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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 
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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 

Chapter � - Lasers and Liposomes

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 

Chapter � - Lasers and Liposomes

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 

Chapter � - Lasers and Liposomes

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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