M. Allen, A. Gabizon, E. Mayhew, K. Matthay, S.K. Huang, K.D. Lee, M.C. Woodle,  
  D.D. Lasic, C. Redemann, F.J. Martin, “Sterically stabilized liposomes: improvements in pharmacokinetics and  
  antitumor therapeutic efficacy,” Proc. Natl. Acad. Sci. USA 1991, 88, 11460-4.
 16. V.P. Torchilin, V.G. Omelyanenko, M.A. Papisov, A.A. Bogdanov Jr., V.S. Trubetskoy, J.N. Herron, C.A. Gentry,  
  “Poly(ethylene glycol) on the liposome surface: on the mechanism of polymer-coated liposome longevity,”  
  Biochim. Biophys. Acta 1994, 1195, 11-20.
 17. D. Needham, T.J. McIntosh, D.D. Lasic, “Repulsive interactions and mechanical stability of polymer-grafted lipid  
  membranes,” Biochim. Biophys. Acta 1992, 1108, 40-8.
 18. A. Gabizon, D. Papahadjopoulos, “The role of surface charge and hydrophilic groups on liposome clearance in  
  vivo,” Biochim. Biophys. Acta 1992, 1103, 94-100.
 19. D.D. Lasic, F.G. Martin, A. Gabizon, S.K. Huang, D. Papahadjopoulos, “Sterically stabilized liposomes: a hypoth- 
  esis on the molecular origin of the extended circulation times,” Biochim. Biophys. Acta 1991, 1070, 187-92.
 20. J.A. Harding, C.M. Engbers, M.S. Newman, N.I. Goldstein, S. Zalipsky, “Immunogenicity and pharmacokinetic  
  attributes of poly(ethylene glycol)-grafted immunoliposomes, Biochim. Biophys. Acta 1997, 1327, 181-92.
 21. V.P. Torchilin, A.L. Klibanov, L. Huang, S. O’Donnell, N.D. Nossiff, B.A. Khaw, “Targeted accumulation of  
  polyethylene glycol-coated immunoliposomes in infracted rabbit myocardium,” FASEB J. 1992, 6, 2716-9.
 22. V.P. Torchilin, J. Narula, E. Halpern, B.A. Khaw, “Poly(ethyleneglycol)-coated anti-cardiac myosin immunolipo- 
  somes: factors influencing targeted accumulation in the infarcted myocardium,” Biochim. Biophys. Acta 1996,  
  1279, 75-83.
 23. C.B. Hansen, G.Y. Kao, E.H. Moase, S. Zalipsky, T.M. Allen, “Attachment of antibodies to sterically stabilized  
  liposomes: evaluation, comparison and optimization of coupling procedures,” Biochim. Biophys. Acta 1995,  
  1239, 133-44.
 24. S. Shahinian, J.R. Silvius, “A novel strategy affords high-yield coupling of antibody Fab’ fragments to liposomes,”  
  Biochim. Biophys. Acta 1995, 1239, 157-67.
 25. G. Kono, M.W. Dewhirst, “Hyperthermia and liposomes,” Int. J. Hyperthermia 1995, 15, 345-370.

1. 0605 Michal_Heger.indd   134 05-06-2009   11:54:24



���

 
26. G.R. Anyarambhatla, D. Needham, “Enhancement of the phase transition permeability of DPPC liposomes by  
  incorporation of MPPC: a new temperature-sensitive liposome for use with mild hyperthermia,” J. Liposome  
  Res. 1999, 9, 491-506.
 27. D. Needham, M.W. Dewhirst, “The development and testing of a new temperature-sensitive drug delivery  
  system for the treatment of solid tumors,” Adv. Drug Deliv. Rev. 2001, 53, 285-305.
 28. O.V. Gerasimov, J.A. Boomer, M.M. Qualls, D.H. Thompson, “Cytosolic drug delivery using pH- and light- 
  sensitive liposomes,” Adv. Drug. Deliv. Rev. 1999, 38, 317-338.
 29. P. Shum, J.M. Kim, D.H. Thompson, “Phototriggering of liposomal drug delivery systems,” Adv. Drug. Deliv. Rev.  
  2001, 53, 273-284.
 30. S. Mabrey, J.M. Sturtevant, “Investigation of phase transitions of lipids and lipid mixtures by sensitive differential  
  scanning calorimetry,” Proc. Natl. Acad. Sci. USA 1976, 73, 3862-6.
 31. D. Chapman, J. Urbina, “Biomembrane phase transitions. Studies of lipid-water systems using differential  
  scanning calorimetry,” J. Biol. Chem. 1974, 249, 2512-21.
 32. M.H. Gaber, K. Hong, S.K. Huang, D. Papahadjopoulos, “Thermosensitive sterically stabilized liposomes:  
  formulation and in vitro studies on mechanism of DXR release by bovine serum and human plasma,” Pharm. Res.  
  1995, 12, 1407-16.
 33. J.B. Bassett, R.U. Anderson, J.R. Tacker, “Use of temperature-sensitive liposomes in the selective delivery of  
  methotrexate and cis-platinum analogues to murine bladder tumor,” J. Urol. 1986, 135, 612-5.
 34. K. Maruyama, S. Unezaki, N. Takahashi, M. Iwatsuru, “Enhanced delivery of doxorubicin to tumor by long- 
  circulating thermosensitive liposomes and local hyperthermia,” Biochim. Biophys. Acta 1993, 1149, 209-16.
 35. J.L. Merlin, “In vitro evaluation of the association of thermosensitive liposome-encapsulated doxorubicin with  
  hyperthermia,” Eur. J. Cancer 1991, 27, 1031-4.
 36. J.N. Weinstein, R.L. Magin, R.L. Cysyk, D.S. Zaharko, “Treatment of solid L1210 murine tumors with local  
  hyperthermia and temperature-sensitive liposomes containing methotrexate,” Cancer Res. 1980, 40, 1388-95.
 37. M.H. Gaber, N.Z. Wu, K. Hong, S.K. Huang, M.W. Dewhirst, D. Papahadjopoulos, “Thermosensitive liposomes:  
  extravasation and release of content in tumor microvascular networks,” Int. J. Radiat. Oncol. Biol. Phys. 1996,  
  36, 1177-87.
 38. G. Kong, M.W. Dewhirst, “Hyperthermia and liposomes,” Int. J. Hyperthermia 1999, 15, 345-70.
 39. D. Papahadjopoulos, K. Jacobson, S. Nir, T. Isac, “Phase transitions in phospholipid vesicles. Fluorescence  
  polarization and permeability measurements concerning the effect of temperature and cholesterol,” Biochim.  
  Biophys. Acta 1973, 311, 330-48.
 40. D. Marsh, A. Watts, P.F. Knowles, “Evidence for phase boundary lipid. Permeability of Tempo-choline into  
  dimyristoylphosphatidylcholine vesicles at the phase transition,” Biochemistry 1976, 15, 3570-8.
 41. D. Marsh, A. Watts, P.F. Knowles, “Cooperativity of the phase transition in single- and multibilayer lipid vesicles,”  
  Biochim. Biophys. Acta 1977, 465, 500-14.
 42. J.F. Nagle, “Theory of the main lipid bilayer phase transition,” Ann. Rev. Phys. Chem. 1980, 31, 157-95.
 43. D. Marsh, “General features of phospholipid phase transitions,” Chem. Phys. Lipids 1991, 57, 109-120.
 44. O.G. Mouritsen, K. Jorgensen, “Dynamical order and disorder in lipid bilayers,” Chem. Phys. Lipids 1994,  
  73, 3-25.
 45. J.F. Nagle, H.L. Scott, “Lateral compressibility of lipid mono- and bilayers. Theory of membrane permeability,”  
  Biochim. Biophys. Acta 1978, 513, 236-43.
 46. S. Doniach, “Thermodynamic fluctuations in phospholipid bilayers,” J. Chem. Phys. 1978, 68, 4912-16.
 47. E.A. Evans, R. Waugh, “Mechano-chemistry of closed, vesicular membrane systems,” J. Colloid Interface Sci.  
  1977, 60, 286-98.
 48. D. Ruppel, E. Sackmann, “On defects in different phases of two-dimensional lipid bilayers,” J. Phys. 1983, 44,  
  1025-34.
 49. A. Charrier, F. Thibaudau, “Main phase transitions in supported lipid single-bilayer,” Biophys. J. 2005, 89,  
  1094-1101.

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   135 05-06-2009   11:54:25



���

 

1. 0605 Michal_Heger.indd   136 05-06-2009   11:54:25



���

 

MICHAL HEGER
IRENE HAMELERS
JOHAN F. BEEk
THOMAS M. VAN GULIk
BERNARD CHOI
ANTON I.P.M. DE kROON

���Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   137 05-06-2009   11:54:25



���

 

1. 0605 Michal_Heger.indd   138 05-06-2009   11:54:25



���

 

ABSTRACT

Site-specific pharmaco-laser therapy (SSPLT) is a developmental 

stage treatment modality designed to non-invasively remove 

superficial vascular pathologies such as port wine stains (PWS) 

by combining conventional laser therapy with the prior adminis-

tration of a prothrombotic and/or antifibrinolytic pharmaceutical-

containing drug delivery system. For the antifibrinolytic SSPLT 

component, six different PEGylated thermosensitive liposomal 

formulations encapsulating tranexamic acid (TA), a potent 

antifibrinolytic lysine analogue, 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 SSPLT. 

The prime formulation, DPPC:DSPE-PEG2000 (96:4 molar 

ratio), had a drug:lipid ratio of 0.82, an encapsulation efficiency 

of 1.29%, a diameter of 155nm, a CTA of 214mM. The peak 

TA release from this formulation (Tm=42.3°C) comprised 96% 

within 2.5min, whereas this was 94% in 2min 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 40cm2, compared 

to a three-fold greater quantity of DPPC:MPPC:DSPE-PEG2000 

(86:10:4) liposomes, indicating that, in light of the assayed pa-

rameters and endovascular laser-tissue interactions, the former 

formulation is most suitable for antifibrinolytic SSPLT.

Keywords: 
Liposomes, fibrinolysis, fluorescamine derivatization, heat-in-

duced release, drug delivery system, port wine stains
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1. INTRODUCTION

Site-specific pharmaco-laser therapy (SSPLT) is a development-stage treatment modality 

designed to target cutaneous vascular pathologies (e.g., port wine stains) by combining 

non-invasive laser irradiation with the concomitant systemic administration of prothrombotic 

and/or antifibrinolytic agents encapsulated in a drug carrier [1]. The intended clinical effect 

of SSPLT – the removal of aberrant dermal blood vessels – emanates from two principal 

components of endovascular laser-tissue interactions: the photothermal response and the 

hemodynamic response. The photothermal response (Fig. 1A-C) entails the conversion of 

radiant energy to heat by (oxy)hemoglobin and subsequent formation of a thermal coagulum 

(an amorphous clump of denatured blood) and thermal necrosis of vascular tissue as a result 

of heat diffusion [2,3]. The hemodynamic response (Fig. 1D-I) refers to the initiation of pri-

mary and secondary hemostasis in consequence to the photothermal response, culminating 

in the formation of a thrombus [4]. Both responses can lead to prolonged cessation of blood 

flow in case of complete laser-induced occlusion of the vascular lumen (either by a thermal 

coagulum, a thrombus, or both), triggering chronic inflammatory processes during which the 

affected vasculature is removed [1]. Unfortunately, in many instances the targeted vascular 

structures are only partially occluded following laser irradiation [5,6], which has been corre-

lated to suboptimal clinical outcomes [7,8]. SSPLT was therefore introduced to compensate 

for the incomplete photocoagulation of blood vessels by means of systematically amplify-

ing the hemodynamic response, thereby instilling complete occlusion of the vascular lumen 

through drug-mediated hyperthrombosis (Fig. 1J-M).

 Previously we proposed that tranexamic acid (TA), an antifibrinolytic agent that is wide-

ly used in the clinical setting to deter blood loss [9-11] through its antagonistic effect on 

plasmin(ogen) [12,13], is a drug candidate for the antifibrinolytic component of SSPLT [14]. 

The chemical simplicity and small size of TA (MW = 157.2) together with its hydrophilicity 

and high solubility at physiological pH make this molecule suitable for encapsulation into 

thermosensitive liposomes. Liposomal formulations that make use of thermosensitivity as 

a drug release mechanism have been widely studied in relation to oncological applications 

[15-17]. In addition to the “traditional” thermosensitive liposomes composed of diacyl phos-

phatidylcholines, lysolecithin-containing thermosensitive liposomes have been found to en-

hance the release kinetics of compounds such as doxorubicin and calcein [15]. Both classes 

of liposomes may therefore be suitable for SSPLT given the thermal nature of endovascular 

laser-tissue interactions. 

 Consequently, six TA-encapsulating liposomal formulations with 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) as the main component phospholipid were evaluated for 

their potential applicability in SSPLT. First, an analytical method based on primary amine 

derivatization with fluorescamine was developed to quantify liposomal encapsulation of TA. 

Next, TA-encapsulating DPPC liposomes with increasing concentrations 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-polyethylene glycol (DSPE-PEG) and lysoPC (1-palmitoyl-

2-hydroxy-sn-glycero-3-phosphocholine, MPPC) were analyzed for drug:lipid ratio, size, en-

capsulation efficiency, trapped volume, endovesicular TA concentration, and phase transition 

temperature (Tm). Finally, an offline drug quantification method was devised to determine the 
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percentage of heat-induced TA release from thermosensitive liposomes, based on which 

liposomal TA dosages were interpolated for each formulation to the in vivo situation.

2. MATERIALS AND METHODS

2.1 Materials
DPPC and MPPC were obtained from Avanti Polar Lipids (Alabaster, AL). DSPE-PEG (aver-

age PEG molecular mass of 2,000 amu), fluorescamine (4-phenylspiro-[furan-2(3H),1-phtha-

Chapter � - Lasers and Liposomes

Figure 1. Endovascular laser-tissue interactions and the principles of site-specific pharmaco-laser therapy (SSPLT). 
The first component of endovascular laser-tissue interactions is the photothermal response (A-C), where laser ir-
radiation of a blood vessel ((A), arrow indicates direction of blood flow) with a wavelength predominantly absorbed 
by hemoglobin results in the formation of a thermal coagulum (C). The photothermal response triggers the hemody-
namic response (D-I), characterized by platelet aggregation and initiation of the coagulation cascade that culminates 
in the formation of a thrombus (fluorescently labeled) around the thermal coagulum ((E), arrow). The video sequences 
were recorded in hamster dorsal skin fold venules. Thermal coagula were induced as described in (ref. 3) and thrombi 
were stained with carboxyfluorescein for visualization by intravital fluorescence microscopy. The elapsed time (min:
sec) after the laser pulse is indicated in the lower left corner. The principles of SSPLT (j-M) are predicated on both 
components of endovascular laser-tissue interactions ((J), thermal coagulum and (K), thrombus), whereby the hemo-
dynamic response is systematically amplified by the infusion of a prothrombotic and/or antifibrinolytic agent-contain-
ing drug delivery vehicle such as thermosensitive liposomes (K) to instill complete occlusion of the target vessel (M) 
and subsequent removal of the vessel by the reticuloendothelial system (ref 1). The liposomes can be targeted to the 
thrombus by liposome-conjugated antibodies directed against epitopes on activated platelets (e.g., CD41, CD62P) 
or fibrin (K). Following liposome accumulation, drug release can be induced by local heating, e.g., by a second near-
infrared laser pulse ((L), lambda). The arrows in (J) and (M) indicate blood flow; the cross out sign in (M) designates 
cessation of blood flow. Data presented in panels A-I were taken from [4] and M. Heger et al., “Thrombosis as an 
integral component of endovascular laser-tissue interactions: the fundamental premise for site-specific pharmaco-
laser therapy,” manuscript in preparation.

1. 0605 Michal_Heger.indd   141 05-06-2009   11:54:27



���

lan]-3,3’-dione), and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) sodium salt 

were acquired from Sigma Aldrich (St. Louis, MO). TA (4-(aminomethyl)cyclohexane-1-car-

boxylic acid) was purchased from Fluka (Buchs, Switzerland). All other chemicals used were 

analytical grade.

 All concentrations listed throughout this manuscript refer to final concentrations unless 

indicated otherwise.

2.2 Liposome preparation and characterization
Large unilamellar vesicles prepared by extrusion technique (LUVETs) were prepared in the 

following compositions: DPPC, DPPC:DSPE-PEG (98:2, 96:4, and 94:6 molar ratios), DPPC:

MPPC (90:10), and DPPC:MPPC:DSPE-PEG2000 (84:10:6 and 86:10:4). Phospholipids were 

dissolved in chloroform and mixed at the desired ratios. The solution was desiccated by 

evaporation under a stream of N2 gas and exsiccated for 20 min in a vacuum exsiccator at 

room temperature (RT). The resulting lipid film was hydrated with 318 mM TA in 10 mM 

HEPES buffer (pH = 7.4, osmolarity = 0.302 osmol·kg-1) (Osmomat 030 cryoscopic osmom-

eter, Gonotec, Berlin, Germany) to a lipid concentration of 5 mM and bath sonicated for 10 

min. The mixture was subjected to 10 freeze-thaw cycles and extruded 5 times through 0.2-

µm Anopore aluminum oxide filters (Anotop, Whatman, Brentford, UK) at 55°C. The formula-

tions were stored in the dark at 4°C until further use.

 Unencapsulated TA was removed from the LUVET suspensions by size exclusion chro-

matography during 4-min centrifugation at 100 ×g and 4°C in a 2-mL syringe, containing a 

gel volume of 2.2-2.5 mL (Sephadex G-50 fine, GE Healthcare, Chalfont St. Giles, UK), and 

using a loading volume of 200 µL. The equilibration buffer, and thus the storage buffer for 

the LUVETs, consisted of 10 mM HEPES, 0.88% (w/v) NaCl, pH = 7.4, with an osmolarity of 

0.291 osmol·kg-1. As an internal control for the gel filtration efficiency, 200 mL of 318 mM TA 

in 10 mM HEPES buffer (pH = 7.4, osmolarity = 0.302 osmol·kg-1) was loaded onto Sephadex 

G50 columns (n = 2 per experiment) and the eluent was assayed for TA content as described 

below. The mean±SD TA concentration in the eluent of control columns was 7.5±0.1% of the 

loaded liposomal TA concentration (n = 30). 

 For the heat-induced TA release experiments (section 2.5), the eluent from the first 

chromatography step was subjected to a second size exclusion chromatography step to 

ensure complete removal of unencapsulated TA.

 Phospholipid concentrations were determined by the phosphorous assay according to 

Rouser et al. [18], and encapsulated TA was quantitated spectrofluorometrically as described 

in the next section. LUVET size and polydispersity were measured by photon correlation 

spectroscopy (PCS) at a 90° angle using unimodal analysis (Zetasizer 3000, Malvern Instru-

ments, Malvern, UK) after dilution with equilibration buffer. LUVET phase transition tempera-

tures were measured by differential scanning calorimetry (DSC, MicroCal, Northampton, 

MA) after dilution of LUVETs with equilibration buffer to a 3 mM final lipid concentration. 

Equilibration buffer was used as reference. 

2.3 Spectrofluorometric quantification of tranexamic acid
For the spectrofluorometric determination of liposomal TA concentration, the LUVETs were 
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gel filtered as described in the previous section and diluted 500× with equilibration buffer. 

500 µL of the LUVET solution was mixed with 250 µL of 5% TX100 (1% final concentration) 

and 500 µL of 1.08 mM fluorescamine in acetone (432 µM final concentration) [19]. Follow-

ing 30 min incubation at 37°C, the samples were assayed spectrofluorometrically at ex = 

391±5 nm and em = 483±5 nm (SPF 500C, American Instrument Company, Silver Springs, 

MD). Reference standards in the 0-4 µM TA concentration range were included in each 

separate experiment. Liposomal TA concentrations were derived by solving the regression 

equation of the reference curve for the respective fluorescence emission intensities. This 

protocol was used throughout the remainder of the work to determine TA:lipid ratios and to 

quantify heat-induced TA release.

 The spectroscopic analysis of fluorescamine-derivatized TA as well as the effect of 

TX100 on the derivatization reaction are described in the appendix.

2.4 Calculation drug:lipid ratio, encapsulation efficiency, trapped volume, and 
endovesicular tranexamic acid concentration
Drug:lipid ratios were calculated by dividing the TA concentration as determined by the fluor-

escamine assay (corrected for the gel filtration efficiency) by the phospholipid concentration 

as determined by the Rouser assay.

 The encapsulation efficiency, Eeff, was computed by dividing the liposomal TA:lipid 

molar ratio by the initial TA:lipid molar ratio (318 mM TA per 5 mM phospholipid, i.e., 63.6) 

and expressed as a percentage.

 The trapped volume (Vt, L·mole-1 lipid) was computed with the equation (Eq.) obtained 

from [20]:

Vt = (500/3)(A)(N)(rv)   (Eq. 1)

where A is the area of the membrane occupied by one lipid, N is the Avogadro constant 

(6.022×1023 mol-1), and rv the radius of the vesicle (based on PCS). The areas per phospho-

lipid molecule were obtained from literature: 49.4 Å2 for DPPC [21], 50.0 Å2 for DSPE-PEG 

[22], and 48.0 Å2 for MPPC [23]. For phospholipid mixtures, the areas were weighed aver-

ages indexed for the molar ratio of each lipid component: 

Aweighed = [(ADPPC)(mol%DPPC)+(ADSPE-PEG)(mol%DSPE-PEG)+(AMPPC)

(mol%MPPC)]/100%   (Eq. 2)

The Aweighed was 49.4 Å2 for all MPPC-lacking formulations and 49.3 Å2 for the MPPC-con-

taining formulations.

 The Vt per vesicle (eVt, expressed in L/vesicle) was derived by extrapolating the quanti-

ty of phospholipid molecules per vesicle. The quantity of phospholipid molecules per vesicle 

was defined as the cumulative number of lipids in the outer (lom) and inner membrane leaflet 

(lim), based on the Aweighed, the measured vesicle size with radius rv, a bilayer thickness of 3.93 

nm [24], and a spherical morphology (where area sphere = 4r2):
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lom = 4rv
2/Aweighed   (Eq. 3)

lim = 4(rv-3.93)2/Aweighed   (Eq. 4)

The eVt was calculated by:

eVt = [(lom+lim)Vt]/N   (Eq. 5)

 The quantity of TA molecules per vesicle (QTA) was obtained by multiplying (lom+lim) 

by the TA:lipid ratio. Subsequently, the endovesicular TA concentration (CTA) was computed 

from the amount of TA molecules per vesicle for a given eVt:

CTA = (QTA/N)(1/eVt)   (Eq. 6)

2.5 Heat-induced tranexamic acid release
Active drug release from TA-encapsulating DPPC:DSPE-PEG (96:4) and DPPC:MPPC:DSPE-

PEG (86:10:4) LUVETs was quantified following heat exposure near the maximum Tm and 

4°C below the Tm by a method modified from [14]. 

 Prior to heat treatment the gel filtered LUVET suspensions were diluted 10× with equil-

ibration buffer that had been kept at 4°C. 20 µL of the gel filtered LUVET suspension was 

diluted 50-fold (n = 3 per experiment) and assayed spectrofluorometrically for total vesicular 

TA concentration (final dilution factor of 1250). The mean total vesicular TA concentration 

was used to calculate the percentage of released TA molecules.

 Following 5 min equilibration at 4°C, 160 µL of the LUVETs was suspended in 0.2 mL 

ultra-thin PCR tubes (Thermowell Gold, Corning, New York, NY) and incubated at 4°C for 

10 min before thermally-induced drug release, which was carried out in a thermal cycler 

(Biozym, Oldendorf, Germany). Samples were heated for a predefined period, after which 

they were immediately submersed in an ice bath. The entire volume was then transferred 

to 0.5 mL polycarbonate ultracentrifuge tubes and centrifuged (Optima TLX Ultracentrifuge, 

Beckman-Coulter, Fullerton, CA) at 355,000 ×g for 60 min at 4°C to pellet the LUVETs. 50 

µL of the supernatant was carefully aspirated and the released TA in the supernatant was 

quantitated spectrofluorometrically following 50-fold dilution with equilibration buffer (final 

dilution factor of 1250). Phospholipid analysis of the supernatant showed that at least 99.9% 

of the phospholipids was pelleted. Four untreated 160-µL LUVET samples were included in 

the ultracentrifugation step to serve as negative control. These samples were processed in 

the same manner as the heat-treated samples to determine ultracentrifugation-induced TA 

leakage.

 TA release was calculated by dividing the mean TA concentration in the supernatant 

of heat-treated samples by the mean total TA concentration in the LUVETs. TA concentra-

tions were corrected for the mean TA content in the supernatant of the ultracentrifugation 

control samples. The mean±SD TA concentration in the supernatant of the centrifuge con-

trol samples of DPPC:DSPE-PEG (96:4) and DPPC:MPPC:DSPE-PEG (86:10:4) LUVETs was 
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2.4±5.1% (n = 48) and 7.1±11.1% (n = 56) of the total vesicular TA concentration, respec-

tively.

2.6 Interpolation of liposomal tranexamic acid posology for the in vivo situation
In anticipation of in vivo proof-of-concept studies with the TA-encapsulating LUVETs, the 

minimum number of LUVETs and corresponding lipid concentrations that are required for a 

systemic TA concentration of 1.9 mM were computed for a 500-µm long vessel segment of 

port wine stain-typical diameters (30-200 µm [25]). The following assumptions were incor-

porated into the model calculations: approximately 7% of an individual’s body weight (BW) 

is attributable to blood; blood has a specific gravity of 1.060 kg·L-1 (vs. 1.000 kg·L-1 for water); 

55% of whole blood volume is plasma volume, of which 92% is water volume; and the target 

TA concentration ([TA]) is 10 mg·kg-1 body weight [26], corresponding to a final concentration 

of 1.9 mM. The number of minimally required LUVETs (Lm) for a vessel segment of length 

l and radius r, a given percentage of TA release (RTA), and the quantity of TA molecules per 

vesicle (QTA) can subsequently be derived by the following equation:

Lm = (r2l)[TA](N)(RTA)/QTA   (Eq. 7)

where the corresponding lipid concentration (Clip) is calculated on the basis of the number of 

lipids in the outer and inner membrane (lom+lim) of a vesicle:

Clip = (Lm(lom+lim)/N)/(r2l)   (Eq. 8)

Since Lm and Clip can be calculated for a given blood volume (r2l), the approximations can be 

extended to actual port wine stains if the total amount of blood per dermal volume is known. 

Consequently, the dermal blood volume of a typical port wine stain was calculated on the 

basis of a 3D histological reconstruction of a port wine stain biopsy [27], from which the 

number of minimally required LUVETs for a port wine stain, LPWS, was subsequently derived 

as a function of port wine stain surface area. The histological reconstruction and related cal-

culations are described in detail in the appendix.

2.7 Statistical analysis
Statistical analysis (means, standard deviations, linear regression analysis, Pearson’s cor-

relation analysis, and independent two-tailed homo- and heteroscedastic Student’s t-tests) 

were performed with Statistical Package for Social Sciences (SSPS, Chicago, IL). The type 

of t-test used was predicated on Levene’s test of equal variances. A p-value of < 0.05, des-

ignated by (*), was considered statistically significant. A p-value of < 0.01 is designated by 

(**) and not significant results by “N.S.”
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3. RESULTS

3.1 Spectrofluorometric quantification of fluorescamine-derivatized tranexamic acid 
An assay based on primary amine derivatization with fluorescamine was developed for the 

quantification of liposomal TA in detergent-treated buffered solutions. Fluorescamine, which 

is non-fluorescent in native state, reacts readily and rapidly (t1/2 = 0.1-0.5 s) with primary 

amines in a 1:1 stoichiometric ratio to yield highly fluorescent moieties (Fig. 2A) that can be 

quantified in the picomolar range. Non-reacted fluorescamine is hydrolyzed (t1/2 = 5-10 s) to 

form non-fluorescent reaction products [19].

The formation of the fluorophore in the presence of TA was determined spectroscopically 

inasmuch as changes in chromophore structure are often associated with alterations in ab-

sorption and fluorescence properties. As shown in Fig. 2B, a shift in the absorption maxi-

mum (Abs) from 265 nm (non-reacted fluorescamine) to 391 nm (TA-reacted fluorescamine) 

and the appearance of a fluorescence emission peak (S) at 483 nm for the TA-fluorescamine 

reaction products corroborated the formation of the fluorophore.

 Addition of 1% TX100 to the TA-fluorescamine reaction mixture slightly increased the 

amplitude of the fluorescence emission curve (range = 415-675 nm) but did not affect the 

peak position ( = 483 nm) or the linearity of the TA concentration-fluorescence emission 

intensity relationship (not shown). Incubation of TA and fluorescamine with TX100 for 24 h 

at RT, 4°C, and -20°C slightly affected the slope of the curve but not the linearity (Fig. 2C). 

Moreover, 24-h incubation at any temperature yielded higher fluorescence emission intensi-

ties relative to 30 min incubation, indicating that the reaction products remain stable for at 

least one day regardless of storage temperature. Although 24-h incubation at RT constituted 

the optimal reaction condition as evidenced by the relatively steep slope coefficient, linear 

regression analysis evinced that the other reaction conditions are equally suitable for the 

determination of TA concentration in detergent-treated buffered solutions (R2 > 0.9926).
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Figure 2. A) Fluorescamine reacts with compounds containing a primary amino group, such as tranexamic acid, to 
form fluorescent pyrrolinone-type moieties. Unreacted fluorescamine is hydrolyzed to form non-fluorescent reaction 
products. B) Normalized (to maximum) absorbance and emission spectra of unreacted fluorescamine (Fsc Abs and 
Fsc Em, respectively) and fluorescamine reacted with tranexamic acid (Fsc-TA Abs and Fsc-TA Em, respectively). The 
relative intensities between Fsc Em and Fcs-TA Em were maintained to show the lack of fluorescence of the former. 
C) Tranexamic acid (TA) was derivatized with fluorescamine in the presence of 1% Triton-X 100 and incubated for 30 
min at RT (Ctrl) or for 24 h at RT, 4°C, or -20°C. The emission intensity [arbitrary units] is plotted vs. TA concentration 
within the TA calibration range as used in all experiments.
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3.2 Drug:lipid ratios, vesicle sizes, and polydispersities
TA was encapsulated in LUVETs composed of DPPC (control), DPPC with increasing con-

centrations DSPE-PEG (2, 4, and 6 mol%), DPPC containing 10 mol% MPPC, and DPPC con-

taining 6 mol% DSPE-PEG and 10 mol% MPPC. MPPC was incorporated into conventional 

thermosensitive formulations due to its ability to speed up release kinetics during phase 

transition [28]. The formulations were assayed for TA:lipid ratio, vesicle size, and the extent 

of size homogeneity (polydispersity).

 The post-gel filtration TA:lipid ratios were 0.53-1.40% of the pre-gel filtration TA:lipid 

ratios, which is ascribable to the reduced TA-containing volume in the eluent (namely in the 

LUVETs only). Drug:lipid ratios can be used to deduce other outcome parameters (e.g., CTA, 

Lm, and Clip) in addition to providing insightful information when multiple formulations pre-

pared in the same manner are juxtaposed. Notwithstanding the finding that the addition of 

PEG-conjugated DSPE at 2 and 4 mol% raised the TA:lipid ratio to respectively 0.89 (**) and 

0.82 (*) vs. control (TA:lipid ratio of 0.63), increasing concentrations of DSPE-PEG imposed a 

deleterious effect on the mean TA:lipid ratio (Fig. 3A, formulations 2-4). DSPE-PEG concen-

trations of 6 mol% reduced the mean TA:lipid ratio by 16% (*) (Fig. 3A, formulation 4 vs. 1). 

 

Similarly, incorporation of 10 mol% MPPC into unPEGylated DPPC LUVETs exhibited a mean 

decrease of 30% (*) (Fig. 3A, formulation 5 vs. 1), whereas for DPPC:MPPC LUVETs con-

taining 6 mol% DSPE-PEG (Fig. 3A, formulation 6) the reduction was 46% (**) relative to 

control.

 Another relevant parameter is LUVET size, which should remain within a specific range 

(~0.16-0.21 µm) for effective evasion of the reticuloendothelial system (RES) during system-

ic circulation [29]. Liposomal formulations should therefore possess physicochemical proper-

ties that preclude aggregation/fusion. PCS revealed the sterically stabilizing effect of PEG, 

insofar as PEGylation deterred LUVET fusion and/or aggregation in buffer during storage. 
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Figure 3. Tranexamic acid (TA):lipid ratios (A) and LUVET sizes (B) plotted for the six formulations assayed: 1: DPPC; 2: 
DPPC:DSPE-PEG (98:2 molar ratio); 3: DPPC:DSPE-PEG (96:4); 4: DPPC:DSPE-PEG (94:6); 5: DPPC:MPPC (90:10); 
and 6: DPPC:MPPC:DSPE-PEG2000 (84:10:6). Drug:lipid ratios were calculated by dividing the TA concentration as 
determined by the fluorescamine assay by the phospholipid concentration as determined by the Rouser assay as de-
tailed in the experimental section. In (A) and (B), the numbers inside the bars indicate sample size and polydispersity 
index, respectively. Values were plotted as mean±SD. In (A), the level of significance is indicated vs. control.
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The mean±SD vesicle size of extruded unPEGylated DPPC formulations was 1052±180 nm 

(> 5× greater than the filter pore size) with a mean polydispersity of 1.000 (result not shown), 

an effect that is consistent with previous reports [30]. Changes in polydispersity occurred 

within a few hours of storage at 4°C. In contrast, the mean sizes of the PEGylated LUVETs 

(Fig. 3B, formulations 2-4), which did not differ statistically from each other (p > 0.212), fell in 

the range of 152 to 166 nm with polydispersities of < 0.091. MPPC-containing formulations 

(Fig. 3B, formulations 5, 6) exhibited similar values. Interestingly, aggregation/fusion did not 

occur when MPPC was incorporated into unPEGylated DPPC LUVETs (Fig. 3B, formulation 5).

 The results corroborate the importance of PEGylation but concomitantly underscore 

the balance that has to be struck between the level of “stealth” imposed on the formulation 

and endovesicular drug concentration, since these are apparently governed by an inversely 

proportional relationship. The incorporation of MPPC further undermined this balance. Ac-

cordingly, DPPC:DSPE-PEG (96:4) is the most suitable formulation for antifibrinolytic SSPLT 

based on the combination of TA:lipid ratio, size, and degree of steric stabilization [31].

3.3 Encapsulation efficiencies (Eeff), trapped volumes (vt), and endovesicular TA 
concentrations (CTA)
Table 1 presents the Eeff, Vt, and CTA of the formulations based on the experimentally ob-

tained TA:lipid ratios and vesicle sizes, phospholipid molecular areas derived from literature, 

and the computed values summarized in Table 1 of the appendix. Since these outcome pa-

rameters are predominantly dependent on the former, the trends in Eeff, Vt, and CTA conform 

to the trends exhibited by the TA:lipid ratios and LUVET sizes (Fig. 3).

 The Eeff is a derivative of the drug:lipid ratio and is useful for relative interpretations 

as indicated above. A strong negative correlation existed between the Eeff and extent of 

PEGylation (Pearson’s r = -0.915**), which, in relation to a uniform LUVET size distribution 

across the MPPC-lacking PEGylated formulations and the absence of a correlation between 

Eeff and size (r = -0.244, N.S.), implies a volumetric occupation by the PEG chains in the  

LUVET aqueous compartment (Table 1, formulations 2-4). The inclusion of MPPC further 

deteriorated the Eeff and caused a greater reduction in this parameter in conjunction with  

6 mol% DSPE-PEG (Table 1, formulations 5 and 6, respectively, vs. 1, corresponding to  

reductions in Eeff of 29% and 46%, respectively).

 The Vts were determined numerically based on the particle size data obtained by PCS, 

assuming a spherical morphology. The Vts of the formulations (Table 1) fell in the range as 

reported in literature for comparable formulations [20,32], notwithstanding differences in 
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Table 1. The encapsu-
lation efficiency, Eeff, 
trapped volume, Vt, and 
endovesicular tranexamic 
acid (TA) concentration, 
CTA, of the assayed formu-
lations.
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DPPC areas (A) [21] and the potential 20-40% volume overestimation as a result of morphol-

ogy-related assumptions [32].

 The CTA, calculated on the basis of particle size, phospholipid area, and TA:lipid ratio, is 

a crucial parameter in relation to active release rates and targeting efficacy for it ultimately 

determines the clinical dosage. The CTA should be maximized within physiological confines 

such as osmolarity and toxicity so that an optimal (local) drug concentration can be achieved 

with a minimal amount of vehicle. All formulations exhibited a reduced CTA that comprised 

68%-30% of the initial 318 mM TA concentration in the hydration solution. This was likely 

a result of the spatial occupation by PEG and, to a limited extent, of possibly aberrant phos-

pholipid areas used in the computations. Nevertheless, conclusions can be drawn from the 

relative differences inasmuch as these are, in this case, hardly impacted by aberrant model 

assumptions. Formulations 4-6 had a significantly (**) reduced CTA compared to formulations 

2 and 3 (Table 1), implying that PEG concentrations >4 mol% and MPPC exerted a profound 

debilitating effect on the CTA.

 Taken altogether, DPPC:DSPE-PEG (96:4) remains the most suitable formulation for 

antifibrinolytic SSPLT given the negligible differences in Eeff, Vt, and CTA between formula-

tions 2 and 3.

3.4 Heat-induced drug release
Liposomes composed of phospholipids that have a Tm slightly above body temperature con-

stitute ideal drug carriers for tissue targets that are easily accessible to artificially-induced 

hyperthermic conditions. Consequently, therapeutic agents loaded into thermosensitive li-

posomes can be actively released in a controlled fashion by heating the target site to Tm, 

which results in thermotropic alterations of the lipid bilayer and corollary increase in bilayer 

permeability and outward diffusion of encapsulated drugs [15]. To validate the hyperthermia 

model for two types of TA-encapsulating thermosensitive stealth formulations, TA-encapsu-

lating DPPC:DSPE-PEG (96:4, Tm = 42.3°C, Fig. 4A) and DPPC:MPPC:DSPE-PEG (86:4:10, 

Tm = 41.5°C, Fig. 4B) LUVETs were heated from 4°C to 43.3°C and 40.0°C, respectively, and 

assayed for the percentage of TA release as a function of time.

 The heating of DPPC/DSPE-PEG (96:4) LUVETs to phase transition caused a rapid 

release of TA that proceeded in a sigmoidal pattern (Fig. 4C). The most substantial release 

occurred between 0.5 and 2.5 min, corresponding to a mean release of 2.4% and 95.5%, 

respectively, and a mean release rate of 0.78%·s-1. Moreover, TA release occurred at a very 

high release capacity (the maximum amount of drug released), approximating 100% within 

2.5 min. Elevation of the temperature to 39.3°C (control) also induced drug release, but at a 

much slower rate, accounting for a release of ~13% after 5 min (Fig. 4C). This may have been 

due to the broader left transition shoulder as seen in the DPPC:DSPE-PEG thermogram (Fig. 

4A), which entails the control temperature. The incorporation of 10 mol% MPPC sped up 

the release kinetics, whereby the most rapid drug release occurred between 0.5 (2.1%) and 

2.0 min (93.0%), corresponding to a mean release rate of 1.02%·s-1 (Fig. 4D). Heating the 

formulation to 36.0°C resulted in negligible diffusion of TA from the LUVETs.

 In light of the fast release kinetics and the high release capacity of the conventional 

thermosensitive formulation and the substantially reduced Eeff and CTA of MPPC-containing 
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LUVETs, the incorporation of MPPC yielded no surpassing advantages to advocate its poten-

tial applicability in the antifibrinolytic component of SSPLT.

3.5 Interpolated in vivo posologies
Following characterization of the LUVETs and determination of heat-induced drug release 

profiles, a model was developed to interpolate the number of TA-encapsulating LUVETs and 

final lipid concentrations required for an optimal antifibrinolytic effect in 500-µm long ves-

sel segments of diameters that are representative for port wine stain vasculature. Final TA 

concentrations were predicated on clinically prescribed dosages, producing Lm (number of 

minimally required LUVETs) ranges in the order of 106-108 for 30-200-µm vessel diameters, 

respectively (Fig. 5A, B). The Clip (lipid concentration) values comprised 2.1, 2.7, and 4.3 

mM for DPPC:DSPE-PEG LUVETs with 98:2, 96:4, and 94:6 molar ratios, respectively, and 

5.6 and 8.0 mM for DPPC:MPPC (90:10) and DPPC:MPPC:DSPE-PEG (84:10:6) LUVETs, 

respectively.
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Figure 4. DSC thermograms of TA-encapsulating DPPC:DSPE-PEG (96:4) (A) and DPPC:MPPC:DSPE-PEG (86:10:4) 
(B) LUVETs. The phase transition temperature (Tm) is indicated next to the peak. (C) Heat-induced TA release from 
DPPC:DSPE-PEG (96:4) LUVETs plotted vs. heating time at 39.3°C (black, dotted line) and 43.3°C (gray, solid line). 
(D) Heat-induced TA release from DPPC:MPPC:DSPE-PEG (86:10:4) LUVETs plotted vs. heating time at 36.0°C 
(black, dotted line) and 40.0°C (gray, solid line). Released TA concentration is expressed as a mean±SD percentage 
of total liposomal TA concentration (n = 3 per time point).
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 Computational analysis was subse-

quently performed on a 3D histological re-

construction of a port wine stain (Fig. 5C) 

to derive the dermal blood volume, which 

yielded 2.15 µL blood per cm2 skin surface 

(appendix). With a target TA concentration of 

1.9 mM and an approximated quantity of TA 

molecules per vesicle (QTA) for each formu-

lation (appendix), the LPWS could be interpo-

lated for port wine stains of different surface 

areas (APWS) as presented in Fig. 5C. For 

APWS between 5 and 40 cm2, the LPWS ranged 

from 41-327 for DPPC:DSPE-PEG (98:2) at 

the lower end and from 156-1247 for DPPC:

MPPC:DSPE-PEG2000 (84:10:6) at the up-

per end, respectively.

4. DISCUSSION  

Selective photothermolysis, or the selective 

destruction of blood vessels by pulsed laser 

irradiation, was introduced in the early 80’s 

as a means to non-invasively remove aber-

rant cutaneous vasculature through control-

lable photothermal processes [33]. Present-

ly, selective photothermolysis represents the 

gold standard for the treatment of port wine 

stains (capillary malformations), with extend-

ed applicability in dermatology and ophthal-

mology [34]. Although port wine stains can 

be effectively treated by selective photother-

molysis, there are several inevitable intrinsic 

factors, including epidermal pigmentation 

[35], optical shielding by blood and superim-

posed vessels [36-38], and port wine stain 

anatomy and morphology [8,39,40], that are 

responsible for suboptimal outcomes in ap-

proximately 60% of patients [37,41]. Inas-

much as these factors are difficult to circum-

vent completely by external means (e.g., by 

using different laser parameters [39-41] or 

dynamic cooling [42]), SSPLT was devised to 
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Figure 5. The number of LUVETs (Lm) (A) minimally re-
quired to achieve a TA concentration of 1.9 mM in a 500-
µm long vessel segment, plotted as a function of ves-
sel diameter. B) 3D histological reconstruction of a port 
wine stain biopsy, from which the number of minimally 
required LUVETs for a port wine stain (LPWS) was derived 
as a function of port wine stain surface area (C).
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tackle poor lesional clearance rates from within the vasculature. 

 As presented in the legend of Fig. 1, SSPLT entails a prothrombotic component and an 

antifibrinolytic component. In an effort to develop an antifibrinolytic drug delivery platform 

for SSPLT, a liposomal system was selected for the encapsulation of TA, a potent antifibrino-

lytic agent used in the clinical setting to inhibit plasmin-mediated thrombolysis. Inasmuch as 

SSPLT relies on the laser-induced generation of heat, the rudimentary design of liposomes 

was based on thermosensitivity as the main drug release mechanism. Hence, TA-encapsu-

lating DPPC(:MPPC) and DPPC(:MPPC):DSPE-PEG formulations were assayed for TA:lipid 

ratio and size so as to derive Eeff, Vt, and CTA, after which heat-induced TA release was quanti-

fied for the most optimal candidate formulation in the absence and presence of lysolipid. In 

the final analysis, LUVETs composed of DPPC:DSPE-PEG in a 96:4 molar ratio came out as 

the prime formulation for antifibrinolytic SSPLT.

 The most relevant parameters regarding DPPC:DSPE-PEG (96:4) LUVETs in light of the 

further development of SSPLT as a clinical modality include the TA:lipid ratio, Eeff, CTA and the 

release kinetics, inasmuch as these chiefly dictate posology. At a mean TA:lipid ratio of 0.82 

and an Eeff of 1.29%, the prime candidate formulation encompassed a CTA of 214 mM and 

a release rate of approximately 100% in 2.5 min. Notwithstanding differences in liposome 

composition, the TA:lipid ratio of DPPC:DSPE-PEG LUVETs was comparable to or higher 

than drug:lipid ratios reported for liposome-encapsulated anti-cancer drugs such as doxo-

rubicin, paclitaxel, N3-O-toluyl-5-fluorouracyl, and ZD6126 (Table 3, appendix). In contrast, 

the encapsulation efficiency was substantially lower than most of the compounds reviewed 

(Table 3, appendix), which is likely the result of the relatively high initial TA:lipid ratio (63.6) 

and the excessive removal of unencapsulated TA during size-exclusion chromatography in 

combination with the preparation technique (hydration of lipid film).

 A rather unexpected finding was that heat-induced TA release from the candidate 

formulation occurred at an exceptionally fast rate and at a ~100% release capacity. David 

Needham’s group reported release times and release capacities in the order of ~5 min and 

~85% release of carboxyfluorescein from lysolecithin (MPPC)-containing thermosensitive 

liposomes, respectively, ~20 min and ~40% release of doxorubicin from traditional thermo-

sensitive liposomes (comparable to our candidate formulation), respectively, and ~5 min and 

~50% release of doxorubicin from MPPC-containing thermosensitive liposomes, respec-

tively [15]. A marked contribution of MPPC to the release kinetics, as has been reported 

previously [15,28], remained absent with respect to TA-encapsulating DPPC:DSPE-PEG 

(96:4) LUVETs. Although the exact reasons for these substantial differences are presently 

unknown, the small size of TA may contribute to a less constrained passage through the 

laterally decompressed membrane during phase transition – a phenomenon that is accom-

panied by a greater membrane hydration state [43], corollary packing defects and cavitation 

[44], and a lowered transmembrane free energy barrier [45,46], all of which actuate a greater 

extent of diffusion of ions and supposedly higher molecular weight compounds such as 

doxorubicin and carboxyfluorescein vs. gel phase or liquid crystalline states. It is expected 

that, under these conditions, smaller molecules (e.g., TA) transgress the membrane more 

facilely than larger ones (e.g., carboxyfluorescein and doxorubicin).

 The exact explication notwithstanding, the release kinetics of DPPC:DSPE-PEG (96:4) 
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LUVETs are, within the limits of the in vitro data, ideal in the context of selective photo-

thermolysis-related endovascular laser-tissue interactions [1]. The hemodynamic response 

(thrombosis), that occurs in consequence to the photothermal response (laser-induced ther-

mal coagulum formation), is characterized by a growth phase and a deterioration phase (man-

uscript in preparation). The hemostatic equilibrium shifts to a predominantly prothrombotic 

state during the growth phase and to a predominantly fibrinolytic state during the deteriora-

tion phase. Using a hamster dorsal skin fold model in combination with laser-mediated endo-

vascular damage induction [3], we have demonstrated that the prothrombotic state reaches 

a maximum at approximately 6.25 min following laser irradiation ([4], manuscript in prepara-

tion). In order to extend this state through the inhibition of fibrinolysis, accumulation of the 

drug carrier is exacted during the early formative stages of the thrombus so that TA-encapsu-

lating liposomes can progressively accumulate into the developing clot in concurrence with 

plasminogen [47] and, particularly in venules [48], its agonist tissue plasminogen activator 

(tPA) [13]. Theoretically, this should be possible given the rapid release kinetics of the DPPC:

DSPE-PEG LUVETs compared to the 2.5-fold longer duration of the growth phase, allowing 

TA to first accumulate at the target site and then be released into the clot before (and during) 

the transition to a fibrinolytic state. Furthermore, the high release capacity of this formu-

lation is considerably advantageous since about three LUVETs are required to completely 

inhibit plasminogen bound to one activated platelet, taking into account a saturation level of 

1.9±0.5×105 plasminogen molecules per platelet [47], 5 lysine binding sites per plasminogen 

molecule [49], and the encapsulation of roughly 3×105 TA molecules per LUVET (appendix).

 Secondly, the favorable release kinetics and release capacity of DPPC:DSPE-PEG LU-

VETs enforce the potential applicability of the envisaged SSPLT regime in a clinical setting. 

The therapeutic procedures may be performed on an outpatient basis, whereby the LUVET 

formulation would be systemically administered 10-15 min before laser treatment to ensure 

homogenous distribution throughout the circulation. Subsequently, a lasing regime would 

be performed on the port wine stain to induce the hemodynamic response, after which the 

irradiated region is selectively heated, e.g., by a heating pad or near infra-red light, to trig-

ger drug release so as to facilitate complete emphraxis of the semi-coagulated vasculature. 

Since this has to occur within the time span of the hemodynamic response, the total duration 

of the actual procedure will be determined chiefly by the number of lasing/heating cycles 

needed to treat the entire port wine stain, which in turn depends on the size of the lesion. 

The majority of port wine stains is <40 cm2 in size [50], which eliminates the need for exces-

sively long treatment sessions.

 In conclusion, several rudimentary liposomal formulations were explored for the an-

tifibrinolytic component of SSPLT and their properties and heat-induced release profiles 

juxtaposed to selective photothermolysis-related endovascular laser-tissue interactions and 

criteria for clinical application. Although several features will have to be optimized and/or 

added (e.g., targeting), DPPC:DSPE-PEG (96:4) LUVETs evolved as the prime candidate for-

mulation. In light of forthcoming in vivo research, models were developed to facilitate LUVET 

accumulation and release experiments in singular vessels such as in [2,3] or to further assess 

posology based on port wine stain dimensions. In case of the former, assays could be set 

up by using fluorescently-labeled LUVETs and correlating the emitted fluorescence from ac-
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cumulated LUVETs in laser-induced thrombi to a lipid or LUVET concentration. Subsequently, 

heat-induced TA release from the accumulated LUVETs could be quantified from blood as 

described in [14]. The mathematical approximations and computational models presented 

here will also be useful in current and future research aimed at vehicular targeting, including 

thermosensitive immunoLUVETs that recognize specific epitopes on activated platelets or 

fibrin, and the prothrombotic component of SSPLT. 
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INDEx OF ABBREvIATIONS
APWS -  port wine stain surface area

CTA -  endovesicular tranexamic acid concentration

DPPC -  1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine

DSPE-PEG2000 - 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine- 

  polyethylene glycol (PEG MW = 2000 g·mol-1)

eVt -  trapped volume per vesicle

IM -  inner membrane

l -  vessel length

Lm -  number of minimally required LUVETs

LPWS -  number of minimally required LUVETs for a port wine stain

LUVET -  large unilamellar vesicle prepared by extrusion technique

MPPC -  1-palmitoyl-2-hydroxy-sn-glycero-3- phosphatidylcholine

MW -  molecular weight

OM -  outer membrane

QTA -  quantity of TA molecules per vesicle

r -  vessel radius

SSPLT -  site-specific pharmaco-laser therapy

TA -  tranexamic acid (4-(aminomethyl)cyclohexane-1-carboxylic acid)

METHODS AND RESULTS
The supplemental methods and results are presented in the order of the manuscript under 

the respective headings.

2.3 Spectrofluorometric quantification of tranexamic acid
To demonstrate the conversion of fluorescamine to its fluorophore state in the presence of 

TA, the absorption (Lambda 18, Perkin Elmer, Wellesley, MA) and fluorescence emission 

spectra (SPF 500C, American Instrument Company, Silver Springs, MD) were acquired of 

7.95 mM TA in 9.96 mM HEPES reacted with 4.5 µM fluorescamine and 5 µM TA in 5 mM 

HEPES reacted with 504 µM fluorescamine, respectively. TA and HEPES stock solutions 

were adjusted to pH = 7.4 prior to mixing with stock aliquots of 1.08 mM fluorescamine in 

acetone [1]. Reaction mixtures were incubated for 30 min at 37°C during continuous shaking 

before spectroscopic analysis. Fluorescence emission spectra were acquired at ex = 391±5 

nm, i.e., the absorption maximum of TA-reacted fluorescamine (Fig. 2B, main manuscript).

 Regression analysis was performed in order to assess the degree of linearity between 

TA concentration and fluorescence emission intensity in a predetermined titration range. 500 

µL of the TA standard solution (0.0, 0.4, 1.0, 2.0, 3.0, 4.0 µM in 10 mM HEPES, pH = 7.4) 

was mixed with 250 µL of 10 mM HEPES, pH = 7.4 (2 mM final concentration) and 500 µL 

of 1.08 mM fluorescamine in acetone (432 µM final concentration) to a final volume of 1.25 

mL. The samples were thermomixed in the dark for 30 min at 37°C. TA concentration was 

assayed spectrofluorometrically at ex = 391±5 nm and em = 483±5 nm. A linear fit yielded 

a mean R2 of 0.996 in this concentration range (n=10). 
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 To rule out any detrimental effects of TX100 on the linear relationship between TA 

concentration and fluorescence emission and to measure the stability of the fluorophore as 

a function of time and temperature, TA samples were prepared as above except for the addi-

tion of 250 µL of 5% (v/v) TX100 in water (1% final concentration) instead of 250 µL HEPES 

buffer. Spectrofluorometric measurements were performed immediately following 30 min 

incubation at 37°C and after 24-h storage at RT, 4°C, and -20°C (Fig. 2C, main manuscript). 

2.4 Calculation drug:lipid ratio, encapsulation efficiency, trapped volume, and 
endovesicular tranexamic acid concentration
In order to calculate the CTA, the number of TA molecules per LUVET and the eVt had to be 

derived from the mean LUVET sizes, the phospholipid molecular areas, and the measured 

TA:lipid ratios. Table 1 lists the derived data that were used to calculate the CTA.

2.6 Interpolation of liposomal tranexamic acid posology for the in vivo situation
The 3D reconstruction of the port wine stain biopsy from serial histological sections has been 

described in [2]. A 3-mm punch biopsy was obtained from a refractory port wine stain on the 

forearm. The tissue was embedded in paraffin, after which 6-µm thick sections were cut and 

stained with hematoxylin and eosin (H&E). The sections were imaged with a 640×480 color 

CCD video camera at a 20× magnification, whereby 3 overlapping 2D images were acquired 

and aligned to reconstruct the entire section in one composite image. Seventy consecutive 

sections were lined up to comprise the 3D image.

 Interactive utilities were programmed for AVS image visualization software (Advanced 

Visual System, Waltham, MA) as described in [3]. The programmed utilities combined the 

images, outlined and stored the position of the epidermal region and vessel circumference, 

and reconstructed the 3D vasculature from the recorded position of the epidermis and ves-

sels. The lines encompassing the epidermis and blood vessels for each composite 2D im-

age were rotated and translated so that the corresponding regions of consecutive sections 

coincided. The 3D reconstruction was subsequently composed with standard linear algebra 

techniques.

 The blood volume was derived from a 3D matrix of 358 (depth) × 772 (length) × 70 

(number of sections) data points, corresponding to tissue dimensions of 0.716 mm × 1.544 

Table 1. List of parameters derived from experimental data that were used to calculate the CTA.
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mm × 0.420 mm, respectively. The total dermal volume was quantified from the bottom of 

the epidermal layer (determined for each column) to the bottom of the section. The blood 

volume was calculated per 2D section by counting the number of pixels required to fill the 

regions delineated by the entered vessel circumferences. The cumulative number of ‘blood 

pixels’ in the 70 sections hence represented the dermal blood volume.

 A blood fraction of 3% was computed in the dermal volume, which comprised 79% 

of the entire skin specimen. The 3% dermal blood volume most likely represented a lower 

bound for this specific biopsy region inasmuch as a blood fraction of 4% was calculated 

when only columns 300-500 of the sections were analyzed. This discrepancy resulted from 

the fact that the histology section did not have well-defined lateral boundaries. Consequent-

ly, a 3.5% dermal blood volume was used in further calculations. 

 Based on the computational analysis, a typical port wine stain with a surface area of 

0.65 mm2 and a skin volume of 0.46 mm3 has a dermal volume of 0.39 µL (85% of analyzed 

skin volume) and a corresponding dermal blood volume of 14 nL, which translates into 2.15 

µL blood per cm2 of skin surface. The number of minimally required LUVETs per µL of blood 

was then calculated by Lm/(r2l) after solving for Lm with predefined vessel segment dimen-

sions (vessel with radius, r, and length, l) using Equation 7 (manuscript). The number of mini-

mally required LUVETs per µL blood is presented for each candidate formulation in Table 2.

The number of minimally required LUVETs for a port wine stain (LPWS) was subsequently 

plotted as a function of port wine stain surface area (APWS) for every candidate formulation 

by solving for:

LPWS = (Lm·µL-1)(2.15 µL·cm-2)(APWS)   (Eq. 2)

where (Lm·µL-1) was based on the values in Table 2.

DISCUSSION
A comprehensive overview of drug:lipid ratios and encapsulation efficiencies of various  

liposomal compounds is presented in Table 3.

 

Table 2. The number of minimally required LUVETs (Lm) 
indicated per µL blood for every SSPLT candidate formu-
lation. Values are predicated on 100% TA release from 
thermosensitive LUVETs.
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Table 3. Abbreviations (in order of appearance): HSPC, hydrogenated soy phosphatidylcholine; chol, cholesterol; 
DOX, doxorubicin; N.L., not listed; DSPE-Rh, N-(lissamine Rhodamine B sulfonyl)-1,2-distearoyl-sn-glycero-3-
phosphatidylethanolamine; DSPC, 1,2-distearoyl-sn-glycero-3-phosphatidylcholine; DPPG, 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylglycerol; S100PC, soybean PC; SPC, soy PC; TFu, N3-O-toluyl-5-fluorouracyl; POPC, 
1-palmitoyl-2-oleoyl-sn-glycero-3- phosphatidylcholine; APRPG, Ala-Pro-Arg-Pro-Ala peptide; SU1498, (E)-3-(3,5-di-
isopropyl-4-hydroxyphenyl)-2-[(3-phenyl-n-propyl)aminocarbonyl]acrylonitrile, an inhibitor of VEGFR2 tyrosine kinase; 
ZD6126, N-[(5S)-6,7-dihydro-9,10,11-trimethoxy-3-(phosphonooxy)-5H-dibenzo[a,c]cyclohepten-5-yl]acetamide, a 
water-soluble prodrug of the tubulin binding agent ZD6126-phenol (N-acetylcolchinol). Where applicable, drug:lipid 
ratios were calculated based on a 1DOX MW of 543.53 g·mol-1, a 2calcein MW of 662.54 g·mol-1, a 3topotecan MW 
of 457.92 g·mol-1, a 3DSPC MW of 790.16 g·mol-1, a 3DPPG MW of 744.96 g·mol-1, a 3DSPE-PEG2000 MW of 2805.5 
g·mol-1, a 4S100PC MW of 758.07 g·mol-1, a 4paclitaxel MW of 853.9 g·mol-1, a 5TFu MW of 248 g·mol-1, and a 6ZD6126 
MW of 425.37 g·mol-1. *Drug:lipid ratio calculated on the basis of weight: 3.92 mg DOX / 20 mg lipid. All liposomal 
formulations were prepared by the lipid film hydration technique.
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ABSTRACT

Polyethylene glycol (PEG)-grafted phosphatidylcholine liposomes 

are used as drug carriers due to their low immunogenicity and 

prolonged circulation time. The interaction between sterically 

stabilized lecithin liposomes and platelets has not been investi-

gated before, and deserves to be subjected to scrutiny inasmuch 

as the uptake of liposomes by platelets could be detrimental 

for drug delivery and primary hemostasis. Consequently, the 

interaction between resting and convulxin-activated hamster 

and human platelets and calcein- or 5,6-carboxyfluorescein-en-

capsulating PEGylated liposomes composed of distearoyl- and 

dipalmitoyl phosphatidylcholine and PEG-derivatized distearoyl 

phosphatidylethanolamine was investigated by flow cytometry, 

confocal microscopy, and a glass capillary thrombosis model. 

Fluorescently labeled liposomes of the same composition were 

subsequently assayed in vivo after 15 and 45 min of systemic 

circulation. Neither resting nor activated hamster and human 

platelets interacted with liposomes at 0.70 mM lipid concentra-

tion. An absence of any interaction was corroborated in the in 

vivo experiments. Alternatively, flow cytometry assays evinced 

that human platelets interact with liposomes at lipid concentra-

tions of >1.35 mM. These interactions were more profound for 

activated platelets than resting platelets. We conclude that the 

use of PEGylated lecithin liposomes at lipid concentrations of 

<1.35 mM has no detrimental impact on liposomal drug delivery 

based on PEGylated lecithin liposomes, but that these drug 

carriers may be associated with a reduced targeting efficacy or 

compromised primary hemostatic system when used at concen-

trations of >1.35 mM. In contrast, these drug carriers may be-

come valuable in thrombosis- and drug delivery-related research 

and applications at concentrations of >1.35 mM.

Keywords: 
Calcein, carboxyfluorescein, confocal microscopy, flow cyto- 

metry, glass capillary thrombosis model
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1. INTRODUCTION

Phosphatidylcholines are widely used as the major membrane constituent in liposomes de-

signed for systemic drug delivery, diagnostics, and functional studies. Because interactions 

with blood components can substantially affect the (intended) functionality of liposomes, it is 

imperative to clearly and accurately define these interactions.

 With respect to functional applications, Mordon et al. [1] proposed that systemically-

infused 5,6-carboxyfluorescein (CF)-encapsulating PEGylated liposomes composed of 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dipalmitoyl-sn-glycero-3-PC (DPPC), 

and 1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-polyethylene glycol (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 endo-

thelium.

 Most liposomal drug delivery systems, including those that employ thermosensitivity 

[2] and changes in pH [3] as the principal mechanism of drug release, are predominantly com-

posed of phosphatidylcholines. The same applies for PEGylated liposomes used in site-spe-

cific pharmaco-laser therapy (SSPLT) [4], a development stage laser-based treatment modal-

ity devised to remove pathological dermal vasculature by combining laser irradiation [5] with 

the systemic administration of a prothrombotic and/or antifibrinolytic drug-encapsulating car-

rier [6]. The primary target cells in SSPLT are activated platelets that participate in thrombo-

sis as a result of laser-induced endovascular damage. For SSPLT, an interaction between the 

drug carrier and platelets would therefore be beneficial. On the other hand, thermosensitive 

and pH-sensitive liposomes are designed for cellular targets other than platelets, in which 

case an interaction between the drug carrier and platelets would be detrimental.

 The aim of this study was therefore to validate the uptake of DSPC:DPPC:DSPE-PEG 

liposomes by hamster and human platelets in vitro and in vivo so as to attest the utility of this 

liposomal formulation in drug delivery systems. Liposome-platelet interactions were studied 

by flow cytometry (FACS), confocal microscopy, and with a glass capillary thrombosis model.

2. MATERIALS AND METHODS

2.1 Liposome preparation and characterization
DSPC, DPPC, and 1-palmitoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4 yl)amino]dodecanoyl] 

-sn-glycero-3-PC (NBD-PC) were purchased from Avanti Polar Lipids (Alabaster, AL) and 

DSPE-PEG2000 from Sigma-Aldrich (St. Louis, MO). Large unilamellar vesicles prepared by 

extrusion technique (LUVETs) were prepared of the same phospholipid composition (DSPC:

DPPC:DSPE-PEG2000) and at the same molar ratio (85:10:5) as used in [1]. For the in vivo 

experiments (sections 2.8 and 3.5), 5 mol% of NBD-labeled phosphatidylcholine (NBD-PC) 

was incorporated into the LUVETs at the expense of DSPC, yielding DSPC:DPPC:NBD-PC:

DSPE-PEG (80:10:5:5).

 Phospholipids were dissolved in chloroform and mixed at the abovementioned ratio. 

The solvent was desiccated by evaporation under a stream of nitrogen gas and the lipid film 
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exsiccated for 20 min in a vacuum exsiccator at room temperature (RT). For FACS and release 

experiments the lipid film was hydrated with 200 mM calcein (Fluka, Buchs, Switzerland) or 

57 mM CF (Fluka) in 10 mM HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid, pH=7.4, Sigma Aldrich) to a final lipid concentration of 5 mM and bath sonicated for 10 

min. The same protocol was carried out with respect to LUVETs used in the confocal micros-

copy and capillary thrombosis experiments, with the only exception being the hydration of 

the lipid film with 2 mM calcein or 2 mM CF in 10 mM HEPES buffer, pH=7.4. For the in vivo 

experiments, the lipid film was hydrated with PBS (10 mM phosphate, 2.7 mM potassium 

chloride, 137 mM sodium chloride, pH=7.4, Sigma-Aldrich). The mixtures were subjected to 

10 freeze-thaw cycles (with the exception of the latter formulation) and extruded 7 through 

0.1-µm polycarbonate membranes (Avanti mini-extruder, Avanti Polar Lipids) at 80°C. The 

NBD-labeled LUVETs were sequentially extruded through 1.0-, 0.4-, 0.2-, and 0.1-µm poly-

carbonate membranes (7 per membrane) at 80°C.

 Prior to incubation with blood and plasma samples, unencapsulated fluorophore was 

removed by two sequential size exclusion chromatography steps during 4-min centrifugation 

at 128×g (2 mL syringe, gel volume 2.2-2.5 mL, loading volume 200 µL, Sephadex G-50 fine, 

GE Healthcare, Chalfont St. Giles, UK). The equilibration buffer consisted of 10 mM HEPES 

and 0.88% (w/v) NaCl, pH=7.4. Gel filtered LUVETs were stored at 4°C in the dark for a maxi-

mum of 3 h. This step was omitted for the DSPC:DPPC:NBD-PC:DSPE-PEG LUVETs.

 In order to extrapolate the final lipid concentration in the incubation mixtures, the lipid 

concentration in the eluent following size exclusion chromatography was determined ac-

cording to Rouser et al. [7] and expressed as a fraction of the initial lipid concentration. The 

mean±SD lipid yield in the eluent was 71±3% (n=4), which was factored into the final lipid 

concentration calculations in the experiments below.

 LUVET size and polydispersity were measured by photon correlation spectroscopy at a 

90° angle using unimodal analysis (Zetasizer 3000, Malvern Instruments, Malvern, UK) after 

dilution with equilibration buffer. The fluorophore-encapsulating LUVETs had a mean±SD 

diameter of 116±5 nm (50 iterative measurements per sample) and a polydispersity index of 

0.183±0.023. The NBD-labeled LUVETs had a mean±SD diameter of 100±2 nm and a poly-

dispersity index of 0.165±0.130.

 Calculations related to physical parameters were only performed for fluorophore-en-

capsulating LUVETs. The trapped volume, Ve (L/mole lipid), was computed with the equation 

obtained from [8]:

Ve = (500/3)·A·N·R   (Eq. 1)

where A is the area of the membrane occupied by one lipid (in m2), N is the Avogadro con-

stant (6.0221023 mol-1), and R the radius (in m) of the vesicle. The cross-sectional areas per 

phospholipid molecule were 49.4 Å2 for DPPC [9] and DSPC, and 50.0 Å2 for DSPE-PEG 

[10]. The areas were weighed averages (Aweighed) indexed for the molar ratio of each lipid 

component: 

Aweighed = [(ADPPC)(mol%DPPC)+(ADSPC)(mol%DSPC)+(ADSPE-PEG)(mol%DSPE-PEG)]/100%   (Eq. 2)
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The Aweighed was 49.4 Å2, yielding a Ve of 2.9 L/mole lipid.

2.2 Blood and plasma sample preparation
All animals were treated in accordance with animal ethics guidelines of the K.U. Leuven. 

For the in vitro experiments, Gold Syrian hamsters (Elevage Janvier, Le Genest Saint Isle, 

France) were anesthetized with diethyl ether, and blood was drawn from the retro-orbital 

plexus through a glass capillary into a tube containing 0.31%  final concentration sodium 

citrate (1:9 citrate:blood ratio).

 Human venous blood was drawn from healthy volunteers into 50-mL tubes containing 

0.38% final concentration sodium citrate. The blood samples were immediately centrifuged 

at 200×g for 10 min at RT to prepare platelet-rich plasma (PRP). Isolated PRP was counted 

(Cell-Dyn 1300, Abbott Laboratories, Abbott Park, IL) and diluted with PBS (for FACS) or 

equilibration buffer (for confocal microscopy) to the desired platelet concentration as indicat-

ed. For confocal microscopy, human blood was drawn by venipuncture into a tube contain-

ing acid citrate dextrose (ACD, Sigma-Aldrich) in a 1:9 ratio to blood. PRP was prepared by 

centrifugation at 80g for 10 min at RT. Platelet-poor plasma (PPP) was obtained by centrifu-

gation of whole blood at 3200g for 15 min and stored at -20°C until use in the fluorophore 

release assays. For the capillary thrombosis experiments human venous blood was drawn 

into 50 mL tubes containing 40 µM PPACK (D-phenylalanyl-L-prolyl-L-arginine chloromethyl 

ketone, final concentration, Calbiochem, San Diego, CA) as anticoagulant.

2.3 Calculation of platelet:LUvET ratios
The number of platelets per quantity of LUVETs was calculated for each in vitro assay so as 

to provide a standardized frame of reference between the in vitro data and to facilitate com-

parative analysis with respect to Mordon et al.’s study [1], and was expressed as the number 

of platelets determined by cell counting per mole of phosphorous present in the LUVETs.

 The final lipid concentrations in every experiment were derived by dividing the initial 

phospholipid concentration as determined by the Rouser assay (corrected for the lipid yield 

in the eluent following size exclusion chromatography) by the dilution factor. For FACS and 

the glass capillary thrombosis experiments the number of platelets per volume of PRP and 

whole blood, respectively, were counted and adjusted where needed. Subsequently, the 

platelet:LUVET ratio was derived arithmetically. For the confocal microscopy experiments 

the platelet:LUVET ratio was based on the mean platelet count of the blood donor, namely 

4105 platelets/mL whole blood. For comparative analysis with the in vivo situation [1], the 

platelet:LUVET ratio was based on an injection volume of 500 µL per hamster, a 24.6 mM 

phospholipid concentration, a hamster blood volume of 78 mL/kg body weight, a body weight 

of 100 g, and a mean platelet count of 6105/mL whole blood (n = 3), yielding a platelet:LU-

VET ratio of approximately 4.11014 platelets/mole lipid and a systemic lipid concentration of 

1.48 mM.

2.4 Flow cytometry
The interaction between platelets and LUVETs was assayed by FACS. PRP was diluted with 

PBS to a concentration of 25103 platelets/µL and 40 µL was incubated with 1 µL of 10 µg/
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mL convulxin (CVX, Kordia Life Sciences, Leiden, the Netherlands) in water for 10 min at RT 

(activated platelets) or without CVX (resting platelets). Subsequently, 10 µL of the gel filtered 

LUVET suspension was added to the diluted PRP to a final concentration of 0.70 mM lipid 

(corresponding to a platelet:lipid ratio of 2.91013 platelets/mole LUVET lipids) and incubated 

for 20 or 40 min at RT in the dark.

 For human platelets, FACS assays were also performed after addition of 25 and 40 

µL of the gel filtered LUVET suspension, corresponding to 1.35 and 1.75 mM final lipid 

concentrations and platelet:lipid ratios of 1.11013 and 5.71012 platelets/mole LUVET lipids, 

respectively.

 Platelets were washed by increasing the volume to 0.5 mL with PBS and centrifugation 

for 5 min at 288g at RT. The supernatant was discarded to remove the LUVETs. Subse-

quently, hamster platelets were incubated with 5 µL of mouse anti-human CD42b mono-

clonal antibodies (mAbs) (200 µg/mL, clone 11A4, prepared as described in [11]) for 10 min, 

and secondarily labeled with 5 µL of phycoerythrin (PE)-conjugated F(ab’)2 fragments of goat 

anti-mouse IgG polyclonal antibodies (100 µg/mL, Jackson Immunoresearch, West Grove, 

PA) for 10 min at RT in the dark. Human platelets were labeled with 5 µL of PE-conjugated 

mouse anti-human CD61 mAbs (CD61-PE, 16.5 µg/mL, clone Y2/51, Miltenyi Biotec, Ber-

gisch Gladbach, Germany) during 10 min at RT in the dark. Goat anti-mouse IgG-PE (Jackson 

Immunoresearch) and mouse IgG-PE (clone 203, Immunotools, Friesoythe, Germany) were 

used as controls. Finally, 0.5 mL PBS that had been stored at 4°C was added before FACS 

(EPICS XL-MCL, Beckman Coulter, Fullerton, CA). Ten thousand events were collected in the 

platelet gate.

 Since calcein at 200 mM concentration is almost completely self-quenching [12], the 

fluorescence emission from LUVETs (ex=488 nm, em=519 nm) was assayed separately for 

each gel filtered LUVET batch to verify FL1 fluorescence before incubation with PRP.

 Data analysis was performed with FCS Express software (version 3, De Novo Soft-

ware, Los Angeles, CA).

2.5 Spectrofluorometric determination of plasma- and reagent-induced fluorophore 
leakage from liposomes
To examine possible detrimental effects of plasma and reagents on LUVET membrane in-

tegrity, the fluorescence emission of DSPC:DPPC:DSPE-PEG LUVETs containing 200 mM 

calcein or 57 mM CF was recorded after incubation with human PPP, CVX (200 ng/mL final 

concentration); anti-CD42b (20 µg/mL final concentration); anti-CD42b secondarily labeled 

with anti-IgG-PE (20 and 10 µg/mL final concentration, respectively) during 10 min at RT in 

the dark; or anti-CD61-PE mAbs (1.65 µg/mL final concentration) according to the principles 

in [13]. 

 Following size exclusion chromatography (section 2.1), 20 µL of the eluted LUVET sus-

pension (0.47 mM final lipid concentration) was incubated for 10 min in PPP and the reagents 

above in a volume three times greater (150 µL) than used in the flow cytometry assays (sec-

tion 2.3) but at the same stoichiometric concentrations (so as to reproduce the experimental 

conditions of the FACS experiments). The reaction mixture was added to 850 µL equilibra-

tion buffer during the spectrofluorometric measurement (SPF 500C, American Instrument 
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Company, Silver Springs, MD) at ex=493±5 nm, em=519±5 nm, and 20°C under continuous 

stirring in time-based acquisition mode. The fluorescence emission was recorded for 30 min. 

At t=30 min, 1 µL of 10% Triton-X 100 (TX-100, 0.1% final concentration, Fluka) was added 

to determine the fluorescence emission intensity of unquenched calcein or CF. 

 The apparently linear leakage rate, k, was calculated between t=6 min and t=30 min by:

k = [(It=30 – It=6)/If]/24 min   (Eq. 3)

where I is fluorescence emission intensity, subscript t is time (min), and If is final fluores-

cence emission intensity (2.5 min after TX-100 addition).

 The final lipid concentration and Ve (section 2.1) were used to determine the final fluo-

rophore concentration released into the suspending medium during plasma- and reagent-in-

duced leakage experiments. This was necessary to ultimately rule out or confirm false posi-

tive fluorescence of platelets during FACS, confocal microscopy, and capillary thrombosis 

experiments as a result of interactions between platelets and unencapsulated fluorophore 

[14].

 The cumulative Ve (cVe) was calculated for a 20 µL LUVET incubation volume (per mL 

sample) containing 0.07 mM final lipid concentration. The cVe was 0.20 µL. Subsequently, 

the concentration of fluorophore (C) released at time (t) was approximated by: 

Ct = (cVe/Vf)·C0·k·t   (Eq. 4)

where Vf represents the final sample volume that was assayed spectrofluorometrically (1 

mL) and C0 the initial fluorophore concentration. 

2.6 Confocal microscopy
Following addition of 100 nM prostaglandin E1 (PGE1, final concentration, Sigma Aldrich), 

an inhibitor of endogenous platelet activators [15], to 250 µL of PRP, platelets were pel-

leted by centrifugation (310g for 5 min at 37°C) and the supernatant aspirated. Platelets 

(~7107 cells in ~35 µL incubation volume) were activated during 10 min with 75 µL of 10 

µg/mL CVX. Resting or activated platelets were incubated for 10 min at RT with 500 µL of 

the LUVET suspension (2.87 mM final lipid concentration, ~4.31013 platelets/mole LUVET 

lipids) containing 2 mM calcein or 2 mM CF. The reaction volume was increased to 1 mL 

with equilibration buffer and the platelets were pelleted as described above. The supernatant 

was aspirated to a residual volume of ~30 µL. Platelets were labeled with 75 µL anti-CD61-

PE mAbs (16.5 µg/mL) during 10 min at RT in the dark and studied by confocal microscopy 

(100 oil immersion objective, ex=488 nm/em=515±30 nm and ex=543 nm/em=585±30 

nm, Nikon TE2000-U, Tokyo, Japan).

2.7 glass capillary thrombosis model
A capillary perfusion system (Fig. 1) was employed for the online monitoring of LUVET-

mediated fluorescence staining of platelet aggregates on a collagen-coated glass surface. 

Standard rectangular glass microcapillary tubes (Vitrotubes, 100 mm in length, 0.11.0 mm 
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inner diameter, Composite Metal Services, Shipley, UK) were coated with 200 µg/mL Horm 

collagen (Nycomed, Zurich, Switzerland) in PBS overnight at RT. The capillaries were sub-

sequently washed once with HEPES buffer (10 mM HEPES, 145 mM NaCl, pH=7.4) and 

blocked for 30 min with 1% (w/v) bovine serum albumin (Sigma-Aldrich) and 0.1% (w/v) glu-

cose (Sigma-Aldrich) in HEPES buffer. The upstream end of the capillary was connected to 

a 5-mL syringe (Becton Dickinson, Franklin Lakes, NJ) via a rubber cannula. Anticoagulated 

human whole blood (2 mL) was mixed with 100 µL LUVETs (0.17 mM final lipid concentra-

tion, 2.31015 platelets/mole LUVET lipids) for 10 min at RT before perfusion of the collagen-

coated glass capillary (Pump 22 Infusion Only, Harvard Apparatus, Holliston, MA) at 1500/s. 

In the control experiments, platelets were labeled with 10 µM 3,3’-dihexyloxacarbocyanine 

iodide (DiOC6(3), final concentration, Invitrogen, Carlsbad, CA) for 10 min at RT [16].

 Interaction of LUVETs with platelets involved in thrombus formation was visualized in 

real time with an Eclipse TE200 inverted fluorescence microscope (20 objective, NA=0.45, 

Nikon) equipped with a B-2A filter set (ex=470±20 nm, em cut-on=515 nm, dichroic mirror 

cut-on=500 nm, Nikon) and a color CCD video camera (A11C3 color, Basler Vision Technolo-

gies, Ahrensburg, Germany). The camera was connected to a PC workstation (Dell, Round 

Rock, TX) and controlled with Lucia G image processing and analysis software (version 4.21, 

Nikon).

2.8 In vivo determination of platelet-LUvET interactions
The in vivo experiments were performed with LUVETs of which a mole fraction of PC lipids 

was covalently labeled with NBD, a fluorophore that is detected in the FACS FL1 channel. 

This approach precluded the possibility of fluorophore leakage from the LUVETs as may have 

been the case with CF- or calcein-encapsulating LUVETs.

 Animals (n=3 per group) were anesthetized by inhalation of a mixture of air:O2 (1:1 
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v/v, 2 L/min) and 4% isoflurane (Forene, Abott Laboratories, Queensborough, UK) through 

a nasal cap. Maintenance anesthesia was achieved by sustained ventilation with a mixture 

of air and O  (1:1 v/v, 2 L/min) and 1.5-2.5% isoflurane. DSPC:DPPC:NBD-PC:DSPE-PEG 

LUVETs were infused into the animal via the subclavian vein in accordance with [17] at a  

final lipid concentration of 125 µmoles/kg (similar to the 123 µmoles/kg used in [1]) in a  

500-µL injection volume. Blood samples were collected into a syringe containing 0.38% 

citrate (final concentration) following jugular vein puncture at t=15 min and t=45 min and  

immediately centrifuged at 200g for 10 min to isolate PRP. Hamster platelets were washed 

thrice with PBS by centrifugation at 350g for 5 min at RT to remove the LUVETs and 

assayed by FACS (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ). Twenty thousand 

events were collected in the platelet gate.

3. RESULTS

3.1 Flow cytometry
The interaction between LUVETs and resting and activated platelets was initially investigated 

by FACS using the CF-encapsulating formulation (as in [1]). However, due to the aberrant 

release kinetics of this formulation in PPP and fluorescence quenching of CF by PPP (sec-

tion 3.2), the FACS experiments were repeated with the stable and unquenched (by PPP) 

calcein-encapsulating formulation. Solely the results obtained with the latter formulation are 

reported.

 To ascertain that 116 nm-diameter LUVETs containing a self-quenching concentration 

of calcein were detectable by forward (FS)- and side-scattering (SS) and fluorescence, the 

LUVETs were assayed by FACS following size exclusion chromatography and 50 dilution 

with equilibration buffer.

 The LUVETs exhibited similar FS and SS properties as resting and activated platelets 

(not shown), despite the fact that the LUVETs were ~15 and ~30 smaller than resting 

and activated platelets, respectively. The relatively long acquisition time (10,000 events in 

approximately 16-24 s at a medium flow rate) precludes the possibility that multiple LUVETs 

were counted as a single event (Ger Arkesteijn, personal communication). The exact rea-

son for the overlapping scattering profiles was not further investigated inasmuch as it was 

inconsequential to the aim of the study. However, platelets had to be counterstained with 

PE-conjugated antibodies so as to be distinguishable from the LUVETs. Fluorescence was 

detectable despite the self-quenching calcein concentration. The mean FL1 fluorescence 

was 35.1 for LUVETs alone (Fig. 2A) and 32.3 for LUVETs in the presence of CVX (Fig. 2B). 

The respective fractions of LUVETs in the upper right quadrant were 1.4% and 1.2%. The 

mean FL1 fluorescence and the fraction of FL1/FL2-positive LUVETs were 32.5 and 5.0%, 

respectively, for LUVETS co-incubated with CVX and anti-CD42b-IgG-PE (Fig. 2C), and 27.6 

and 1.5%, respectively, for LUVETS co-incubated with CVX and anti-CD61-PE (Fig. 2D). The 

high fluorescence emission intensity in combination with the low population spill-over into 

the upper right quadrant in the presence of reagents indicated that the LUVETs were suitable 

for studying platelet-LUVET interactions by FACS.

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   176 05-06-2009   11:54:43



���

 Resting and activated hamster platelets cross-reacted with anti-human CD42b mAbs 

(Fig. 2E) and exhibited marginal interaction with and/or uptake of LUVETs: the percentage 

of FL1/FL2-positive cells following 40-min incubation at RT with LUVETs and washing was 

1.6% for resting platelets (Fig. 2F) and 3.1% for activated platelets (Fig. 2G).

 Reactivity between resting and activated human platelets and anti-CD61 mAbs was con-

firmed (Fig. 2H). The percentage of FL1/FL2-positive cells following 40-min incubation with 

LUVETs was 2.2% for resting (Fig. 2I) and 6.3% for activated human platelets (Fig. 2J).

 To assess whether platelet staining was dependent on the platelet:LUVET ratio, human 

platelets were incubated with increasing volumes of the LUVET suspension (0.70, 1.35, and 

1.75 mM final lipid concentrations, corresponding to 2.91013, 1.11013, and 5.71012 plate-

lets/mole LUVET lipids). The degree of labeling of resting platelets, as expressed by the frac-
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Figure 2. Platelet-LUVET interactions examined by FACS. Flow cytograms of (A) gel filtered calcein-encapsulating 
DSPC:DPPC:DSPE-PEG2000 LUVETs (85:10:5 molar ratio); (B) LUVETs incubated with convulxin; (C) LUVETs incu-
bated with convulxin and anti-CD42b-IgG-PE antibodies; (D) LUVETs incubated with convulxin and anti-CD61-PE 
mAbs; (E) resting and convulxin-activated (light and dark line, respectively) hamster platelets stained by anti-CD42b-
IgG-PE. The black, filled curve represents negative control. Resting (F) and activated (g) hamster platelets after 40- 
min incubation with LUVETs (platelet:lipid ratio of 2.9×1013 platelets/mole LUVET lipids); (H) resting and convulxin-ac-
tivated (light and dark line, respectively) human platelets stained by anti-CD61-PE. The black, filled curve represents 
negative control. Resting (I) and activated (j) human platelets after 40-min incubation with LUVETs (platelet:lipid 
ratio of 2.9×1013 platelets/mole LUVET lipids). LUVETs are quantified in the FL1 channel; platelets are quantified in 
the FL2 channel.
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tion of FL1/FL2-positive cells in the upper right quadrant, increased with the quantity of LU-

VETs present in the incubation mixture (Fig. 3). Fig. 3A shows that 93% and 150% increases 

in final lipid concentration led to a 51% and 192% increase in the fraction of stained resting 

platelets, respectively, albeit the overall percentage of FL1/FL2-positive cells remained be-

low 6.4%. Activated platelets exhibited a stronger interaction with LUVETs, insofar as a 

twofold increase in lipid concentration resulted in a sixfold increase in the fraction of stained 

cells. At 1.35-mM final lipid concentration, 35.9% of cells in the assayed platelet population 

were labeled by the LUVETs compared to 6.3% of FL1/FL2-positive cells for 0.70 mM final 

lipid concentration. Raising the lipid concentration from 1.35 mM to 1.75 mM yielded no  

additional increase in FL1/FL2-positive cells with respect to activated platelets, suggesting 

that a saturation level may have been reached.

 In conclusion, a scant platelet-LUVET interaction was observed in resting and activated 

hamster and human platelets at a 0.70 mM final lipid concentration. Lower platelet:LUVET 

ratios were associated with an augmented degree of platelet labeling by the LUVETs, which 

was more pronounced for activated human platelets than for resting platelets.

3.2 Spectrofluorometric determination of plasma- and reagent-induced fluorophore 
leakage from liposomes
In order to investigate whether PPP and the reagents used in this study impart a detrimen-

tal effect on liposomal membrane integrity, and thus produce false positives through the 

staining of platelets by fluorophore molecules that have leaked out of the vesicles, PPP-

suspended LUVETs containing 200 mM calcein or 57 mM CF were assayed spectrofluoro-

metrically in the presence of CVX and antibodies. In a parallel study we found that platelets 

can be stained with submicromolar concentrations of (free) calcein and CF and quantified by 

FACS [15]; any PPP- or reagent-induced leakage from LUVETs to a detectable extent would 

therefore invalidate discrete LUVET-platelet interactions.
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Figure 3. The effect of decreasing platelet:lipid ratios on platelet-LUVET interactions as examined by FACS. A) De-
pendence of the number of FL1/FL2-positive resting and activated human platelets on the final LUVET lipid concen-
tration in platelet-rich plasma (40 µL, 106 platelets). The number of FL1/FL2-positive cells in the upper right quadrant 
are expressed as a percentage of the entire platelet population. Final lipid concentrations of 0.70, 1.35, and 1.75 mM 
correspond to platelets/mole LUVET lipid ratios of 2.9×1013, 1.1×1013, and 5.7×1012, respectively. Assays were per-
formed by FACS; 10,000 events were collected in the platelet gate. Flow cytograms of resting (B) and activated (C) 
human platelets incubated with 10 µL (0.70 mM final lipid concentration, yellow dot plot) or 40 µL (1.75 mM final lipid 
concentration, red dot plot) of the LUVET suspension.
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 The release rates of the encapsulated fluorophore depended on the type of suspending 

medium as well as the fluorophore used. Calcein-encapsulating LUVETs exhibited a rela-

tively high mean release rate in equilibration buffer (0.14%/min), whereas the release rate 

in PPP was 0%/min (Figs. 4A and C), suggesting a stabilizing effect of PPP on the LUVET 

membrane. 

 In contrast, the stability of CF-encapsulating LUVETs was little affected by the equili-

bration buffer (0.02%/min), whereas the presence of PPP was associated with quenched CF 

fluorescence (not shown) and possibly anomalous release kinetics following TX100 addition 

(Fig. 4B) (because the extent of CF fluorescence quenching by itself does not justify the dif-

ference in fluorescence emission intensity between buffered and PPP-containing CF-LUVET 

solutions after TX100 addition). The leakage rate of CF from LUVETs in the presence of PPP 

was 0.12%/min. However, since the percentage of leakage was calculated based on the 

fluorescence emission intensity 2.5 min after TX-100 addition, the passive release rates are 

artificially amplified when fluorescence quenching occurs or when release kinetics are aber-

rant. Reagent-induced leakage is therefore not reported for CF-containing LUVETs.

 The addition of reagents, which was performed in PPP-containing medium, resulted in 

an increased calcein leakage for all reagents when compared to PPP alone. Calcein release 

rates ranged from 0.05%/min (CVX, CD42b) to 0.08%/min (CD42b-IgG-PE, CD61-PE) (Fig. 

4C), which corresponds to rises in final concentration of 0.20 µM and 0.32 µM calcein in the 

suspending medium per 10 min, respectively. It should be noted that PPP- and/or reagent-

induced leakage during the 10-min incubation period was excluded from the calculations 

inasmuch as the fluorescence emission intensity of control samples (LUVETs only) did not 

differ from the emission intensity of LUVETs + reagent(s) incubation mixtures following ad-

dition to the buffer/PPP solution (not shown).

Chapter � - Lasers and Liposomes

Figure 4. Spectrofluorometric determination of passive and reagent-induced leakage rates. Leakage of calcein (Cal) 
(A) and 5,6-carboxyfluorescein (CF) (B) from DSPC:DPPC:DSPE-PEG2000 LUVETs (85:10:5 molar ratio) suspended 
in 0.88% NaCl, 10 mM HEPES buffer, pH = 7.4, or buffer containing 15% v/v platelet-poor plasma (PPP). The arrows 
represent, in chronological order, the addition of LUVETs and of TritonX-100 (0.1% v/v final concentration) to the 
medium. (C) The effect of convulxin (CVX), glycoprotein Ib mAbs (CD42b), CD42b labeled by phycoerythrin-conju-
gated IgG, and phycoerythrin-conjugated CD61 mAbs on calcein release rates from LUVETs in the presence of PPP. 
Release of entrapped fluorophore following the addition of TX-100 occurred at a faster rate for LUVETs suspended 
in buffer than in PPP-containing suspensions. Moreover, a state of equilibrium was reached faster for the former. 
Mean±SD values are reported (n=3).
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 The extrapolated fluorophore concentrations (0.20-0.32 µM) in the suspending me-

dium following incubation of LUVETs with CVX or antibodies suggests that the fraction of 

FL1/FL2-positive cells (section 3.1) may be interpreted as false positives, given that a 250 

nM concentration of free fluorophore is sufficient to obtain a discriminable FL1-positive sig-

nal with FACS [14]. Consequently, platelet-LUVET interactions were assayed by confocal 

microscopy. 

3.3 Confocal microscopy
Confocal microscopy was employed to scrutinize the FACS results (section 3.1) and to determine 

the localization of the LUVETs with respect to resting and activated human platelets.

 Resting platelets exhibited no to very limited interaction with CF- and calcein-encap-

sulating LUVETs following 10-min incubation. The LUVETs occasionally colocalized with in-

dividual CD61-PE stained activated platelets, which in most instances occurred near or at 

the platelet outer membrane (Fig. 5A). In a few cases the LUVETs were sequestered by 

CVX-activated cells into the cytoplasmic compartment (Fig. 5B). Moreover, the platelets did 

not exhibit discriminable green fluorescence compared to background, suggesting that the 

LUVETs did not release the fluorophore into the intracellular environment after sequestration 

(not shown).

 Similarly, the distribution of LUVETs in CVX-activated platelet aggregates (microthrom-

bi) was relatively sparse (Fig. 5C). It should be noted that this incorporation may have been 

the result of the LUVETs merely being trapped in the clusters during aggregation rather than 

having undergone a specific interaction with the platelets.

 Although the results provide a possible explanation for the positive staining of a small 
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Figure 5. Platelet-LUVET interactions examined by confocal microscopy. Confocal microscopy images of human 
platelets that were incubated for 10 min with fluorophore-encapsulating DSPC:DPPC:DSPE-PEG2000 LUVETs 
(85:10:5 molar ratio, 2.87 mM final lipid concentration, 4.3×1013 platelets/mole LUVET lipids), washed, and labeled 
with CD61-PE. A) Convulxin-activated platelet incubated with 5,6-carboxyfluorescein-containing LUVETs (arrow). 
One LUVET was found to colocalize with the platelet membrane in this z-planar section. The arrowhead points to a 
platelet-derived microparticle. Scale bar = 1 mm. Insert: single 5,6-carboxyfluorescein-containing LUVET. Scale bar 
= 100 nm. B) Convulxin-activated platelet incubated with 5,6-carboxyfluorescein-containing LUVETs. In this case 
several LUVETs have been internalized into the cytoplasmic compartment (arrows). Scale bar = 0.5 mm. C) Micro-
thrombus composed of convulxin-activated platelets incubated with calcein-containing LUVETs. The relatively homo-
geneous LUVET distribution indicates a lack of association with the thrombus. Scale bar = 4 mm.
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fraction of the platelet population in the FACS experiments, they fail to corroborate the  

intense fluorescence staining as described for the in vivo situation [1]. This discrepancy is 

exacerbated by the fact that a ~10-fold lower platelet:LUVET lipid mole ratio was used in the 

confocal microscopy assay than was used in [1]. 

3.4 glass capillary thrombosis model
To further confirm our results we investigated whether LUVET-platelet interactions occur 

under flow conditions using an ex vivo model of thrombus formation. Anticoagulated whole 

blood was perfused over a fibrillar collagen matrix, allowing platelets to adhere and aggre-

gate. Platelet adhesion is mediated through receptor GPIb (CD42b) via collagen-bound von 

Willebrand factor [18] followed by the collagen receptors GPVI and integrins 21 [19], where-

as aggregation is facilitated through GPIIb/IIIa (CD41) [20]. When platelets are labeled with a 

fluorescent dye (DiOC6(3)) thrombus formation can be visualized in real time by fluorescence 

microscopy.

 Figs. 6A-D depict the development of microthrombi in time during continuous perfusion 

of collagen-coated glass capillaries with DiOC6(3)-labeled platelets in whole blood. Within 2 

min small platelet aggregates were present on the capillary wall (Fig. 6B, arrowhead) that, 

after 8 min (Fig. 6D), had grown considerably in size as evidenced by the increased surface 

area and fluorescence emission intensity. When the system was viewed in brightfield mode, 

the thrombi appeared light against a dark background due to the absence of hemoglobin in 

the clot (Fig. 6E, arrowhead).

Chapter � - Lasers and Liposomes

Figure 6. Platelet-LUVET interactions examined with a glass capillary thrombosis model. Accumulation of micro-
thrombi on collagen-coated glass capillaries as imaged with fluorescence video microscopy. A-D) depict the develop-
ment of microthrombi in time during continuous perfusion of collagen-coated glass capillaries with DiOC6(3)-labeled 
platelets in whole blood. The red arrows indicate the direction of flow. Within 2 min small platelet aggregates were 
present on the capillary wall that, after 8 min (D), had grown considerably in size. In brightfield mode, the thrombi 
appeared light against background (E, arrow). Perfusion with calcein-incorporating DSPC:DPPC:DSPE-PEG2000  
LUVETs (0.17 mM final lipid concentration, 2.3×1015 platelets/mole LUVET lipids) (F) confirmed the lack of platelet-
LUVET interactions after 2 min of perfusion, imaged at 4.2× higher camera gain settings and 4× longer acquisition 
time than used in control (A-D). After 7 min, thrombi were imaged at 5.6× higher gain and 8× longer acquisition time 
to allow visualization of single liposomes ((g), arrows). The brightfield image taken at 8:47 min confirmed the pres-
ence of thrombi ((H), arrow).
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 If calcein-encapsulating, PEGylated DSPC:DPPC:DSPE-PEG LUVETs undergo any 

kind of interaction with resting or activated human platelets, perfusion of capillaries with  

LUVET-containing whole blood would exhibit a similar staining pattern in microthrombi. Fig. 

6F clearly shows an absence of such a pattern after 2 min of perfusion, imaged at 4.2 

higher camera gain settings and 4 longer acquisition time than used in control. After 7 min, 

thrombi were imaged at a 5.6 higher gain and 8 longer acquisition time to allow visualiza-

tion of single LUVETs (Fig. 6G, arrows). Due to the long acquisition time, the LUVETs appear 

as fluorescent streaks (moving objects) rather than dots (stationary objects). The brightfield 

image taken at 8:47 min confirms the presence of thrombi (Fig. 6H).

 The results obtained with the glass capillary thrombosis model, which best mimics 

prothrombotic in vivo conditions, support the FACS and confocal microscopy data and un-

ambiguously demonstrate that fluorophore-encapsulating PEGylated lecithin LUVETs are not 

prone to any substantial interaction with resting and activated platelets (the latter at a plate-

let:lipid ratio >2.91013).

3.5 In vivo determination of platelet-LUvET interactions
In a final experiment, PEGylated LUVETs containing NBD-labeled phosphatidylcholine were 

infused into the hamster circulation and assayed by FACS after 15 or 45 min. This approach 

precluded the possibility of false-positive fluorescence as a result of the binding of free  

calcein or CF to platelets [14]. 

 DSPC:DPPC:NBD-PC:DSPE-PEG (80:10:5:5) LUVETs with a comparable diameter as the 

LUVETs used in [1] (Fig. 7A) emitted a mean±SD FL1 fluorescence of 2018.6±705.1 when 

assayed by FACS in the platelet gate compared to a mean±SD FL1 platelet fluorescence of 

2.1±0.1 (Figs. 7B and C, light gray). After 15 and 45-min systemic circulation time, no notable 

platelet-LUVET interactions were found as evidenced by the almost complete overlap of the 

flow cytograms between control platelets (Figs. 7B and C, black) and platelets assayed after 

LUVET infusion (Figs. 7B and C, dark gray). The mean±SD fluorescence intensities are plotted 

per group in Fig. 7D, demonstrating the validity and accuracy of the in vitro experiments.

Figure 7. In vivo platelet-LUVET interactions assayed by FACS. A) Size distribution of the DSPC:DPPC:NBD-PC:DSPE-
PEG LUVETs as measured by photon correlation spectroscopy. B) Flow cytogram of control hamster platelets (black), 
LUVETs (light gray), and hamster platelets (dark gray) sampled 15 min after infusion of 500 mL of the LUVET suspension 
(25 mM final lipid concentration). C) Flow cytogram of platelets (black), LUVETs (light gray), and platelets (dark gray) 45 
min after infusion of the LUVET suspension. D) Mean, range, and SD plots of FL1 fluorescence intensities of hamster 
platelets (Plt, n=3), hamster platelets following 15-min LUVET circulation (Plt+Lipo 15’, n=3), hamster platelets follow-
ing 45-min LUVET circulation (Plt+Lipo 45’, n=3), and LUVETs in PBS buffer (Lipo, n=4 runs for 1 LUVET batch).
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4. DISCUSSION

 In a report describing a novel in vivo platelet staining technique [1], the phagocytic 

properties of platelets were cited as the possible mechanism behind the rapid uptake of 

CF-encapsulating PEGylated LUVETs by hamster platelets following systemic infusion. In-

terestingly, fluorescent staining of laser-induced thrombi was also demonstrated by us in 

separate studies using the same experimental animal model, experimental setup, and LU-

VETs as were used in [1] (Heger et al., in preparation). Since the observed phenomena and 

the proposed underlying mechanism(s) [1] are in stark contrast with the putative contention 

that platelets are not able to take up neutral, sterically stabilized phospholipid vesicles within 

a few minutes after contact, several specific in vitro and in vivo assays were conducted to ex-

amine the interaction of LUVETs with hamster and human platelets. In addition to addressing 

the mechanism(s) of the proposed in vivo platelet staining technique, the experiments were 

performed in light of the possible implications of such interactions. The detrimental implica-

tions associated with platelet uptake of sterically stabilized PC-based liposomes designed to 

deliver therapeutic or diagnostic compounds to target sites other than platelets are evident. 

On the other hand, platelet interactions with stealth liposomes could open up new avenues 

for clinical and research modalities in which platelets play a pivotal role. 

 The initial approach in validating platelet-LUVET interactions was based on FACS in-

sofar as this technique allows qualitative and quantitative analysis of single cells at high 

sensitivity. The binding to and/or uptake of one liposome by a platelet would therefore be 

instantaneously detected given the strong FL1 signal emanating from singular LUVETs. To 

exacerbate the effects, we incubated hamster platelets at a ~15-fold lower platelet:LUVET 

ratio than used in the in vivo studies ([1] and this study). Nevertheless, even under these ex-

aggerated conditions there were no notable interactions between resting and CVX-activated 

hamster platelets and PEGylated CF-encapsulating DSPC:DPPC:DSPE-PEG LUVETs. The 

confocal microscopy, glass capillary thrombosis, and in vivo results, which were obtained at 

approximately the same systemic lipid concentrations as in [1], strongly supported the FACS 

data, suggesting that the in vivo platelet staining as shown in [1] occurred via mechanisms 

other than platelet-LUVET interactions. 

 In a parallel study we demonstrated that polyanionic fluorescein derivatives such as 

calcein and 5,6-CF associate with the platelet glycocalyx and that platelets are capable of 

sequestering these fluorophores [14]. Similarly, we have found that hamster red blood cells 

can be stained by calcein and 5,6-CF using FACS (unpublished results). Hence it could be ar-

gued that a heightened membrane permeability of CF-encapsulating LUVETs in plasma may 

have accounted for sufficient free fluorophore in the circulation to stain thrombus-entrapped 

platelets. Hashizaki et al. [21] have reported that at 30°C some leakage of CF occurs from 

DPPC:DSPE-PEG liposomes in serum, i.e., more than 10°C below the phase transition tem-

perature, suggesting that passive diffusion of encapsulated fluorophore takes place across 

gel phase DPPC:DSPE membranes. However, the lack of support for this argument from the 

FACS data and the glass capillary thrombosis experiments, albeit performed with human 

platelets, leads to the consideration that the positive staining obtained in vivo [1] is likely as-

cribable to the presence of residual unencapsulated CF in the LUVET-containing suspension 
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before systemic administration, which might not have been sufficiently eliminated by the 

dialysis step. 

 Whilst the potentially beneficial implications of platelet interactions with stealth PC LU-

VETs have been abrogated in the context of a 0.70 mM LUVET suspension, human platelets 

did exhibit an inverse, contrasting pattern when incubated at lower platelet:LUVET ratios. 

The interaction between platelets and LUVETs appears to be strongly activation-dependent 

inasmuch as more than 32% of CVX-activated platelets became FL1/FL2-positive, whereas 

resting human platelets underwent no notable interaction with the LUVETs following 10-min 

incubation. In light of this, LUVET colocalization with individual activated platelets, albeit 

sparse, was confirmed by confocal microscopy, which demonstrates that the FL1 fluores-

cence of PE-labeled activated platelets was not merely the result of reagent-induced calcein 

leakage but of actual uptake of fluorophore-containing DSPC:DPPC:DSPE-PEG LUVETs.

Table 1. Summary of final lipid concentrations from selected studies in which phosphatidylcholine-based liposomes 
were used as drug carriers. When available, molar ratios were provided in parentheses. Systemic lipid concentra-
tions were retrieved or extrapolated on the basis of the furnished information. Total blood volumes were inferred 
based on mean blood volume data (http://www.med.yale.edu/yarc/vcs/normativ.htm) and the given animal weight. 
In some instances (†), animal weights were assumed according to putative values. Abbreviations (in chronological 
order): EPC, egg phosphatidylcholine; chol, cholesterol; DSPE-PEG, 1,2-distearoyl-sn-glycero-3-phosphatidyletha-
nolamine-polyethylene glycol; [3H]CHE, 3H-labeled cholesterol hexadecyl ether; DSPC, 1,2-distearoyl-sn-glycero-
3-phosphocholine; 99mTc-MIBI, technetium-99m-labeled sestamibi; TRITC, tetramethyl rhodamine isothiocyanate; 
DHPE, 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine; HSPC, hydrogenated soy phosphatidylcholine; DOX, 
doxorubicin; [3H]COE, 3H-labeled cholesterol oleoyl ether; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; CF, 
5,6-carboxyfluorescein.
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 A review of liposomal drug delivery literature was performed to investigate the com-

monly employed systemic lipid concentrations that have been used in various animals models. 

The results are summarized in Table 1. In the context of the study by Mordon et al. [1] (Table 

1), a ~15-fold increase in systemic lipid concentration (corresponding to a ~15-fold decrease 

in platelet: LUVET ratio at which no platelet-LUVET interactions were observed) would yield 

approximately 22 mM as a ‘safety threshold.’ All the studies summarized in Table 1 reported 

final lipid concentrations well below this threshold. It is therefore not expected that phospha-

tidylcholine-based drug delivery platforms that are currently being investigated are at risk for 

aspecific platelet uptake or deregulation of the hemostatic system.

 Although the uptake mechanism at higher lipid concentrations is currently elusive, we 

are investigating the possible involvement of the open canalicular system: a channel system 

in platelets capable of acting as an exchange gateway between the extracellular environ-

ment and cellular organelles [22]. It is known that a broad array of particulates, ranging from 

small molecules such as thorium dioxide to 6.4-µm latex beads [23-29] can be sequestered 

through this intricate network of channels. Male et al. [30] have shown that unPEGylated 

liposomes of similar composition were taken up by washed platelets, although the prepa-

ration protocol and the exceptionally long incubation times of 2-17 h may have influenced 

the results. The exact uptake mechanism notwithstanding, any type of interaction between 

LUVETs and activated but not resting platelets could pave the way for diagnostic and thera-

peutic modalities in which platelets act as targets, vehicles, or mediators, and could thus 

constitute a relevant topic in thrombosis- and drug delivery-related research.
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ABSTRACT

Tranexamic acid (TA) is a synthetic antifibrinolytic agent that is 

being considered as a candidate adjuvant drug for site-specific 

pharmaco-laser therapy of port wine stains. For drug utility 

studies, an HPLC-fluorescence method was developed for the 

quantification of TA in blood. Platelet-poor plasma was pre-

pared, size-separated using 3 kDalton cut-off centrifuge filters 

and derivatized with naphthalene-2-3-dicarboxaldehyde (NDA) 

and cyanide. The excess of NDA was quenched after 2 min by 

adding tryptophan. The derivatives were separated on a 2.1-mm 

C18 column using an acetate buffer/acetonitrile gradient. Excel-

lent separation from plasma background was obtained at pH = 

5.5. Quantification was carried out at 440/520 nm. The limit of 

detection was 0.5 µM and the mean±SD recovery from whole 

blood was 96.9±12.9%. Derivatized TA samples were stable for 

at least 36 h at 4°C. The method was successfully applied to a 

heat-induced TA release study from thermosensitive liposomes.

Keywords: 
Antifibrinolytic drug, fluorogenic reagent, NDA, pre-column 

derivatization, plasma, whole blood, thermosensitive liposomes
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1. INTRODUCTION

 Tranexamic acid [trans-4-(aminomethyl) cyclohexanecarboxylic acid] (TA) is the most 

potent antifibrinolytic lysine analogue [1,2] used in a broad spectrum of peri- and postopera-

tive interventions and bleeding disorders [3–7]. The administration of TA is associated with a 

reduction in bleeding due to its inhibitory effect on clot breakdown (fibrinolysis). TA occupies 

the lysine binding sites of plasminogen, thereby inhibiting the formation of a molecular com-

plex required for fibrinolysis [8,9]. It has recently been proposed [10] that synthetic antifibri-

nolytic agents such as TA (Fig. 1A) may also constitute suitable candidates for site-specific 

pharmaco-laser therapy, a development-stage treatment modality for vascular anomalies 

(e.g., refractory port wine stains) in which laser irradiation is combined with the concomitant 

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

The objective of this modality is to induce occlusion of the pathological blood vessels through 

laser-mediated hemostatic processes, whereby the accumulated drug carrier progressively 

releases its content at the target site. The release of TA during blood coagulation will impart 

stability and integrity onto the clot by inhibiting its breakdown. Complete occlusion of the 

blood vessel, initiated by laser irradiation and facilitated by the presence of prothrombotic 

and/or antifibrinolytic pharmaceuticals in the circulation, will lead to local hypoxia and the 

consequent removal of the irradiated vasculature. This ultimately results in a reduction in 

blood volume, and therefore the redness of the port wine stain [10]. The aim of this work is to 

develop a suitable method for TA quantification in blood and plasma samples, which will be 

used in drug release and pharmacokinetics studies during the development phases of site-

specific pharmaco-laser therapy. Although drug concentrations inside such carriers can be 

very high, the relatively slow release kinetics (minutes to hours) and instantaneous dilution 

effects will require a highly sensitive and selective chemical analytical approach to quantify 

TA release rates and half-lives in plasma and blood samples.

 In order to develop a simple yet effective quantification method for TA over the 10−4 

to 10−7 M range, several hurdles inherent to TA’s molecular structure must 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. Secondly, 

TA shares structural similarity to amino acids with its amino and carboxylic acid groups. High 

levels of bloodborne amino acids and possibly small peptides are therefore expected to 

cause major interferences during separation, which is required for assaying TA in biological 

samples. The chemical analytical techniques for TA determination published to date are sum-

Figure 1. A) Chemical 
structure of tranexamic 
acid; B) derivatization re-
action of naphthalene-2-3-
dicarboxaldehyde (NDA)/
CN− with primary amines.

Chapter � - Lasers and Liposomes

1. 0605 Michal_Heger.indd   192 05-06-2009   11:54:53



���

marized in Table 1. Limit of detection (LOD) values in the low-to-sub-µM range have been 

reported for pharmaceutical preparations and buffered solutions [12,15,16,25,27,28,30], but 

these techniques are not suitable or have not been investigated for biological samples. In 

Ref. [11], a prodrug of TA with more convenient chromatographic properties was analyzed. 

The majority of the other published methods, including ion-exchange-, gas-, and reversed-

phase high-performance liquid chromatography (RP-HPLC), and electrophoresis coupled to 

spectroscopic or mass spectrometric (MS) detection are either not sensitive or selective 

enough for our purposes [13,17–24,26,29,31]. An excellent method based on HPLC–tandem 

MS, although requiring expensive instrumentation, was recently reported by Chang et al. [14].

 Here we describe a simple, sensitive, and highly selective RP-HPLC method based on 

pre-column derivatization with naphthalene-2-3-dicarboxaldehyde (NDA) for the quantifica-

tion of TA in the 5 × 10−7 to 1 × 10−4 M range in blood and plasma samples. NDA has been 

widely used as a derivatization reagent for the determination of amino compounds in biologi-

cal samples by fluorescence detection after liquid chromatography [32] and capillary elec-

trophoresis [33]. The reaction of NDA with a primary amine in the presence of CN−, which 

proceeds facilely and quickly due to the high reactivity, is depicted in Fig. 1B. The derivatives 

are relatively stable and the reagent blank signal is low inasmuch as the starting reagent 

itself emits negligible fluorescence [32]. Our present work focuses on sample preparation, 

optimization of the derivatization reaction, chromatographic separation from large excesses 

of amino-containing plasma components, sample stability, and the use of internal standards. 

The method was validated for plasma and whole blood samples that were anticoagulated with 

citrate, ethylenediaminetetraacetic acid (EDTA), or heparin. Finally, the optimized method was 

applied to a heat-induced drug release study in which the amount of TA released from thermo-

sensitive liposomes was quantified in plasma.

2. ExPERIMENTAL

2.1 Chemicals and reagents
Ultrapure water (Milli-Q-UF Plus, Millipore, Bedford, MA) was used in all assays. 1,2-Di-

palmitoyl-sn-glycero- 3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phospho-

ethanolamine-polyethylene glycol (DSPE-PEG2000) were obtained from Avanti Polar Lipids 

(Alabaster, AL). HPLC-grade acetonitrile was purchased from Biosolve (Valkenswaard, the 

Netherlands), and acetic acid and ammonium acetate were acquired from Riedel-de-Haën 

(Seelze, Germany). TA (>96%, Fluka, Buchs, Switzerland) was prepared at a concentration of 

20-mM in water, diluted to the desired concentrations, and stored at 4°C. Cyclohexylamine 

(Sigma–Aldrich, Steinheim, Germany), n-propylamine (Baker Chemicals, Deventer, the Neth-

erlands), isopropylamine (Sigma–Aldrich), n-dodecylamine (Baker Chemicals), and 3-(3,4-di-

hydroxyphenyl)-l-alanine (l-DOPA) (Sigma–Aldrich) were tested as internal standards (I.S.). A 

1-mM solution of each I.S. as well as the stock of 40 mM NaCN (>97%, Merck, Darmstadt, 

Germany) and 10 mM tryptophan (Sigma–Aldrich) were prepared in water and stored at 4°C. 

The 20-mM NDA stock solution (Molecular Probes, Eugene, OR) was prepared in acetonitrile 

and stored at 4°C in the dark for up to 4 weeks. BD Diagnostics (Franklin Lakes, NJ) glass 
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Vacutainer tubes containing buffered sodium citrate, K2EDTA, or Li/Na heparin were used 

for blood collection. D-Phe-Pro-Arg-chloromethylketone HCl (PPACK) was obtained from 

Calbiochem (Merck Biosciences) and aprotinin was purchased from Bayer (Mijdrecht, the 

Netherlands).

2.2 Preparation and characterization of TA-encapsulating liposomes
Large unilamellar vesicles were prepared from DPPC and DSPE-PEG at a 96:4 molar ra-

tio. Phospholipids were dissolved in chloroform and mixed at the desired ratios. The so-

lution was desiccated by evaporation under a stream of N2 gas and exsiccated for 20 

min. The resulting lipid film was hydrated with 318 mM TA in 10 mM HEPES buffer [N-

(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid)] (Sigma–Aldrich), pH=7.4, to a final 

lipid concentration of 5 mM, and bath sonicated for 10 min. The mixture was subjected to 

10 freeze-thaw cycles and extruded five times through 0.2-µm filters (Anotop, Whatman, 

Brentford, UK) at 55°C. Unencapsulated TA was removed from the liposome suspensions 

by size exclusion chromatography (Sephadex G-50 fine, GE Healthcare, Chalfont St. Giles, 

UK). Phospholipid concentrations were determined by the phosphorous assay according to 

Rouser et al. [34], and encapsulated TA was quantified spectrofluorometrically after treat-

ment of liposome suspensions with 1% (final concentration) Triton-X 100 (Sigma–Aldrich) 

and derivatization with fluorescamine (Sigma–Aldrich) [35]. Liposome size and polydispersity 

were measured by dynamic light scattering at a 90° angle using unimodal analysis (Zetasizer 

3000, Malvern Instruments, Malvern, UK), and the phase transition temperature (Tm) of the 

formulation was determined by differential scanning calorimetry (MicroCal, Northampton, 

MA). Liposomes were stored in the dark at 4°C.

2.3 Sample preparation and derivatization
Blood was collected by venipuncture from healthy volunteers into Vacutainer tubes containing 

buffered sodium citrate, K2EDTA, or Li/Na heparin. PPACK (25 µM final concentration) and 

aprotinin (200 KIU/mL) were added to inhibit clotting factors and serine proteases such as 

plasmin, respectively. The tubes were immediately centrifuged at 3500 g for 10 min at 25°C 

to obtain platelet-poor plasma (PPP), which was isolated and stored in the dark at −20°C until 

further use. Throughout this work, PPP was used instead of platelet-rich plasma, mostly for 

reasons of long-term stability. 

 PPP samples (typically 200 µL) were spiked with TA (where applicable) and I.S., and 

water was added to a final volume of 400 µL. For the recovery studies from blood, whole 

blood was spiked directly with TA at three concentration levels. A volumetric correction fac-

tor, which corrects TA concentrations for volumetric differences between PPP and whole 

blood, is given by VP/VWB, where VP is the plasma volume and VWB is the volume of whole 

blood prior to centrifugation. The average plasma volume for adult males is approximately 

52% [36], and this value was used in all recovery computations from whole blood. All experi-

ments were carried out independently; i.e., each assayed sample was individually derivatized 

prior to HPLC so as to attest the validity of the method in retrospect.

 The spiked PPP samples were filtered through 3-kDa cutoff centrifuge filters (Millipore) 

at 14,000 ×g and 25°C until a sufficient volume of the filtrate was obtained (usually within 
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<20 min). Subsequently, 100 µL of standard solution (TA + I.S. in water) or filtered sample 

was added to 140 µL of 100 mM borate buffer (pH=9.3), followed by 30 µL of CN− (40 mM) 

and 30 µL of NDA (20 mM) to a total volume of 300 µL. The mixture was thoroughly vor-

texed. It is important to note that the order of reagent addition is crucial for minimizing the 

possibility of benzoin condensation reactions [37,38]. The resulting solution was allowed to 

stand for 2 min at room temperature (RT), after which the reaction was quenched by the  

addition of 50 µL of tryptophan (10 mM) to avoid slow side reactions of unused NDA/CN−. 

The samples were stored at 4°C in the dark for a maximum of 24 h prior to HPLC.

2.4 Heat-induced TA release from liposomes
Active drug release from TA-encapsulating DPPC/DSPEPEG liposomes was quantified fol-

lowing heat exposure at the Tm at predefined time intervals. Prior to heat treatment the gel 

filtered suspensions were diluted 10 with PPP that had been kept at 4°C. Following 5-min 

equilibration at 4°C, 160 µL of the diluted sample was suspended in 0.2 mL ultra-thin PCR 

tubes and incubated at 4°C for 10 min before thermally induced drug release, which was car-

ried out in a thermal cycler (Biozym, Oldendorf, Germany). Samples were heated for 0.5, 1.5, 

and 3.0 min, after which they were immediately submersed in an ice bath. The samples were 

then centrifuged at 355,000 g for 60 min at 4°C to pellet the liposomes. Fifty microliters of 

the supernatant was withdrawn, of which 20 µL was diluted five-fold with water, derivatized 

as described above for PPP samples, and assayed for TA concentration by HPLC.

2.5 HPLC
The HPLC system consisted of a master high-pressure piston pump equipped with a ma-

nometer module, a second high-pressure piston pump as slave, and an autoinjector (Models 

305, 805s, 302, and 234, respectively, Gilson Medical Electronic, Villiers Le Bel, France), and 

polyetheretherketone (PEEK) connections with zero-dead volume. 

 The reversed-phase separation was carried out on a C18 Atlantis column (particle size 

3 µm, 2.1 mm  100 mm, Waters, Dublin, Ireland) in conjunction with an Alltech k852-00 

C18 guard column (Keystone Scientific, Bellefonte, PA, USA). The column oven temperature 

(Model 7971, Jones Chromatography, Cardiff, UK) was maintained at 40°C, and the sample 

injection volume was 5 µL. A binary gradient was used for elution; solvent A consisted of 20 

mM acetic acid/acetate buffer (pH=5.5) containing 1% (v/v) acetonitrile, and solvent B was 

comprised of 20 mM acetic acid/acetate buffer (pH=5.5) containing 90% (v/v) acetonitrile. 

The selected gradient was 30% of solvent B during the first 2 min, which increased linearly 

to 72% B in 21 min and then to 100% B in 1 min. One hundred percent of B was sustained 

during 3 min for column cleaning. A programmed loop to initial conditions was carried out 

after 10 min. The mobile phase flow rate was kept at 0.2 mL/min.

 NDA-derivatized compounds were analyzed post-column with a fluorescence detector 

(ex = 440 nm, em = 520 nm, Jasco FP-1520, Tokyo, Japan). Detector signal output was pro-

cessed online with a PC and Chromeleon software (Dionex, Sunnyvale, CA, USA). Recover-

ies of TA from plasma samples were calculated by dividing the integrated peak area by the 

respective nominal TA concentration for calibration and PPP samples (FCAL and FPPP, respec-

tively) and expressed as the quotient (in %) of these fractions: (FPPP/FCAL) × 100%. Statistical 
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analysis (two-tailed, homoscedastic Student’s t-test) was performed where applicable as 

indicated in the text. p-Values <0.05 were considered significant.

3. RESULTS AND DISCUSSION

3.1 Optimization of the HPLC separation 
After removal of high molecular weight compounds (>3 kDa) by centrifuge filtration, plasma 

samples still contain relatively high levels of small peptides and monomeric amino acids 

that are also derivatized with NDA and could hence interfere with TA determination. Sev-

eral HPLC parameters, such as pH, gradient profile, and column temperature were tested 

in order to achieve the best possible separation of TA from the plasma constituents within 

a minimum elution time. The optimization experiments were carried out using a 10% (v/v) 

plasma solution, diluted with 100 mM borate buffer (pH=9.3), spiked with TA (0.02 mM 

final concentration), and derivatized with NDA/CN− (0.07 and 0.2 mM final concentrations, 

respectively). 

 Different linear gradients at different pH values were tested using a binary solvent sys-

tem: solvent A, 1% (v/v) acetonitrile in 20 mM acetic acid/acetate buffer and solvent B, 90% 

(v/v) acetonitrile in 20 mM acetic acid/acetate buffer. At pH=3, the carboxylic acid groups of 

TA, amino acids, and small peptides are predominantly protonated (neutral), which makes 

these molecules rather lipophilic after NDA labeling. Under these conditions, separation was 

not possible with any of the tested linear gradients. In contrast, when similar experiments 

were carried out at pH=6.5, all derivatized components eluted early (as deprotonated anions) 

and no separation could be achieved either. The effect of pH on the resolution was therefore 

investigated using the same solvents in a pH range of 3.5–6, with two different fixed gradi-

ent profiles (from 0% B to 100% B in 15 and in 30 min). Adequate separation was achieved 

with both gradients in a pH range of 4.0–5.5, probably due to differences in pKa values be-

tween TA and plasma amino acids. It is well known that the pKa of the carboxylic acid group 

in amino acids is significantly lower than that of an isolated alkyl-COOH such as in TA, and 

apparently the same holds for their NDA derivatives.

 Fig. 2 shows the separation of NDA-labeled TA in plasma; the derivatized plasma com-

ponents give rise to major peaks at the beginning of the chromatogram. These are not ob-

served when derivatizing water blanks (NDA itself is non-fluorescent). There is practically no 

interference at the longer elution times, i.e., in the vicinity of the NDA–TA peak. The best 

resolution from minor plasma peaks was obtained at pH=5.5. The slower gradient provided 

better resolution between TA and plasma components, but the efficiency and symmetry of 

the peaks were worse and the analysis time longer. Thus, the steeper gradient at pH=5.5 

was selected for further experiments.

 The influence of column temperature was also evaluated since changes in tempera-

ture could have an effect on retention, selectivity, and efficiency. Complete separation was 

achieved at 40°C. The gradient program was further optimized in order to shorten the analy-

sis time. The best results were achieved when an initial isocratic step was ensued by a sol-

vent gradient after 2 min. The optimized elution program was as follows: from 0 to 2 min a 
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constant 30% B followed by a linear gradient from 30% B to 72% B from 2 to 23 min. Under 

these optimum chromatographic conditions TA was well resolved from plasma interferences 

with a 12-min elution time.

3.2 Selection of an internal standard
For quality control purposes, several I.S.s were tested. Five commercially available amino 

compounds were chosen as a model of primary amines for the reaction with NDA/CN− and 

were evaluated as I.S., namely: n-propylamine (nPA), isopropylamine (iPA), n-dodecylamine 

(DA), cyclohexylamine (CHA), and l-DOPA. Using the selected mobile phase, l-DOPA eluted 

too early (interference from plasma components) and DA eluted very late, prolonging the 

analysis time. The high volatility of iPA would affect the precision with which iPA could be 

added to the samples; the further use of this compound was therefore discontinued. nPA 

and CHA both eluted shortly  after TA in a clean zone of the chromatogram (Fig. 2), and 

throughout most of the work both I.S.s were used. However, later experiments showed poor 

recovery of CHA from plasma, presumably as a result of binding to large proteins (e.g., albu-

min) and consequent retention on the 3 kDa filter. For the more polar TA and the smaller nPA 

no such losses were observed; nPA was therefore selected as the most appropriate I.S. 

3.3 Optimization of the labeling reaction 
Different reaction parameters were considered to optimize the derivatization: pH, excess of 

reagents, and reaction time. A 100-mM borate buffer (pH=9.3) was selected as derivatization  

medium [32], since the amino group should be electrically neutral for the nucleophilic addi-

tion reaction. To ensure a rapid and complete reaction of TA and I.S. in PPP, an excess of 

NDA is desirable (especially when plasma components use up a large fraction of the avail-

able NDA), but overabundances must remain balanced insofar as side reactions may result 

in precipitation or the formation of interfering compounds. NDA concentrations in TA and 

I.S.-spiked plasma samples were therefore assayed from 0.2 to 2.3 mM with steps of 0.3 

mM (final concentrations, with a proportional increase in the CN− concentration from 0.6 to 

6.9 mM) until no further increase of the peak heights was observed. Consequently, a 2-mM 

NDA concentration was selected.

 The reaction of NDA with TA and I.S. proceeds very quickly (in <2 min), whereas the 

reaction of NDA with some of the plasma components is slower. Increases in plasma peaks 

were observed with increasing NDA concentrations above 0.7 mM, while the TA and I.S. 

signals remained constant in the range 0.7–2.3 mM. These results were corroborated spec-

Figure 2. Chromatogram of platelet-poor plasma before 
(gray) and after (black) spiking with 10 µTA, illustrating 
the separation at pH=5.5 of NDA–TA from the large  
excess of all major derivatized plasma components and 
internal standards (I.S.1 = nPA; I.S.2 = CHA).
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trofluorometrically (SPEX Fluorolog, HORIBA Jobin Yvon, Edison, NJ) in batch experiments 

during which fluorescence emission by NDA-conjugated TA, I.S., and diluted PPP was moni-

tored as a function of time. In the case of TA and I.S. the maximum fluorescence yield was 

reached in less than 2 min (results not shown). 

 When excess concentrations NDA were used, slow precipitation of yellow crystals 

could be observed and the solutions would turn red after several hours. The favorable reac-

tion kinetics of NDA towards TA and I.S.s were utilized to resolve these effects. By adding 

50 µL of 10 mM tryptophan to the reaction mixture after 2 min, the slow side reactions were 

quenched through the consumption of any remaining NDA by tryptophan and precipitation 

would not occur. The resulting major peak of labeled tryptophan eluted early with the other 

plasma components and did not interfere with TA determination. It should be noted that 

for standard TA solutions in buffer (in the absence of plasma components), the NDA/CN− 

concentrations must be reduced by a factor 2 so as to prevent degradation of NDA reaction 

products in the presence of excess NDA. 

 In the abovementioned experiments, the concentration ratio between CN− and NDA 

was 3. Once the concentration of NDA had been fixed, the ratio between CN− and NDA 

was studied in the range 1–5. Although it has been reported before that the optimal ratio 

between CN− and NDA is 10 [38,39], we observed no significant differences in signal heights 

or areas when this ratio was >1.5. A [CN−]/[NDA] ratio of 2 was therefore selected for further 

experiments. The use of fresh CN− is recommended: older batches of NaCN or KCN were 

found to result in lower yields.

3.4 Calibration curve and performance characteristics 
Under the optimal conditions described above, a calibration curve was established by assay-

ing single injections of TA standard solutions (in water) at different concentrations (0.5, 1, 

2.5, 5, 10, and 50 µM). Linearity was confirmed using least square regression analysis, with

the analytical signal (integrated peak area) plotted as a function of TA concentration. In order 

to check the influence of both the centrifuge filtration protocol and the matrix effect when 

TA is analyzed in PPP samples, a calibration curve was established for plasma as well using 

the same TA concentrations. The obtained regression equations were y = 1.3926x − 0.2083 

(R2 = 0.9997) and y = 1.4453x + 0.8487 (R2 = 0.9996) for, respectively, TA standard and TA 

plasma solutions. Only a small difference (3.4%) existed between the slope coefficients, 

suggesting that there were neither substantial losses of analyte throughout the procedure 

nor matrix effects on detector sensitivity. These results substantiate the direct use of the 

external calibration curve for quantification purposes in plasma, and therefore no recovery 

corrections were applied to the TA measurements in recovery studies from blood and lipo-

somes.

 The method detection and quantification limits, calculated using an S/N ratio of 3 and 

10, respectively, were 0.5 and 1.5 µM (Fig. 3). Variations in the levels of minor plasma inter-

ferences, and not detector noise, determined the LOD. It is therefore recommended that 

when low TA levels are expected, a blank blood sample should be collected from the patient 

or animal prior to TA treatment in order to establish the specific baseline.  
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3.5 Stability of the derivatized samples 
In preliminary experiments we found that during long sequences the signal intensity of de-

rivatized TA would slowly decrease after several hours, and that this effect was more pro-

nounced for nPA and CHA. The stability of the derivatized products was therefore examined 

more thoroughly. The labeling reaction of spiked plasma was carried out as described above 

at pH=9.3 and quenched after 2 min with tryptophan. Aliquots of the sample were trans-

ferred into several autoinjector vials and kept at RT or at 4°C in the dark and analyzed at vari-

ous time points up to 36 h. The resulting signal intensities are plotted in Fig. 4. The stability 

plots clearly indicate that cooling helps to retard degradation, particularly with respect to 

NDA-I.S. products, and that a cooled autosampler should be employed for long chromato-

graphic sequences.

 Due to the unavoidable instability of the derivatized nPA it was decided not to divide 

the TA peak areas by those of nPA, as this would introduce unjustified error and inaccurately 

reflect actual TA concentrations. Nevertheless, the use of nPA as a control standard is war-

ranted for assessing the validity of the method by means of logging the peak areas from 

continued experiments in Shewhart-type charts, which function to monitor experimental 

outcomes (i.e., fluctuations) over a longer period of time.

3.6 TA recovery from whole blood
In order to evaluate the applicability of the proposed method in the context of whole blood, 

citrate-, EDTA-, and heparin-anticoagulated blood samples were spiked with TA at different

Figure  4. Stability curves of NDA-derivatized TA and two 
internal standards, n-propylamine (nPA) and cyclohexyl-
amine (CHA), at room temperature (RT) and at 4°C.
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concentration levels (10, 30, and 80 µM) and independently assayed in triplicate. The blood 

samples were treated in accordance with the protocol described above, with the exception 

of a two-fold dilution step for the 80 µM TA samples so as to stay well within the detection 

range. The final TA concentrations were corrected for a reduction in volume following centrif-

ugation (Section 2.3). This correction factor must be taken into account when comparing TA 

levels in blood and in PPP. The obtained recoveries are depicted in Fig. 5. Statistical analysis 

showed that no significant differences exist between the mean recoveries of citrate- versus 

EDTA- versus heparin-anticoagulated blood samples (when mean recoveries per anticoagu-

lant group are averaged over the respective TA concentrations), suggesting that the validity 

of the method is not influenced by the type of anticoagulant used during blood collection. 

However, when comparing the mean recoveries per TA concentration (i.e., disregarding the 

type of anticoagulant used), an increasing trend in mean recoveries was found with higher 

TA spiking levels (72.8±10.2% for 10 µM, 79.4±6.9% for 30 µM, and 89.9±9.4% for 80 

µM). The difference in mean recoveries between the 10 and 80 µM as well as the 30 and 

80 µM TA concentrations was statistically significant (p = 0.005 and 0.016, respectively).  

 Since this effect was not present during the plasma recovery measurements (Section 

3.4) it cannot be due to the membrane filtration process. Therefore, these results imply that 

part of the TA molecules must be lost during the centrifugation of TA-spiked whole blood 

samples. The data indicate a constant loss, but the effect is relatively more pronounced for 

lower TA concentrations. The exact reason is currently unknown and will be investigated in 

future experiments. The reproducibility of the whole blood assays was evaluated by compar-

ing the results obtained for different TA spike levels on different days. The relative standard 

deviations (calculated from peak areas) were 9–13% (n = 9 per concentration, measured 

on three different days with different calibration curves). The mean±SD elution time was 

11.87±0.10 min (n = 88).

3.7 Heat-induced TA release from liposomes
Sterically stabilized thermosensitive DPPC/DSPE-PEG liposomes with a mean TA:lipid ra-

tio of 0.91, a mean±SD external diameter of 153±2 nm at a polydispersity index of 0.083, 

and a Tm of 43.3°C were heated at the Tm for 0, 0.5, 1.5, and 3 min and assayed for TA re-

lease as described in Section 2.4. Hyperthermia has been employed for numerous liposomal 

Figure 5. Recoveries of different concentrations 
tranexamic acid (TA) from whole blood anticoagulated 
with citrate (Cit, striped), EDTA (blank), or heparin (Hep, 
checkered). Recoveries were calculated by dividing 
the integrated peak area by the respective nominal TA  
concentration for calibration and whole blood samples 
(FCAL and FWB, respectively) and expressed as the quo-
tient (in %)±SD of these fractions: (FWB/FCAL) × 100%. 
Data derived from three independent experiments per 
group per concentration, total of 27 independent mea-
surements.
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formulations in vitro and in vivo [40–48] to initiate a thermotropic alteration in membrane 

permeability that will lead to triggered release of the loaded molecules. Phospholipids un-

dergoing a phase transition from the relatively ordered gel phase to the relatively disordered 

liquid-crystalline phase will introduce packing order defects in the lipid bilayer (i.e., liposomal 

membrane) which makes it easier for small hydrophilic or amphipathic molecules to trans-

gress the highly hydrophobic bilayer core [49–51]. Thus, upon heating of a drug-containing 

liposomal formulation to the Tm, the release of encapsulated drug should progress in a sig-

moidal-type fashion, with the first phase being the result of thermal diffusion, followed by 

steep release at Tm, and finally an asymptotic phase in which the system gradually moves 

towards equilibrium (i.e., equal distribution of the drug inside and outside the liposomes). 

In agreement with expectations, Fig. 6 displays a sigmoidal type progression of the release 

curve as a function of time. The release capacity of the system, i.e., the maximum number 

of molecules released from a liposomal formulation, appears to be reached within ~3 min. 

A Student’s t-test confirmed that all data points are statistically different from each other  

(p < 0.04). These results demonstrate that the method is also suitable for the determination 

of liposomal TA in plasma samples. 

4. CONCLUSIONS

A novel RP-HPLC method with fluorescence detection was developed for the quantification 

of TA in blood and PPP samples. In an attempt to eliminate potential chromatographic inter-

ferences from plasma components, a rapid and easy centrifuge filtration step was introduced 

in addition to optimizing the HPLC separation (eluent pH, gradient, and column temperature). 

The derivatization reaction was optimized for maximum yield (pH, excess of reagents, and 

reaction time); the addition of tryptophan after 2 min to quench the derivatization reaction 

helped to stabilize the sample. Several internal standards were explored for quality control 

purposes. Ultimately, nPA was found to be most appropriate. Moreover, the samples proved 

to be stable for 24 h when stored at 4°C in the dark. For large RP-HPLC sequences a cooled 

autosampler is required to maximize sample stability. 

Figure 6. Heat-induced tranexamic acid (TA) release 
from thermosensitive DPPC/DSPE-PEG liposomes (96:4 
molar ratio). Liposomes were added to platelet-poor 
plasma and heated to their phase transition temperature 
(43.3°C). TA release was quantified by HPLC-fluores-
cence (based on integrated peak area) as a function of 
heating time (n = 3).
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 The proposed method is affordable, reliable, simple, and fast. One of the major ad-

vantages of the method is that TA can be determined in whole blood and PPP samples at 

concentrations not reported before using similar techniques. The method was reproducible 

(RSD of <12% for whole blood samples) and linear in the range tested (R2 = 0.9996 for PPP 

samples). Moreover, the results were independent of the type of anticoagulant used during

blood collection. An LOD of 0.5 µM was obtained. Because the LOD is determined by plas-

ma interferences, it is recommended to establish a plasma baseline for every subject prior to 

assaying TA samples at near-threshold concentrations. Lastly, it was shown that the method 

is suitable for in vitro and potentially in vivo experiments with TA-encapsulating drug delivery 

systems. In the near future we intend to use this method in the development of a TA-based, 

site-specific pharmaco-laser modality for the treatment of port wine stains and possibly 

other vascular anomalies.
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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.
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 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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De meest bekende persoon met een wijnvlek hedentendage is zonder twijfel Mikhail Gorba-

chev, wiens persisterende donkerrode moedervlek symbool staat voor zijn onophoudelijke 

loyaliteit aan de Communistische Partij van de Sovjet-Unie en diens onderliggende politieke 

netwerk. Ironisch genoeg werd dit symbool van superioriteit onder de collectieve paraplu 

altijd verwijderd op zijn officiële foto’s als lid van het Politburo – een daad die in werkelijkheid 

iets meer perestroika en glasnost vereist dan slechts een collectieve set van vervagende 

halen geproduceerd door een diesel-aangedreven, beeldbewerkende sovchoz.

 In werkelijkheid hebben wetenschappers uit verschillende continenten ijverig gewerkt 

aan het dilemma van de suboptimale wijnvlekverwijdering sinds de introductie van selec-

tieve fotothermolyse in 1981. Het is in de eerste plaats een ‘aanlokkelijk’ wetenschappelijk 

dilemma gebleken, voorzover een aandoening, die alles behalve levensbedreigend is met 

een incidentie van 0.3-0.5%, meer dan 950 publicaties heeft gegenereerd sinds de totstand-

koming van Thomson Scientific’s Web of Science database, waarvan drie publicaties in het 

gerenommeerde New England Journal of Medicine zijn verschenen en twee daarvan zijn 

bijgedragen door het Academisch Medisch Centrum. 

 Dus wat heeft de drang om deze vaataandoening, die zich letterlijk aan het topje van 

onze vinger bevindt als we de roodpaarse huid aanraken, optimaal te verwijderen gedreven? 

De onderliggende principes van selectieve fotothermolyse en de procedure zelf lijken dui-

delijk en effectief in theorie: wijnvlekken persisteren door een chronische hyperdilatatie van 

dermale microcirculatie, dus het verwijderen van de aberrante microcirculatie met enkele 

laserpulsen die een gezonde dosis rationaal uit het veld van natuurkunde en biologie bevat-

ten zou het probleem moeten kunnen oplossen. Wellicht is het de weerbarstige dichotomie 

tussen onze theoretische aannames en de hieruit voortvloeiende verwachtingen versus de 

onbekwaamheid om dit succesvol te vertalen naar de praktijk wat de wens ontbrandt om 

de (pijnlijke?) confrontatie te elimineren met ons onvermogen een ‘simpel’ probleem aan 

te pakken. En, tegelijkertijd, een modaliteit te ontwikkelen die even doeltreffend is als een  

diesel-aangedreven, beeldbewerkende sovchoz.

 In plaats van te verhandelen over complexe wiskundige modellen en numerieke ana-

lyses over lichtdistributies in dermale volumes die een breed scala aan vaatgerelateerde 

variabelen bevatten, beschrijft dit proefschrift een aanpak die is gericht op de onderliggen-

de endovasculaire laser-weefselinteracties (Deel 1) als opstap naar nieuwe therapeutische  

strategieën (Deel 2). 

Deel 1 - Hoofdstuk 2
De rudimentaire concepten werden eerst uiteengezet in een theoretische studie, die naast 

de algemeen geaccepteerde, fotothermale component van endovasculaire laser-weef-

selinteracties, een hemodynamische component introduceerde die de basis behelst voor 

site-specific pharmaco-laser therapy (SSPLT).  Er werd verondersteld dat de fotothermale 

respons, die het resultaat is van het opwekken van suprakritische temperaturen in het vas-

culaire lumen en de vorming van een thermale coagulum, een hemodynamische respons in 

semi-geoccludeerde vaten initieert die wordt gekarakteriseerd door de initiatie van primaire 

en secundaire hemostase. (De term ‘hemodynamisch’ was met zorg uitgezocht, daar de 

hogere shear rates die worden geïnduceerd in de semi-geoccludeerde lumina nodig zijn voor 
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trombocietadhesie via GPIb). Derhalve kan de hemodynamische respons ‘geëxploiteerd’ 

worden om de omvang van de lasergeïnduceerde trombose en uiteindelijk de mate van he-

mostase middels vooraf toegediende prothrombotische en/of antifibrinolytische farmaceuti-

sche middelen te moduleren. Uiteraard vormt de toediening van dergelijke potente farmaca 

een bedreiging voor het hemostatisch evenwicht in wijnvlekpatiënten zonder bloedingsnei-

gingen, wat omzeild zou kunnen worden door het gebruik van een drug delivery systeem 

dat de biologische activiteit van de farmaca beperkt totdat vrijlating wordt gestimuleerd. De 

voorgestelde modaliteit werd SSPLT gedoopt: een hybride laser-gebaseerde therapeutische 

strategie die de conventionele selectieve fotothermolyse en het gelijktijdig gebruik van een 

prothrombotisch en/of antifibrinolytisch-omvattend drug delivery systeem behelst. 

Alvorens bruikbare drug delivery systemen voor SSPLT concreet te verkennen, moesten 

enkele essentiële delen van de theoretische studie – namelijk de manifestatie van een he-

modynamische respons in navolging op een fotothermale respons – experimenteel bewezen 

worden, en bij voorkeur in vivo.

Deel 1 - Hoofdstuk 3
In een eerste poging het bestaan van een hemodynamische respons te bewijzen wilden 

we een alles-in-een apparaat ontwikkelen dat zowel een diagnostische als therapeutische 

functie zou hebben. Zoals uitgezet in de algemene introductie zijn er geen optimale laser 

parameters die kunnen worden toegepast op ongeachte welke wijnvlek, hetgeen betekent 

dat de laserbehandeling moet worden geïndividualiseerd op een specifieke dermovasculaire 

anatomie. Een apparaat dat in staat is om de vasculaire architectuur te visualizeren, om 

de gevisualiseerde bloedvaten te fotocoaguleren en de daarop volgende weefselreacties te  

monitoren, zou derhalve een doorbraak in wijnvlek behandeling betekenen.

 Om deze redenen werd gebruik gemaakt van darkfield orthogonal polarized spectral 

imaging (DFOPS). Deze klinisch gebruikte microscoop, die gebruikt maakt van lineair gepo-

lariseerd groen licht en remissie om 2D beelden te construeren van een belicht mucosaal 

weefselvolume, werd gebruikt in een pilot-experiment op mesenterale bloedvaten in ratten 

in combinatie met 532-nm laserbelichting om de endo- en perivasculaire effecten als func-

tie van een toenemende pulsduur te onderzoeken. En hoewel dosisafhankelijke responses 

werden geobserveerd en bepaalde effecten in de vasculaire plexus werden verklaard, inclu-

sief de vorming van intralumenale translucente aggregaten, retrograde flow, geleidelijke en  

directe hemostase, herstel van flow, verdwijning van vaten en perivasculair collageenschade, 

werden we uiteindelijk gedwongen om een alternatieve microscooptechniek te gebruiken 

met een hogere vergroting en resolutie dan mogelijk was met het DFOPS apparaat.  

 Dientengevolge werd een samenwerking opgezet met INSERM om endovasculaire 

laser-weefselinteracties te onderzoeken in een hamster dorsale huidplooimodel. De groep, 

geleid door Dr. Serge Mordon, had een lasersysteem ontworpen dat, na enige aanpassin-

gen, in staat was semi-obstructieve thermale coagula in het lumen van een enkele venule te 

genereren, waarbij het lasergeïnduceerde vasculaire schadeprofiel, waarvan bekend is dat 

het persisteert in therapieresistente wijnvlekken, werd nagebootst.
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Deel 1 - Hoofdstuk 4
Een experimentele opstelling werd gebruikt die gelijktijdig brightfield en fluorescentie ima-

ging van hamster dorsale huidplooivenules mogelijk maakte, waarmee de semi-obstructieve 

thermale coagulumvorming (fotothermale respons) werd bestudeerd als functie van de laser-

pulsduur en bloedstroomsnelheid in samenhang met de grootte van de thermale coagulum, 

zijn aanhechtingsgedrag en lasergemedieerde vasomotie. Gevonden werd dat de grootte 

van de coagulum, de mate van vasoconstrictie en latente vasodilatatie zich proportioneel 

verhielden tot de pulsduur, maar dat pulsduur geen effect had op de coagulumaanhechting 

of loslating. Bovendien etaleerde bloedstroomsnelheid geen significant effect op de bestu-

deerde parameters. 

 Deze resultaten werpen niet alleen nieuw licht op de endo- en perivasculaire gebeur-

tenissen die gestuurd worden door de fotothermale respons, maar creëren de mogelijk-

heid om de fotothermale respons te relateren aan de hieruit voortvloeiende hemodynami-

sche respons zoals beschreven in Hoofdstuk 5, daar dezelfde laser parameters en modellen  

werden gebruikt.

Deel 1 - Hoofdstuk 5
 Gebruikmakend van een minimaal gemodificeerde intravitale microscoopopstelling, 

maar met hetzelfde diermodel en lasergeïnduceerde schadetechniek zoals beschreven in 

Hoofdstuk 4, was het doel van deze studie om aan te tonen dat primaire en secundaire  

hemostase worden geïnitieerd door lasergeïnduceerde endovasculaire schade. Trombocie-

ten werden in vivo gelabeld door middel van systemisch geïnfundeerde carboxyfluoresceine 

(CF) (zie Referentielijst) of door toediening van antilichamen tegen CD42b (op het buiten-

membraan aanwezige, activatie-onafhankelijke GPIb) en CD62P (de activatie-afhankelijke 

P-selectine). Heparine werd toegediend in de CF experimenten als remmer van de stolling. 

CF-omvattende thermosensitieve liposomen werden samen met ongeëncapsuleerde CF  

geïnfundeerd om te dienen als een thermale sonde omdat de vorming van thermale coagula 

moeilijk te visualiseren was in deze configuratie. Twee beeldverwerkingtechnieken werden 

ontwikkeld om de lesie te kwantificeren; één gebaseerd op handmatige omlijning van de  

lasergeïnduceerde lesies en de andere gebaseerd op een computationeel analyse program-

ma geschreven met Mathematica.

 Trombocietaankleuring met CF legde duidelijk aan de dag dat primaire hemostase 

(trombocietadhesie, activatie en aggregatie) een integraal onderdeel van endovasculaire 

laser-weefselinteracties vormt. De trombuskinetiek werd gekarakteriseerd door een snelle 

groeifase gedurende de eerste 1,25 min, gevolgd door een langzame groeifase die leidde 

tot een maximale lesiegrootte op 6,25 min. Uit de groeifase vloeide een afbraakfase voort,  

getuige de geleidelijke embolisatie, die een plateau bereikte rond 13 min. Heparine redu-

ceerde significant de piek lesiegrootte en bracht zijn incidentie terug tot 1,25 min, hetgeen 

laat zien dat de hemodynamische respons bestaat uit stolling naast primaire hemostase. 

Fractionele immuunblokkade van de GPIb receptoren verminderde de uitgebreidheid van 

de trombose, terwijl toediening van anti-CD62P antilichamen niet in een reductie van de 

lesiegrootte resulteerde.

 Het klassieke beeld van endovasculaire laser-weefselinteracties werd op basis van 
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deze data geherdefinieerd door een hemodynamische respons te includeren die derhalve ge-

presenteerd werd als overtuigend bewijs voor het potentiële nut van SSPLT als een nieuwe 

behandelingsmodaliteit voor therapieresistente wijnvlekken.

Deel 2 beschrijft de ontwikkeling van een liposomale drug carrier met een ingekapseld an-

tifibrinolytisch middel, namelijk tranexaminezuur (TA), als onderdeel van antifibrinolytische 

SSPLT, uitgevoerd in samenwerking met Toon de Kroon en Irene Hamelers in de groep 

van Ben de Kruijff aan de afdeling Biochemie van Membranen, Universiteit van Utrecht. 

Daar warmtegeneratie het rudimentaire proces is in de fotothermale respons en makke-

lijk gemoduleerd kan worden in oppervlakkige cutane vasculatuur, werd thermosensitiveit 

geselecteerd als een geschikte methode voor de geïnitieerde vrijlating van farmaca. De  

basisprincipes van thermosensitieve liposomen in de context van drug delivery worden eerst 

uiteengezet in het introducerende Hoofdstuk 6 alvorens over wordt gegaan op het specifieke 

experimentele werk in de daaropvolgende hoofdstukken.

 De belangrijkste ‘vijanden’ van diegenen die werken in het veld van drug delivery zijn de 

lever en de milt. Deze organen zijn verantwoordelijk voor de klaring van een groot spectrum 

van metabolieten en geneesmiddelen uit de circulatie. Liposomen, oftewel nanoscopische 

vetdruppels die bestaan uit een fosfolipide bilaag rond een waterkern (analoog aan de cellen 

waaruit weefsel bestaat), behoren tot de categorie van exogene deeltjes die snel verwij-

derd worden door het reticuloendotheliale systeem. In verschillende studies is aangetoond 

dat sterische stabilisatie van de liposomen door polymeren zoals polyethyleenglycol (PEG) 

de opnamesnelheid substantieel vertraagt. En verlengde circulatietijd is noodzakelijk om de 

drug carrier abundant te laten accumuleren in het doelgebied, hetgeen de reden was dat wij 

voor gePEGyleerde thermosensitieve lecithine liposomen hebben gekozen voor antifibrino-

lytische SSPLT. 

Deel 2 - Hoofdstuk 7
In 2002 stelden Serge Mordon en collegae dat systemisch geïnfundeerde CF-omvattende 

gePEGyleerde liposomen samengesteld uit DSPC:DPPC:DSPE-PEG (85:10:5 mol ratio) bin-

nen enkele minuten na infusie worden opgenomen door hamster trombocieten, hetgeen 

online monitoring van fluorescent gelabelde trombocieten na laserstimulatie van endotheel 

mogelijk maakt [Microvasc Res 2002;64:316-25]. Gegeven dat de thermosensitieve liposo-

men voor antifibrinolytische SSPLT een vergelijkbare samenstelling zouden hebben, was 

het onvermijdelijk om deze veronderstellingen grondig te onderzoeken, daar trombociet- 

liposoom interacties mogelijk nadelig kunnen zijn voor het nut van dit drug delivery systeem 

in SSPLT. 

 Trombociet-liposoom interacties werden geanalyseerd middels flow cytometrie, con-

focaal microscopie, een glazen capillaire trombosemodel, en in vivo in goude Syrische ham-

sters. We hebben getracht de studie van Mordon et al. zo accuraat mogelijk te repliceren 

door gebruik te maken van dezelfde liposoomsamenstelling, trombociet:lipide stoichiome-

trie, en, waar haalbaar, dieren als bron van trombocieten. Er werd geen bewijs gevonden 

dat de interactie tussen rustende en geactiveerde trombocieten and sterisch gestabiliseerde 

lecithine liposomen in een ratio van 2.9×1013 trombocieten/mol lipiden kon staven, hetgeen 
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de weg vrijmaakte voor verdere ontwikkeling van antifibrinolytische SSPLT gebruikmakende 

van gePEGyleerde lecithine liposomen als drug carrier. 

Deel 2 - Hoofdstuk 8
Hoewel gebaseerd op in vitro data, beschrijft dit hoofdstuk de eerste experimenteel afge-

leide veronderstellingen voor de potentiële toepasbaarheid van SSPLT in de behandeling 

van therapieresistente wijnvlekken. Zes verschillende thermosensitieve gePEGyleerde lipo-

somale formuleringen werden gekarakteriseerd aan de hand van geneesmiddel:lipide ratio’s, 

inkapselrendment, grootte, endovesiculaire TA concentraties (CTA) en fase overganstempera-

tuur (Tm), en geanalyseerd voor warmtegeïnduceerde TA vrijlating. De uitkomstparameters 

werden toen gecombineerd met een 3D histologische reconstructie van een wijnvlekbiopt 

om de in vivo doseringen voor antifibrinolytische SSPLT te extrapoleren. De voornaamste 

formulering, DPPC:DSPE-PEG2000 (96:4 mol ratio), had een geneesmiddel:lipide ratio van 

0,82, een inkapselrendement van 1,29%, een diameter van 155 nm en een CTA van 214 mM. 

De piek TA vrijlating uit deze formulering (Tm = 42.3°C) omvatte 96% binnen 2,5 min, terwijl 

dit 94% in 2 min was voor DPPC:MPPC:DSPE-PEG2000 (86:10:4) liposomen (Tm = 41.5°C). 

Computationele analyse onthulde dat <400 DPPC:DSPE:PEG2000 (96:4 mol ratio) liposo-

men nodig zijn om een wijnvlek van 40 cm2 te behandelen in vergelijking met een driemaal 

grotere hoeveelheid DPPC:MPPC:DSPE-PEG2000 (86:10:4) liposomen.

 De kinetiek van de warmtegeïnduceerde vrijlating en de Tms van beide kandidaatformu-

leringen zijn erg gunstig voor SSPLT. In Hoofdstuk 5 werd gedemonstreerd dat lasergeïndu-

ceerde trombose een piek bereikt op 6,25 min, wat betekent dat accumulatie van de drug 

carrier en vrijlating van zijn inhoud precies binnen deze tijdsinterval vallen. De maximale vrijla-

ting van TA uit de DPPC:DSPE-PEG2000 (96:4 mol ratio) formulering en zijn 10mol% MPPC-

bevattende tegenhanger gebeurde ruim binnen de groeifase van de trombus, hetgeen in 

theorie ruimschoots de tijd toelaat voor de drug carrier om te accumuleren in het doelge-

bied. Bovendien was de vrijlatingscapaciteit bijna 100%, wat zich vertaalt in een relatief lage 

kwantiteit van liposomen die nodig is om te accumuleren in de trombus en zodoende een 

maximale biologische activiteit te bewerkstelligen. 

 Met een positieve prognose met betrekking tot de toepasbaarheid van antifibrinoly-

tische SSPLT werd het laatste hoofdstuk van dit proefschrift gesmeed in samenwerking 

met de afdeling Analystische Chemie en Toegepaste Spectroscopie (Dr. Freek Ariese) en de 

afdelingen Medische Oncologie en Moleculaire Celfysiologie (Professor Jan Lankelma) van 

de Vrije Universiteit in Amsterdam.

Deel 2 - Hoofdstuk 9
Het doel van dit werk was om een simpele, snelle en sensitieve analysemethode te ont-

wikkelen om TA te kwantificeren in bloed -en plasmamonsters die gebruikt kan worden 

in geneesmiddelvrijlating -en farmacokinetiek studies tijdens de verdere actualisatie van 

antifibrinolytische SSPLT. Een paar grote hordes gerelateerd aan de moleculaire aspecten 

van TA moesten overwonnen worden. Ten eerste heeft TA geen elektronische configuratie  

( -electronen) om zich te gedragen als een chromofoor of fluorofoor, wat een derivatisatie-

stap noodzakelijk maakte vooraf aan spectroscopische detectie. Ten tweede werd verwacht 
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dat hoge concentraties van aminozuren en mogelijk kleine peptiden in bloed grote verstorin-

gen zouden veroorzaken tijdens separatie. Daarom moest een manier worden bedacht om 

de meerderheid van plasmacomponenten met vergelijkbare chromatografische eigenschap-

pen te elimineren zonder gedurende dit proces TA te verliezen. Ten derde deelt TA structu-

rele gelijkenis met aminozuren dat het gebruik van een separatietechniek vereist.

 De eerste kwestie werd opgelost door TA te derivatiseren met naphthaleen-2-3-dicar-

boxyaldehyde (NDA), een fluorofoor die reageert met primaire amines in de aanwezigheid 

van cyanide. De reactie producten konden post-kolom geanalyseerd worden met een fluo-

rescentie detector. Het tweede probleem werd overwonnen door TA-geijkte plasmamon-

sters door een 3 kDa cutoff filter te filteren. De laatste kwestie werd opgelost door gebruik 

te maken van reverse phase HPLC in combinatie met een pH-aangepast binair oplossings-

systeem. Onder optimale chromotografische condities kon TA adequaat gescheiden worden 

van plasmacomponenten bij een pH=5,5, waarschijnlijk door verschillen in de pKa waarden 

tussen TA en plasma aminozuren, gedurende een 12-min elutietijd.

 Toen de derivatisatie -en chromotografieprotocollen waren geoptimaliseerd, werd de 

techniek gevalideerd voor warmtegeïnduceerde TA vrijlating uit de voornaamste antifibrino-

lytische SSPLT formulering, DPPC:DSPE-PEG2000 (96:4 mol ratio), in plasma. De kinetiek 

van TA vrijlating correspondeerde goed met de TA vrijlatingskinetiek uit dezelfde liposomale 

formulering in bufferoplossing (Hoofdstuk 8), wat laat zien dat onze HPLC methode toege-

past kan worden voor de hierboven genoemde doelen in toekomstige in vivo studies die 

betrekking hebben op antifibrinolytisch SSPLT.

 Zoals beweerd in de algemene introductie was er een therapeutisch plateau bereikt 

toen het onderzoek gepresenteerd in dit proefschrift werd begonnen, en, zoals vaak het geval 

is met plateaus, is de enige manier om dit te doorbreken een verandering van strategie. Zo-

doende werd de focus geheroriënteerd van de finetuning van laser parameters en het opzet-

ten van mathematische modellen naar een meer biochemische benadering. De veranderde 

strategie heeft geleid tot een uitgebreider paradigma van endovasculaire laser-weefselinter-

acties en de daaruit voortvloeiende ontwikkeling van een hybride laser-gebaseerde modaliteit 

voor therapieresistente wijnvlekken, die hopelijk op een dag in staat zal zijn wijnvlekken even  

effectief te verwijderen als het Politburo in de jaren ’80.  
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