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Chapter 1 

Surgical techniques are evolving towards minimally invasive surgery.1-3 This evolution, 
highly dependent on technological innovations, also touches cardiac surgery and vascular 
surgery. The gold-standard technique for vascular anastomosis of suturing two vessels with 
a-traumatic needles and permanent polypropylene sutures, is hard to apply in minimally 
invasive surgery.1-3 Mechanical closures (i.e., staples, clips, and rings) and non-mechanical 
closures (i.e., surgical adhesives and laser-assisted vascular anastomosis) are alternative 
anastomostic techniques established to fit minimal invasive approach.1-3 

Staples, clips and rings, enable strong and durable anastomoses. However, the 
considerable amount of force inflicted by these techniques may result in substantial 
vessel wall trauma. Similar to suture anastomoses, the mechanical trauma and the 
presence of foreign body material are associated with inflammatory reactions.3-14 foreign 
body reactions1,3,7,9-11,15,16 and higher risk of thrombosis.9,11,17-20 Clips and rings come in 
predetermined sizes and do not adapt to the actual vessel diameters.2,3 Furthermore, 
leakage between the staples or clips causes blood loss. Non-mechanical repairs by means 
of the use of biological and non-biological glues are hampered by problems such as toxicity, 
infection, inflammatory reaction, and inadequate strength.2,3,21,22 

 Laser-assisted vascular anastomosis (LAVA) is still an experimental technique that is 
being investigated to circumvent the drawbacks of mechanical closures. The advantages 
of LAVA are the elimination of mechanical trauma and suture materials, the reduction 
of foreign body reaction, immediate liquid-tight sealant, lower thrombosis rate, and the 
possibility of a faster and easier procedure for minimally invasive laparoscopic anastomotic 
techniques.1,2,4-7,12,13,23-27 Despite these advantages, clinical application of LAVA has been 
hampered by inadequate welding strength, thermal damage resulting in aneurysm 

formation, poor reproducibility, and ambiguous end-points.1,9,20,27-32 These disadvantages 
were particularly prominent in experiments with small- and medium-sized vessel 
anastomoses. 

LAVA is based on the photothermal reaction between light and biological tissues 
(Fig. 1A). This reaction involves the projection of light from a laser source, absorption of 
light energy in water or pigments with subsequent conversion to heat. The heat-induced 
collagen cross-linking also named coagulation is used to weld opposing vessel ends. This 
protein coagulation process starts at approximately 60°C and becomes irreversible at the 
temperature of 64°C. Anastomotic strength depends on the extent of protein coagulation.33 
However, it is a disadvantage of LAVA that the denaturation of proteins and collagens does 
not only lead to coagulation of the tissue but also to necrosis of the cells.34  

Evidently, the main goals of LAVA are (1) to obtain sufficient protein cross-linking to 
support anastomotic strength and (2) to minimize thermal damage to allow normal healing 
processes. The LAVA welds have to be able to resist normal and elevated blood pressures 
and thermal damage has to be limited to enable normal tissue healing.1-3 It is established 
that partial thermal damage, i.e., from adventitia to the upper medial layer, does not affect 
normal healing and does not show any complications such as thrombosis or late aneurysm 
formation.6,11,23,29,35-37 Full thickness thermal damage has a more profound influence on 
healing. While some studies report complete and normal reendotheliazation several other 
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studies report increased risks of intimal hyperplasia and aneurysm formation.7,9,20,28-32,38-42 
Furthermore, severe thermal damage causes shrinking of the vessels leading to stenosis.43,44

Technical improvements to enhance the strength of the weld and to minimize 
thermal damage consist of (a) the variation of laser wavelength to adjust heat deposition 
in the vessel wall,2,10,11,15,17,19,23,24,29,35-37,44-55 (b) the addition of an exogenous protein solder 
to increase the bonding area (Fig. 1B),56-69 (c) the application of exogenous chromophore 
to enhance energy absorption,63,67,69-72 and (d) the employment of a polymeric scaffold to 
fortify the coagulated solder (Fig. 1C).62,73-79 These technical improvements were applied in 
a variety of in vitro techniques such as vascular anastomoses and in laser-assisted vascular 
repair (LAVR) for closure of longitudinal incisions in the arterial wall or for welding of aortic 
strips.  

Heat deposition governs the extent of collagen coagulation and is attributed to 
laser wavelength and water content of the tissue. Typically, the optical penetration depth 
(OPD) of a laser decreases with increasing wavelength. Thus, the near infrared CO2 laser 
(λ=10,600nm) has superficial OPD and is best suited for microvessels welding.6,17,25,38,80-83 
The shorter wavelength Neodymium:yttrium-aluminum-garnet lasers (λ=1,064-1,340nm) 
yield good result on both micro and small-sized vessels welding (Ø=0.6-1.2mm).11,15,27,37,51,84 
Furthermore, Argon (λ=488-514nm) or diode (λ=670-900nm) lasers, with deeper OPD, 
are suitable for welding larger vessels.10,12,13,19,29,54,85 Next to heat deposition, the intensity 
of heat generation within the vessel wall is determined by laser’s operation mode (i.e., 
continuous, pulse, or Q-switch mode), power density (W/cm2), and fluency rate (J/
cm2).8,19,29,86,87 

Despite the good patency reported by altering laser parameters, LAVA still requires 
stay sutures to support anastomotic strength.1,4-8,12,13,23-26,29,35,40,52,54,65,88 Furthermore, the 
difficulty in laser dosing often results in extensive thermal damage and leads to complications 
such as aneurysm formation, thrombosis, and intimal hyperplasia.  

The addition of protein solder –in liquid or solid state– over the coapted vascular 
segment prior to laser irradiation in solder-mediated laser-assisted vascular anastomosis/
repair (sLAVA/R, Fig. 1B) resulted in improved welding strength limited thermal damage, 
and the elimination of stay sutures.62,64,65,67,69 Solder can be photocoagulated by a water-
targeting laser (i.e., CO2 laser) or with a visible light laser in a combination with solder-
contained chromophore. The chromophore is a wavelength specific dye that enhances 
the absorption of radiant energy and converts it to heat. The heat is then disseminated 
throughout the solder and upper portion of vascular tissue, inflicting thermal protein 
denaturation of the solder and the outer surface of the vascular wall. Thermal denaturation 
is accompanied by the cross-linking of unfolded proteins upon cooling, creating an effect 
similar to gluing. The extent to which these interprotein bonds are formed, dictates the 
strength of the weld. Both the presence of the solder as a heat sink and the addition of 
chromophore to reduce laser energy requirement, decrease the extent of thermal damage 
in deeper vascular layers. The physical presence of the solder, particularly in solid state, is 
advantageous to enhance approximation of the opposing vessel wall sections. The addition 
of a protein solder and chromophore increases welding strength by at least 25%.1,65,89 
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Figure 1. Schematic drawing of (A) laser-assisted vascular anastomosis/repair (LAVA/R), (B) 

solder-enhanced LAVA/R (sLAVA/R), and (C) scaffold- and solder-enhanced LAVA/R (ssLAVA/R). 

Although a promising concept, laser soldering was mainly used for closing 
arteriotomies and only three studies reported its application to sutureless end-to-end 
anastomoses.69,90,91 Technical problems regarding leakage of liquid solder, high solubility 
in physiologic condition, and inhomogenous heat distribution, reduced the strength of the 
anastomosis. The use of solid solder film may tackle the leaking problem and allows more 
homogenous heat distribution within the solder layer. However, the film is considered too 
rigid and too brittle for vascular applications.62,78,91 

sLAVA/R was further improved by the addition of a biodegradable polymer scaffold 
to fortify the coagulated solder. In scaffold-enhanced sLAVA/R (ssLAVA/R, Fig. 1C) a semi-
porous scaffold composed of biocompatible polymeric material is soaked in liquid solder 
that contains chromophore.62,73-79 The soaked scaffold is placed on the outside of the weld 
and is irradiated. The fiber network of the scaffold solidifies the thermally coagulated 
solder, increasing soldering strength approximately 2-fold. These scaffolds are more flexible 
than solid solder films, thus more appropriate for vascular applications. Today ssLAVA/R 
is primarily performed as in vitro ssLAVR of the aorta. Moreover, the optimum scaffold, 
solder, and lasing parameters for ssLAVA have not been established yet. 

In summary, the preliminary results of ssLAVR are encouraging but challenges remain. 
This thesis explores the feasibility of using the ssLAVR modality to establish sutureless 
anastomosis in medium-sized vessels (Ø=3-6mm). This set of in vitro study describes 
how to produce sufficiently strong and durable sutureless anastomoses of medium-sized 
vessels by means of ssLAVA Parameters relevant for immediate water-tight sealant and 
mechanical strength of the anastomoses/repairs, namely breaking strength, leaking point 
pressures, and bursting pressures, will be used to determine welding strength. However, 
these parameters are nor relevant to describe the strength of suture anastomosis. Therefore 
the use of suture control is not rational and deliberately ignored in this study.

The thesis presents chapter by chapter critical steps to improve ssLAVA/R. Chapter 
2 presents the result of feasibility study of ssLAVR to seal longitudinal incision on carotid 
artery and explores parameters that influence welding strength. Chapter 3 describes the 
relation between vessel diameter and welding strength, investigates the extent of thermal 
damage, and determines the weakest interprotein bonding in ssLAVR (i.e., whether it is the 
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cross-linking of the albumin molecules or the crosslinking between albumin and collagens). 
In chapter 4 we investigated technical advances to further optimize the composition 
of the solder and the lasing parameters. Chapter 5 deals with the exploration of the 
most suitable scaffold, the addition of a protein cross-linking agent to the solder and the 
reduction of thermal damage. Using the optimum parameters Chapter 6 examines the 
feasibility of sutureless end-to-end ssLAVA of medium-sized vessels in an ex vivo model. 
Finally, chapter 7 summarizes all the technical advances in ssLAVA/R and discusses the 
potentially optimum parameters for future in vivo and clinical application of ssLAVA/R in 
cardio-thoracic and vascular surgery.
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Abstract 

Background and Objective: The addition of poly(lactic-co-glycolic) acid (PLGA) 
scaffolds to liquid solder-mediated laser-assisted vascular repair (sLAVR) has been 
shown to significantly increase soldering strength. Unfortunately, the fast degradation 
of PLGA is associated with adverse effects such as acidity of the degradation products. 
This study investigated the possibility of using electrospun poly(e-caprolactone) (PCL) as 
reinforcement material in scaffold and solder-mediated LAVR (ssLAVR).
Materials and Methods: In vitro sLAVR of 10-mm arteriotomies (n=62) was performed 
on 0.3-0.6-cm diameter porcine carotid arteries with a 670-nm diode laser. The solder 
contained 50% bovine serum albumin (BSA) and 0.1-0.7% of methylene blue (MB) as 
chromophore. The soldering strength was studied as a function of PCL scaffold thickness, 
scaffold fiber diameter, MB concentration, number of laser passes, and different sLAVR 
techniques. Leaking point pressures (LPP) were measured by fluid infusion technique.
Results: The highest mean±SD LPP (749±171mmHg) was produced by the ssLAVR 
modality that included the sheathing of the arteriotomy with 30µL solder containing 
50% BSA and 0.5% MB followed by application of PCL scaffold (mean±SD thickness of 
187±9µm and 14-µm fiber diameter) and irradiation with two consecutive continuous 
wave laser passes.
Conclusions: The study demonstrated the potential applicability of electrospun PCL 
scaffold as reinforcement material in ssLAVR. Soldering strength was dependent on the 
scaffold physical properties, chromophore concentration, the number of laser passes, and 
the ssLAVR technique. 
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Introduction

The potential advantages of laser-assisted vascular anastomosis or repair (LAVA/R) 
over conventional suture techniques include the reduction in foreign body reaction, liquid-
tight seal, faster healing, and simpler and more rapid alternatives for minimally invasive and 
endoscopic anastomotic techniques.1,2 Despite these advantages, poor soldering strength 
remains a major drawback in LAVA/R, particularly in medium-to-large diameter vessels, 
where additional suturing is required to achieve sufficient soldering strength.3 

Recent studies on diode LAVA/R have demonstrated that soldering outcomes can 
be enhanced by using solder-doped biodegradable polymer scaffolds as reinforcement 
material.4-6 The most widely used polymer scaffold material for liquid solder-mediated 
LAVA/R (sLAVA/R) is poly(lactic-co-glycolic) acid (PLGA).4-122 Currently, PLGA is preferred 
over other biodegradable materials due to its modifiable composition,13,14 its commercial 
availability, and its clinical approval status.11 Furthermore, PLGA degrades within two weeks 
in the human body.15 However, Sung et al.15 recently reported that the fast degradation 
of PLGA and corollary increase in acidity impose an inhibitory effect on cell growth and 
angiogenesis, suggesting that PLGA may not constitute the most suitable material for 
scaffold- and solder-mediated LAVR (ssLAVA/R). Instead, the slowly degradable poly(e-
caprolactone) (PCL) was proposed as an alternative for PLGA inasmuch as PCL degradation 
(<2y) does not impart drastic alterations in local physiological conditions or cytotoxicity and 
can be regulated by modifying surface-to-volume ratio. Moreover, PCL scaffolds produced 
by the solvent-casting and particulate leaching technique have been shown to significantly 
increase the tensile strength of ssLAVRed rabbit abdominal aortic strips.16 

An alternative to the abovementioned technique is electrospinning, which produces 
scaffolds that are mechanically stronger, more elastic, and structurally quasi-analogous to 
native extracellular matrix.17,18 This study was therefore performed to explore the possibility 
of using electrospun PCL scaffolds as reinforcement material in ssLAVR and to determine 
the optimum parameters in PCL ssLAVR. 670-nm diode ssLAVR was performed on porcine 
carotid arteriotomies in conjunction with bovine serum albumin (BSA) solder and methylene 
blue (MB). The leaking point pressures (LPP) were investigated as a function of scaffold 
thickness, PCL fiber diameter, MB concentration, and the number of laser passes. Finally, 
different ssLAVR techniques were explored, including scaffold presoaking and dual ssLAVR 
of the anastomosis. 

Materials and methods

Solder and tissue preparation
The liquid solder was prepared by dissolving 50% (w/v, final concentration) BSA 

(fraction V, Sigma Aldrich, St. Louis, MO) and different concentrations MB (0.1, 0.3, 0.5, 
and 0.7% w/v, final concentration) in MilliQ at 37°C under continuous stirring. The solder 
was stored in the dark at 4°C until further use for up to 14d.



24

Chapter 2 

Porcine carotid arteries (n=31, external diameter 0.3-0.6cm) were harvested at 
the slaughterhouse. Perivascular tissue was trimmed and the arteries were submersed 
in histidine-tryptophan-ketoglutarate organ preservation solution (Custodiol, Tramedico, 
Weesp, The Netherlands) at 4°C and used within 3d. Prior to ssLAVR the arteries were cut 
into 4-cm segments (n=62). A 10.0±0.5-mm longitudinal arteriotomy was created with a 
scalpel and scissors. 

Scaffold preparation
PCL with an average molecular weight of 80kDa was dissolved in chloroform under 

gentle stirring to obtain an 18% (w/v) solution. Using an infusion pump (PHD 2000 
Infusion, Harvard Apparatus, Holliston, MA) the polymer-containing solution was delivered 
at a constant flow rate (30µL/min) to a metal capillary connected to a high-voltage power 
supply. As the jet fluid accelerates towards a grounded collector, the solvent evaporates 
and a charged polymer fiber is deposited on the glass disk on top of the collector plate in 
the form of a non-woven mesh.19,20 

The spinning was done at variable durations (7.5, 15, and 30min) at the same 
voltage (15kV) to produce 14-µm diameter fiber meshes with a mean±SD thickness of 
107±8, 188±12, and 278±9µm, respectively. Subsequently, the spinning duration was 
set to 15min while the voltages were set to 11, 15, and 17kV to produce meshes with 
a fiber diameter of 6, 14, and 19µm, respectively (192±11-µm scaffold thickness, range 
173-212µm). The scaffolds were punched out of the mesh in a 2.0×0.4-cm array and the 
thickness was measured with a digital caliper between two glass slides. Fiber diameters 
were measured by light microscopy (Axio Image, Carl Zeiss, Göttingen, Germany) using 
dedicated software (AxioVision, Carl Zeiss).

ssLAVR procedure
The study was divided into four substudies summarized in Table 1: 1) the effect 

of scaffold physical properties on LPP; 2) the effect of MB concentration on LPP; 3) the 
optimum number of laser passes; and 4) comparison of different scaffold application 
techniques. Coaptations were irradiated as described in Laser irradiation and the LPPs 
were measured in accordance with Leaking point pressure. 

Two scaffold properties were tested in the first substudy. Firstly, scaffolds were 
prepared with a mean thickness of 106, 189, or 274µm (0.3% MB) or 109, 187, and 
282µm (0.5% MB) to assess the effect of scaffold thickness on LPP. Secondly, ~193-µm 
thick scaffolds with mean fiber diameters of 6, 14, or 19µm were prepared to establish the 
relationship between fiber diameter and LPP.

Before application of the scaffold, the opposing ends of the incised carotid artery 
were aligned with tweezers without the use of stay sutures. With the exception of substudy 
4, solder and scaffold were applied by firstly distributing 30µL of solder over the incision 
site with a pipette; secondly, positioning the scaffold on top of the solder with the rough 
surface facing the solder-tissue interface,12 and lastly, uniformly distributing an additional 
5µL of solder over the edges of the scaffold. This solder-scaffold application technique 



25

Chapter 2 

Experimental 
group n

Fiber 
Ø

Scaffold thickness MB 
concentration

# 
passes sLAVR techniquesubgroup substudy

µm (mean±SD) µm %  
Substudy I. The effect of scaffold physical properties on LPP
I.A. Scaffold thickness (0.3% MB)

I 4
14

106±6,
 0.3 2 Solderàscaffold

àLAVRII 4 189±16
III 4 274±11

I.B. Scaffold thickness (0.5% MB)
IV 4

14
109±7

 0.5 2 Solderàscaffold
àLAVRV 4 187±9

VI 4 282±8
I.C. Fiber diameter

VII 4 6 198±10
193±11 0.5 2 Solderàscaffold

àLAVRV 4 14 187±9
VIII 4 19 203±5

Substudy II. The effect of MB concentration on LPP
IX 4

14

187±10

190±11

0.1

2 Solderàscaffold
àLAVR

II 4 189±16 0.3
V 4 187±9 0.5
X 4 197±10 0.7

Substudy III. The optimum number of laser passes
XI 4

14
183±10

186±9 0.5
1

Solderàscaffold 
àLAVRV 4 187±9 2

XII 4 188±11 3
Substudy IV. Scaffold application technique

V 4

14

187±9

193±11 0.5 2

Solderàscaffold 
àLAVR

XIII 4 190±11 2h-presoaked 
scaffoldàLAVR

XIV 4 203±8
Solderàscaffold 
àLAVRàsolder 
àLAVR

Control 6 - - 0.5 2 solderàLAVR

Table 1. Summary of the parameters used in 14 groups in each substudy and in the control group 

comprises ssLAVR.
For the second substudy, ssLAVR was performed with four different MB concentrations 

(0.1, 0.3, 0.5, and 0.7% w/v) in 50% BSA solder. The optimal scaffold properties (fiber 
diameter of 14µm and a mean±SD thickness of 190±11µm), as determined in the first 
substudy, were used in these experiments. Solder and scaffolds were applied as described 
above. 

In the third substudy, ssLAVR was performed using the optimal scaffold properties 
(14-µm diameter fiber scaffold with a mean±SD thickness of 186±9µm), the optimal 
solder composition (50% BSA solder with 0.5% MB), and irradiation according to Laser 
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irradiation with 1, 2, or 3 continuous wave laser passes.
In the fourth substudy, two additional ssLAVR techniques were compared to the 

standard ssLAVR modality used on the substudies. The variable in the first ‘non-standard’ 
technique was a 2-h presoaking step of the scaffold in solder before ssLAVR without 
prior application of solder on the coaptation.4-11,16 The second ‘non-standard’ technique 
comprised an additional solder application and laser irradiation step following an initial 
standard ssLAVR procedure as described above and in Laser irradiation. 

Laser irradiation 
A 670-nm diode laser (model HPD7401, High Power Devices, North Brunswick, NJ) 

was used in continuous wave mode with a red HeNe aiming beam. The incident laser 
power was 0.73W with a spot diameter of 4mm (incident irradiance of 5.8W/cm2). A fiber 
optic hand piece was used to deliver the laser beam perpendicularly to the scaffold surface 
in a single, continuous pass. The coaptation was lased in a gradually narrowing rectangular 
movement, starting at the outer margins of the weld and scanning inward. The scanning 
speed was dictated by MB transiting into its leuco-form, i.e., irradiation of the subsequent 
scaffold volume was performed only after the scaffold area had turned white. This lasing 
protocol was applied twice per scaffold unless noted otherwise. The cumulative irradiation 
time was recorded for each procedure. The mean±SD irradiation time for solder-doped 
scaffold groups was 394±87s.

The control group (n=6) consisted of dual pass solder-mediated LAVR (no scaffold). 
The mean±SD time to complete LAVR in the control group was 248±26s.

Leaking point pressure
LPPs were measured directly after laser irradiation in accordance with the method of 

Basu et al.21 and Fahner et al.22 One end of the laser-treated carotid segment was sealed 
by ligation and the vessel lumen filled with 0.9% saline solution. The other end was ligated 
around a blunt 25G needle that was connected to a rate-controlled syringe infusion pump 
and a pressure controller (Braun Medical, Melsungen, Germany) through an interposed 
T-valve. For online pressure recording, the pressure controller was coupled to a pressure 
transducer (Baxter Healthcare, Deerfield, IL) that transmitted the digitized output signals 
to a PC. 

Upon complete submersion of the artery in a 0.9% saline bath, the intralumenal 
pressure was gradually raised by the infusion of MB in 0.9% saline at 99mL/h. The LPP was 
defined as the pressure at which MB-saline was first observed to leak through the repair, 
accompanied by a simultaneously drop in pressure.

Statistical Analysis
Means, SDs, Mann-Whitney U tests, and correlation and regression analyses were 

performed with Statistical Package for Social Sciences (SSPS, Chicago, IL). A single asterisk 
designates a p-value of ≤0.05.
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Results

Figure 1. Leaking point pressures (LPP) plotted as a function of poly(e-caprolactone) (PCL) scaffold 
thickness at 0.3% methylene blue (MB) concentration (A) and 0.5% MB concentration (B). The 
fiber diameter was kept constant at 14µm. Coaptations were irradiated at an incident irradiance of 
5.8W/cm2 using 2 consecutive passes. Dual pass laser in the control group (Fig. 1B) was performed 
without the use of a scaffold. A single asterisk designates a p-value of ≤0.05.

Effect of scaffold thickness and fiber diameter on soldering strength
Soldering strengths were measured as a function of scaffold thickness and fiber 

diameter. Additionally, the scaffold thickness assays were performed with solder containing 
0.3% or 0.5% MB. For the 0.3% MB concentration, ssLAVR with 106-, 189-, or 274-µm thick 
scaffolds produced mean±SD LPPs of 284±60, 430±13, and 401±85mmHg, respectively 
(Fig. 1A). ssLAVR with 109-µm thick scaffolds applied to 0.5% MB-containing solder 
resulted in a mean±SD LPP of 378±63mmHg. Increasing the scaffold thickness to 187µm 
was associated with a 98% increase in LPP to 749±171mmHg (*). Further increases 
in scaffold thickness to 282µm reduced the LPP to 504±79mmHg (* vs. 187-µm thick 
scaffolds) (Fig. 1B).

Fig. 2 presents the mean±SD LPPs as a function of fiber diameter. Images below 
the graph are the light microscopy images of the scaffolds, demonstrating the varying 

Figure 2. Leaking point pressures (LPP) 
plotted as a function of PCL scaffold diameter. 
ssLAVR was performed with 193±11-µm thick 
scaffolds, 0.5% methylene blue concentration, 
and at an incident irradiance of 5.8 W/cm2 
using 2 consecutive passes. Panels A-C 
represent light microscopy images of 193-
µm thick scaffolds composed of different fiber 
diameters, demonstrating varying degrees of 
porosity with increasing fiber diameter (upper 
right corner). Scale bar = 50µm. A single 
asterisk designates a p-value of ≤0.05.
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porosity in the 6-, 14-, and 19-µm fiber diameter scaffolds. ssLAVR with ~193-µm thick 
PCL scaffolds composed of 6-, 14-, or 19-µm diameter fibers produced mean±SD LPPs of 
459±93, 749±171, and 474±80mmHg, respectively.

Effect of MB concentration on soldering strength
Inasmuch as the chromophore concentration governs the optical penetration depth 

of the diode laser and thus the coagulation depth within the coaptation, ssLAVR was 
performed at increasing MB concentrations. Irradiation of scaffolds (190±11-µm scaffold 
thickness, 14-µm fiber diameter) applied to solders containing 0.1, 0.3, 0.5, and 0.7% 
w/v MB resulted in mean±SD LPPs of 98±33, 430±13, 749±171, and 212±25mmHg, 
respectively (*, Fig. 3). A linear relationship (R2=1.000) and a strong positive correlation 
(Pearson’s r=0.95*) existed between soldering strength and chromophore concentration 
in the 0.1-0.5% MB range. An MB of 0.7% resulted in weaker welds compared to the 
0.5% MB group. In some instances, charring was observed in repairs made using 0.5% 
and 0.7% MB.

Effect of lasing protocol on soldering strength
In a previous study on CO2 LAVR we found that a 3-pass lasing protocol produced 

higher LPPs than a 2-pass lasing protocol.23 Consequently, 186±9-µm thick scaffolds 
composed of 14-µm diameter fibers were subjected to 1, 2, or 3 continuous laser passes 
in conjunction with 0.5% MB solder to assess the effect of the lasing protocol on soldering 
strength. The dwell times and corollary incident energies and radiant exposures are 
presented in Fig. 4.

Reducing the lasing protocol from 2 passes to 1 pass decreased the LPP from 
749±171mmHg to 247±6mmHg (*), respectively. The 3-pass regime yielded an LPP of 
285±62mmHg (* vs. 2 passes, Fig. 4).

Effect of ssLAVR technique on soldering strength
In the fourth substudy, two additional ssLAVR techniques using 193±11-µm thick 

scaffolds (14-µm fiber diameter) in combination with 50% BSA and 0.5% MB solder were 
examined in order to maximize soldering strength. The ssLAVR modality that produced 

Figure 3. Leaking point pressures (LPP) 
plotted as a function of methylene blue (MB) 
concentration. Coaptations were irradiated 
at an incident irradiance of 5.8W/cm2 using 
2 consecutive passes and 190±11-µm thick 
scaffolds consisting of 14-µm diameter fibers. 
A single asterisk designates a p-value of 
≤0.05. 
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the highest LPP results was juxtaposed to modified ssLAVR techniques that included a 2-h 
scaffold presoaking step and a sequential solder application and irradiation step.

Fig. 5 shows that the highest LPPs (749±171mmHg) were obtained with the ssLAVR 
technique used in the first three investigations. Presoaking the scaffold in solder for 2h 
prior to application as well as the dual ssLAVR modality reduced the LPPs to 386±57 and 
434±46mmHg, respectively (*).

Discussion

This study demonstrated that the most optimal ssLAVR modality included the 
sheathing of the arteriotomy with 30µL of solder containing 50% BSA and 0.5% MB 
followed by application of an electrospun PCL scaffold (mean scaffold thickness of 187µm 
and 14-µm fiber diameter) and 2 continuous wave laser passes at an irradiance of 5.8 W/
cm2. A comparable study performed with PLGA and polyethylene glycol (PEG) copolymers 
in combination with BSA-indocyanine green reported LPPs of over 300mmHg,7 suggesting 
that PCL in combination with the optimal soldering procedure may constitute a more 

Figure 4. Leaking point pressures (LPP) 
plotted as a function of the number of 
laser passes. Coaptations were irradiated 
according to the inserted table using 186±9-
µm thick scaffolds consisting of 14-µm 
diameter fibers and a 0.5% methylene blue 
concentration. A single asterisk designates 
a p-value of ≤0.05.

Figure 5. Leaking point pressures (LPP) 
plotted as a function of the ssLAVR 
technique. In technique 1, welds were 
performed at an incident irradiance of 5.8 
W/cm2 using 2 consecutive passes and 
193±11-µm thick scaffolds consisting of 14-
µm diameter fibers and a 0.5% methylene 
blue (MB) concentration. Technique 2 was 
similar to technique 1 but was preceded 
by 2-h presoaking of scaffold in 0.5% MB-
doped bovine serum albumin (BSA) solder. 
Technique 3 was similar to technique 1 but 
with an additional sheathing of the weld 
with 0.5% MB-doped BSA solder and a 
subsequent LAVR step. A single asterisk 
designates a p-value of ≤0.05.
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suitable modality for medium-sized vessels. Moreover, PCL is a more biocompatible material 
than its PLGA(-PEG) counterpart.15

In solder-mediated LAVR, soldering strength is governed by the intermolecular bonds 
between solder molecules (cohesive strength) and the bonds between solder and tissue 
constituents (adhesive strength). Although the contribution of scaffolds to the enhanced 
soldering strength was not investigated mechanistically, the increases in soldering strength 
are considered to emanate from a fortified cohesive strength; a mechanism that is most 
analogous to the incorporation of a steel framework into concrete bridges. Whereas the 
steel in concrete bridges prevents the structure from succumbing to gravitational forces, 
the scaffold in the solder deters lateral decompression of the denatured protein matrix 
enveloping the polymer fibers, ensuring that intermolecular bonds remain intact or stable 
during intralumenal pressure build-up. The enhancement of cohesive strength with the 
addition of scaffold was previously demonstrated by Sorg et al.,11 who reported a complete 
abrogation of cohesive failures at the expense of adhesive defects in bovine aortas coapted 
with BSA solder-doped PLGA scaffolds (vs. scaffold-lacking LAVR).

In this study the beneficial effect of scaffold on the cohesive strength was demonstrated 
by the effect of various scaffold fiber diameters on the LPP. Although currently elusive, 
this effect was likely a result of a changing porosity of the scaffold with increasing fiber 
diameters. Scaffolds composed of small-diameter fibers are less porous than larger fiber 
diameter scaffolds of similar thickness, deterring sufficient solder penetration into the 
scaffold.6 Conversely, a dense reticular network of PCL fibers conceivably augments the 
fortifying effect of the scaffold on the denatured solder matrix to a greater extent than a 
few interspersed fibers. Therefore a balance has to be struck between the level of porosity 
and fiber thickness. In 187-µm thick scaffolds, the optimum balance between these two 
parameters was obtained with scaffolds consisting of 14-µm diameter fibers.

To further improve soldering strength, the focus should be placed on the adhesive 
strength. Enhancement of adhesive strength can be achieved by optimization of 
thermodynamic evolvement (heat delivery) at the solder tissue interface. In a recent study 
on CO2-sLAVR,23 significant improvements in soldering strength were obtained at 3–to-
113-fold greater energies per mm weld but at much smaller irradiances (W/cm2) than used 
in comparable studies (due to the larger spot size). These effects were attributed to the 
relationship between maximum soldering strength and the optimum temperature at which 
protein cross-linking takes place,24,25 both of which are likely achieved at lower irradiances. 
The limiting factor in the latter appears to be the denaturation temperature of vascular 
collagen26,27 and albumin molecules,28-30 which occurs in the 62-65°C temperature range. 

The critical role of optimal thermodynamics at the solder-tissue interface has also 
been substantiated, albeit indirectly, by the results presented here. Firstly, the LPPs were 
strongly dependent on the MB concentration, exhibiting a directly proportional relationship 
in the 0.1-0.5% MB concentration range and subsequently deviating from linearity at 
a 0.7% MB concentration. The MB molecules act as nucleation centers in the (s)sLAVR 
modality; therefore, at a constant irradiance, BSA concentration, and scaffold properties, 
MB concentration is directly related to heat generation. The temperature increase 
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corresponds to optimal denaturation conditions for vascular collagens and albumin 26-30 

and thus the highest LPPs. Lower MB concentrations may have failed to induce extensive 
protein denaturation at the solder-tissue interface; whereas the 0.7% MB concentration 
may have resulted in the generation of supracritical temperatures and/or substantial optical 
shielding by MB-containing solder at the scaffold surface and subcritical temperature at the 
solder-tissue interface. This may also explain the reduction in LPPs with respect to the 2-h 
presoaking technique, which likely resulted in predominant light absorption on top of and 
in the scaffold instead of at the solder-tissue interface. In this light, Sorg et al.12 reported a 
significantly higher breaking strength in ssLAVR groups where solder was applied on only 
one surface. 

Secondly, the effect of increasing scaffold thickness on LPPs also appears to support 
the necessity of ideal thermal conditions for optimal soldering strength. The thickness of a 
scaffold affects the scattering of light, altering fluence rates and heat build up at the solder-
tissue interface (unpublished results). At a constant concentration and similar lasing and 
ssLAVR technique, a scaffold thickness of 187µm might have provided optimum heating 
to properly denature albumin and collagen at the solder-tissue interface, in contrast to 
the possibly under- and overheating conditions in the 109-µm and 282-µm thick scaffolds, 
respectively.

Considering the importance of sufficient heat delivery at the solder-tissue interface to 
the enhancement of adhesive strength, ideally ssLAVR has to be standardized to produce 
a target temperature range of 62-65°C, whereby temperature feedback systems should be 
employed to ensure optimal soldering outcomes.

Conclusion

This study was conducted to optimize ssLAVR soldering outcomes in medium-sized 
arteries using MB-doped BSA solder in combination with electrospun PCL scaffold. A mean 
scaffold thickness of 187µm composed of 14-µm thick fibers, a solder containing 50% BSA 
in combination with 0.5% MB, and an irradiance of 5.8W/cm2 administered over 2 passes 
constituted the most advantageous parameters, which resulted in soldering strength well 
above physiological blood pressures. 
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Abstract:

Objective: Poor welding strength constitutes an obstacle in the clinical employment of 
laser-assisted vascular repair (LAVR) and anastomosis. We therefore investigated the 
feasibility of using electrospun poly(e-caprolactone) (PCL) scaffold as reinforcement 
material in LAVR of medium-sized vessels. 
Materials and Methods: In vitro solder-doped scaffold LAVR (ssLAVR) was performed 
on porcine carotid arteries or abdominal aortas using a 670-nm diode laser, a solder 
composed of 50% bovine serum albumin and 0.5% methylene blue, and electrospun PCL 
scaffolds. The correlation between leaking point pressures (LPP) and arterial diameter, the 
extent of thermal damage, structural and mechanical alterations of the scaffold following 
ssLAVR, and the weak point were investigated. 
Results: A strong negative correlation existed between LPP and vessel diameter, albeit 
LPP (484±111mmHg) remained well above pathophysiological pressures. Histological 
analysis revealed that thermal damage extended into the medial layer with a well-preserved 
internal elastic lamina and endothelial cells. Laser irradiation of PCL fibers and coagulation 
of solder material resulted in a strong and stiff scaffold. The weak point of the ssLAVR 
modality was predominantly characterized by cohesive failure. 
Conclusions: ssLAVR produced supraphysiological LPPs and limited tissue damage. 
Despite heat-induced structural/ mechanical alterations of the scaffold, PCL is a suitable 
polymer for weld reinforcement in medium-sized vessel ssLAVR.
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Introduction

In contrast to conventional suture anastomoses, the advantages of using laser energy 
for end-to-end and end-to-side vascular coaptations include the elimination of needle 
trauma and suture materials,1 the reduction of foreign body reaction,2 immediate liquid-
tight sealant, and the possibility of a faster and easier procedure for minimally invasive 
and endoscopic anastomotic techniques.3-5 Despite of these advantages, limited welding 
strength, extensive collateral thermal damage, poor reproducibility, and ambiguous end-
points3 comprise the drawbacks that have delayed the clinical application of laser-assisted 
vascular anastomoses/repair (LAVA/R), particularly in medium-sized vessels.  

Recent studies have focused on biodegradable polymer scaffolds as reinforcement 
material in solder-mediated LAVA/R (sLAVA/R) to optimize welding strength for medium-
sized vessels.6-11 In light of these trends, electrospun poly(e-caprolactone) (PCL) has been 
introduced as reinforcement material for liquid sLAVR in vitro. Scaffolds composed of 
microfiber-based PCL mesh were shown to increase welding strength by 2.8-fold vs. sLAVR, 
obtaining a mean±SD leaking point pressure (LPP) of 749±171mmHg.12 In contrast to the 
most commonly used polymer for scaffold-enforced sLAVR (ssLAVR), namely poly(lactic 
acid-co-glycolic-acid) (PLGA), the slow degradation kinetics of PCL have been associated 
with a greater biocompatibility.13 Furthermore, the mean LPP obtained with electrospun PCL 
ssLAVR was significantly higher than the mean LPP of 300mmHg obtained using scaffolds 
composed of PLGA and polyethylene glycol.8 Prior to this study, Bregy et al. reported 
a significant improvement in breaking strength using solvent-casting-particulate-leached 
PCL scaffold in ssLAVR of rabbit abdominal aortas,6 demonstrating additional advantages 
of PCL versus other polymeric scaffold materials for ssLAVR.

In a previous study12 we established the optimum parameters for electrospun PCL 
ssLAVR, namely a mean scaffold thickness of 187µm composed of 14-µm thick fibers in 
combination with a liquid solder containing 50% bovine serum albumin (BSA) and 0.5% 
methylene blue (MB) and an irradiance of 5.8W/cm2 administered over 2 consecutive 
passes, using LPP as the outcome parameter. To further optimize the PCL ssLAVR modality 
and to lay a foundation for future in vivo work, we have divided the current study into 4 
specific substudies. Substudy 1 investigated the correlation between the artery external 
diameter and acute LPPs. Subsequently, substudy 2 focused on the extent of thermal 
damage produced by laser irradiation employing the previously determined optimum 
ssLAVR parameters. Laser-induced alterations in PCL fiber structure and mechanical 
properties following welding were analyzed in substudy 3. Lastly, since welding strength is 
critically dependent on the cross-linking between albumin molecules (cohesive strength) 
and the cross-linking between albumin and adventitial collagens (adhesive strength), the 
final study (substudy 4) investigated the weak point (i.e., cohesive vs. adhesive failure) of 
the weld.
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Materials and methods

Solder and tissue preparation
Liquid solder was prepared by dissolving 50% (w/v, final concentration) BSA (Fraction 

V, Sigma Aldrich, St. Louis, MO) and 0.5% (w/v, final concentration) MB (Sigma Aldrich) 
in MilliQ water at 37°C under continuous stirring. The solder solution was stored at 4°C in 
the dark until further use for up to 20d.

Porcine carotid arteries (n=27) and abdominal aortas (n=5) were harvested at the 
slaughterhouse. Perivascular tissue was trimmed and the arteries were stored in histidine-
tryptophan-ketoglutarate organ preservation solution (Custodiol, Tramedico, Weesp, the 
Netherlands) at 4°C. For thermal damage assays ssLAVR was performed on the same day. 
For the other experiments the vessels were used within 3d. 

Preparation of poly(e-caprolactone) scaffolds
PCL (Sigma-Aldrich) with an average molecular weight of 80kDa was dissolved in 

chloroform under gentle stirring to obtain a 17% (w/w) solution. The polymer-containing 
solution was delivered at a constant flow rate (60µL/min) to a metal capillary connected 
to a high-voltage power supply. The distance between the capillary and the target drum 
(25×120mm) was set to 15cm. As the jet fluid accelerated towards a grounded collector, the 
solvent evaporated and a charged polymer fiber was deposited on the rotating target in the 
form of a non-woven mesh.14,15 Electrospinning was performed at 15kV for 25min to produce 
a mesh consisting of 14-µm diameter fibers.12 Fiber diameter was confirmed by scanning 
electron microscopy (SEM) (Quanta 600F ESEM-FEG, FEI Company, Hillsboro, OR) using 
analytical software (Xt Microscope Control, FEI Company). Scaffolds were punched out of 
the mesh in a 20×4-mm array (substudies 1 and 2), a 20×5-mm array (substudy 3), and in 
a 5×5-mm array (substudy 4). Scaffold thickness was measured with a digital micrometer 
between two glass slides; the mean±SD thickness was 200±10µm. 

Experimental design
For substudy 1, ssLAVR was performed on 4-cm carotid artery segments (n=16). The 

external diameter was measured using a digital caliper and a 10.0±0.5-mm longitudinal 
arteriotomy was created with a scalpel and scissors. Before application of the scaffold, 
the opposing ends of the incised artery were aligned with tweezers without the use of 
stay sutures. Solder and scaffold were applied by distributing approximately 30µL of 
solder over the incision site, after which the scaffold was positioned on top of the solder 
with the coarse surface facing the solder-tissue interface.11 Subsequently, an additional 
amount of solder was uniformly distributed over the edges of the scaffold. Coaptations 
were irradiated as described in Laser irradiation. The strength of the weld was defined as 
the LPP and measured directly after the ssLAVR procedure as detailed in Leaking point 

pressure determination. Values were normalized to the respective vessel diameter. To 
demonstrate the correlation between vessel diameter and LPP beyond the original vessel 
diameter range, additional experiments were performed with arteries with an external 
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diameter between 0.57-0.70cm (n=4).
In substudy 2, ssLAVR was performed on intact arteries (n=5) to investigate the 

extent of thermal damage to the vessel wall. Histological sections were stained as explained 
in Thermal damage analysis. The non-irradiated arteries (n=3) were used as control. 

In substudy 3, ssLAVR-induced alterations in scaffold physical properties were 
analyzed mechanically and structurally. The mechanical properties were determined by 
e-modulus, yield strength, and ultimate strength. The alterations in scaffold structure were 
analyzed by SEM. Twenty-eight scaffolds were prepared for mechanical testing. Native 
electrospun PCL scaffolds were mechanically tested without any modification as control 
(n=7). Solder-soaked scaffolds (n=7) were prepared by soaking scaffolds in 1mL of solder 
dispersed over a small area in a petri dish. Scaffolds were gently dabbed to enhance 
solder penetration. Scaffolds in the third group (n=7) underwent a similar solder-soaking 
procedure after which they were subjected to dual-pass irradiation with a diode laser 
(Laser irradiation). In the fourth group (n=7) we investigated the effect of heating on 
PCL scaffold alone (without albumin solder). To facilitate the absorption of laser energy 
in the scaffolds, scaffolds were submersed for ~2min in chromophore-containing solution 
(0.5% (w/v) MB in water) prior to dual-pass laser irradiation. Mechanical tests on scaffolds 
were performed on a tensiometer (Mechanical testing and weak point analysis). A similar 
procedure was performed on 8 scaffolds (n=2/group) for SEM analysis. 

In substudy 4, the type of welding strength (i.e., cohesive vs. adhesive strength) 
was investigated with respect to the welding protocol. Aorta segments were cut along 
the longitudinal axis and 30×5-mm strips were excised from the unfolded slab of vascular 
tissue. The thickness of the aorta strip was measured with a digital micrometer between 
two glass slides. Prior to ssLAVR the aorta strip was pinned to a silicone rubber (Sylgard 184, 
Dow Corning, Midland, MI) covered petri dish with its adventitia surface facing upward and 
cut into half along the longer axis. The opposing ends were realigned after which solder 
and PCL scaffold (5×5mm) were applied over the incised strip and ssLAVR was performed 
(n=10) in accordance with Laser irradiation. The control group (n=10) consisted of dual 
pass sLAVR. Welding strength in this substudy was defined as breaking strength (BS) and 
measured directly after the welding procedures as explained in Mechanical testing and 

weak point analysis. 
 
Laser irradiation 

A 670-nm diode laser (model HPD7401, High Power Devices, North Brunswick, NJ) 
was used in continuous wave mode with a red HeNe red aiming beam. The incident laser 
power was 0.73W with a spot size of 12.6mm2, accounting for an irradiance of 5.81W/cm2. 
A fiber optic hand piece was used to deliver the laser beam perpendicularly to the scaffold 
surface in a single continuous pass. For substudies 1 and 2, coaptations were lased in a 
gradually narrowing rectangular movement, starting at the outer margins of the weld and 
scanning inward, whereas for substudies 3 and 4 the scaffold and coaptations were lased 
in a zigzag movement starting at the upper left corner.16 The scan speed was dictated by 
MB transiting into its leuco-form, i.e., irradiation of the subsequent scaffold volume was 
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performed only after the prior scaffold area had turned white. This lasing regime was 
standardly applied twice per scaffold. The cumulative irradiation time was recorded for 
each procedure. 

Leaking point pressure determination
LPPs were measured in accordance with the method of Basu et al.17 and Fahner et 

al.18 One end of the laser-treated carotid segment was sealed by ligation and the vessel 
lumen filled with 0.9% saline solution containing MB as a visual indicator at 99mL/h. The 
other end was ligated around a hollow needle that was connected to a rate-controlled 
syringe infusion pump and a pressure controller (Braun Medical, Melsungen, Germany) 
through an interposed T-valve. For online pressure recording, the pressure controller was 
coupled to a pressure transducer (Baxter Healthcare, Deerfield, IL) that transmitted the 
digitized output signals to a PC. 

Upon complete submersion of the artery in a 0.9% saline bath, the intraluminal 
pressure was gradually raised by the infusion of MB-containing 0.9% saline at 99mL/h. 
The LPP was defined as the pressure at which leakage was observed, which was always 
accompanied by a simultaneously drop in pressure.

Furthermore, to prove the consistency of the weld strength, the maximum wall 
tension that the weld could bear before failure was calculated from the LPPs. The wall 
tension (T) at the place of the weld is defined as T=(P*r)/h (according to the LaPlace law), 
where P=LPP, r=d/2, and h is the thickness of the weld (constant for all welds). Plotting 
these wall tensions at their respective bursting pressure for each sample gave insight into 
the consistency of weld quality. 

 
Thermal damage analysis

Histological samples were prepared from native (n=3) and ssLAVR-treated (n=5) 
carotid arteries. Immediately after ssLAVR, vessel segments were fixed in 4% buffered 
formalin, dehydrated in ethanol, cleared in methyl benzoate and benzene, and impregnated 
with paraffin wax. Of each sample, 8-µm sections were stained with hematoxylin and 
eosin (H&E) and Masson’s trichrome (MT) for light microscopy, and picrosirius red (PR) 
for polarization microscopy. Images were acquired with a Zeiss Axio microscope (Carl 
Zeiss, Oberkochen, Germany) equipped with a polarizer and analyzer and a CCD camera. 
Customized software (Zeiss Axio Imager D, Carl Zeiss) was used for image acquisition and 
processing and to determine the extent of vessel wall shrinkage following ssLAVR. 

Scanning electron microscopy
The native, solder-soaked, irradiated solder-soaked, MB-soaked, and irradiated 

MB-soaked PCL scaffolds were viewed under SEM without prior fixation and coating. To 
eliminate residual water, scaffolds were kept under vacuum overnight after preparation 
and before SEM. The scaffold strip was cut in a 5×5-mm array, and mounted to a metal 
stump before placement inside the SEM. Scaffolds were viewed under low vacuum at an 
accelerating voltage of 10kV. 
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Mechanical testing and weak point analysis
Mechanical tests were performed on scaffolds (substudy 3, n=7/group) and on 

ssLAVR- and sLAVR-treated aortas (substudy 4, n=10/group). The tests were performed 
after every 5 consecutive lasing procedures. Between the lasing procedures and mechanical 
testing the soldered aorta strips were kept moist in phosphate buffered saline-soaked 
gauzes. 

In substudy 3, the scaffolds were mounted on a tensiometer at a grip-to-grip 
separation of 5mm and the test was performed at a test speed of 10mm/min. E-modulus 
(MPa), yield strength (MPa), and ultimate strength (MPa) were measured to determine 
ssLAVR-induced alterations in scaffold mechanical properties. 

In substudy 4, the ssLAVR-treated aorta strips were mounted between the metal 
clamps of a tensiometer (Zwick, Ulm, Germany). The distance between the grips was 
10mm. Breaking test was performed at a test speed of 10mm/min. Breaking strength (BS) 
was defined as the force (N) required to completely tear two halves of the strip divided by 
the cross-sectional area of the scaffold and solder (cm2). The BS of the sLAVRed aortas was 
used as control. The type of dissociation during the BS measurement, assessed visually, 
served as an indication of the weak point of the weld (i.e., cohesive vs. adhesive failure). 
  
Statistical Analysis

Means, standard deviations, Mann-Whitney U tests, and nonparametric correlation 
analyses were performed in GraphPad Prism (GraphPad Software, La Jolla, CA). A single 
asterisk (*) designates a p-value of ≤0.05 throughout the text, (**) designates a p-value 
of ≤0.01, and (***) designates a p-value of ≤0.001. Values are reported as mean±SD.

Results

Substudy 1: correlation between vessel diameter and acute LPPs
To determine whether a relationship existed between the arterial diameter and LPP, 

arteries with external diameters ranging from 0.37-0.57cm were ssLAVR-treated and the 
LPPs were measured. Subsequently, correlation analysis was performed on the data set.

The time to complete dual pass irradiation for each weld was 388±47s, yielding 
an LPP of 531±59mmHg (range of 424-634mmHg). Fig. 1A shows the LPP plotted vs. 
arterial external diameter. The LPPs decreased significantly with increasing vessel diameter 
(Spearman’s r=-0.72**). Fig. 1B shows the maximum wall tension plotted for each sample, 
exhibiting a constant quality of the weld.

Four arteries with an external diameter of 0.57-0.70cm were added to assess the 
effect of the LaPlace law in the context of LPP and vessel diameter. This resulted in an 
increased negative correlation between vessel diameter and LPP (Spearman’s r=-0.85***) 
and a reduction in mean LPP to 484±111mmHg (245-634-mmHg range) (Fig. 1C). Fig. 1D 
shows that the quality of the weld remained constant after the addition of larger-diameter 
vessels.



42

Chapter 3 

Substudy 2: thermal damage analysis
Representative histological images of thermal damage in ssLAVR-treated arteries 

are presented in Fig. 2. An MT stain was used to determine laser-induced structural 
alterations in connective tissue (collagen stains light blue, damaged collagen stains dark 
blue-to-purple, and solder, elastin, and muscle fibers stain red). ssLAVR resulted in marked 
shrinkage of the vascular wall. Morphometrically the wall thickness was reduced to 31±4% 
of its original thickness (Fig. 2A). In all cases the thermal damage extended beyond the 
adventitia into the medial layer (Fig. 2A and B), regardless of the difference in vessel 
size. The scanning movement from outside-inward resulted in confined thermal damage 
at the outer margins of the weld to almost full thickness thermal damage at the center 
of the irradiated area (Fig. 2B). At higher magnification, the thermally damaged artery 
(Fig. 2D) was enveloped by denatured solder (black arrowhead) that had coalesced with 
the homogenized and swollen adventitial collagen (arrows). Elastin fibers, on the other 
hand, had remained intact (Fig. 2D vs. C, arrowheads). Thermal damage in the media was 
characterized by shrinkage and an almost complete disappearance of smooth muscle cells, 
which resulted in a relative increase in collagen density (Fig. 2D, encircled). In contrast 

Figure 1. (A) The plot of LPPs vs. arterial external diameter. The data set was fitted with a 
linear curve fit and analyzed by nonparametric correlation analysis. The goodness of fit (R2) and 
Spearman’s correlation coefficient (r) are indicated in the upper right corner. (B) A plot of maximum 
wall tension per sample (n=16). (C) A plot of LPP vs. arterial external diameter with the additional 4 
arteries, indicated by the blue dots. The data set was fitted with a linear curve fit and analyzed by 
nonparametric correlation analysis. The goodness of fit (R2) and Spearman’s correlation coefficient 
(r) are indicated in the upper right corner. (D) A plot of maximum wall tension per sample (n=20).
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Figure 2. Photomicrograph of native and ssLAVR-treated arteries. (A) MT-stained section showing 
a reduced vessel thickness in the irradiated area (distance between black arrowheads vs. distance 
between white arrowheads). (B) The thermal damage is limited to the area under the solder and 
scaffold (S). The yellow line indicates the thermal damage boundary between the non-irradiated 
normal area (N) and the irradiated area (I). The normal artery (C) was characterized by the loosely 
arranged collagen (arrow) and the intact smooth muscle cells in the media (encircled) whereas the 
thermally damaged artery (D) shows homogenized and compacted collagen and shrunken smooth 
muscle cells. Hematoxylin and eosin-stained sections showing morphologically similar aspect of 
endothelium (black arrow) and intact lamina elastica interna (white arrowhead) in both a native (E) 
and ssLAVR-treated artery (F). (G) Picrosirius red (PR)-stained control artery showing the collagen 
with intact birefringence in the adventitia (arrow) and media (encircled), as opposed to the ssLAVR-
treated artery that exhibited a loss of collagen birefringence in the adventitia (arrow). Higher 
magnification images of the encircled areas (inserts) showed green birefringence of collagen type 
III in native media (G) in contrast to the almost complete loss of type III collagen in the ssLAVR-
treated artery (H).
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to the adventitial collagen, collagen in the medial layer had retained a preserved fibrillar 
structure (Fig. 2D).

H&E-stained sections were used to assess the morphology of the internal elastic 
lamina and the endothelial lining of the vessel. No notable differences were found between 
the irradiated and non-irradiated zones (Fig. 2E and F).

Polarized light microscopy of PR-stained sections showed a more homogenized and 
compacted structure of thermally damaged adventitial collagen (Fig. 2H). At these sites 
the media showed almost complete disappearance of green birefringent collagen fibrils, 
indicating loss of type III collagen (rectangular marquee in Fig. 2H).

Substudy 3: SEM analysis and mechanical testing 
Stress-to-strain curves of (A) native, (B) solder-soaked, (C) irradiated solder-

soaked, and (D) irradiated MB-soaked scaffolds are depicted in Fig. 3. The embedded 
charts present e-modulus, yield, and ultimate strength for each group. Immersion of 
scaffold in solder solution did not induce notable alterations in mechanical properties. The 
e-modulus, yield strength, and ultimate strength of the native and solder soaked scaffolds 
were 5.78±2.06MPa vs. 13.34±10.12MPa (p=0.64), 0.56±0.39MPa vs. 0.32±0.40MPa 
(p=0.34), and 1.99±0.13MPa vs. 2.04±0.40MPa (p=0.71), respectively. 

Dual-pass laser irradiation of the solder-soaked scaffold significantly decreased 
scaffold elasticity and markedly increased yield and ultimate strength. The e-modulus 
increased to 316.07±89.41MPa (** vs. native scaffold) while the yield and ultimate 
strength increased to 3.12±0.79MPa (** vs. native) and 4.56±0.95MPa (** vs. native), 
respectively.   

The effect of laser irradiation alone on the physical properties of PCL scaffolds was 
demonstrated in the last group. Macroscopically, dual-pass laser irradiation decreased 
scaffold width to approximately 66%, which was in stark contrast to the 4% decrease in 
scaffold width in the irradiated solder-soaked group. Scaffold shrinkage was accompanied 
by a decrease in scaffold elasticity as evidenced by the increase in e-modulus to 
49.62±40.80MPa (** vs. native). Despite the shrinkage and the increase of scaffold 
stiffness, the irradiated fibers retained their yield strength and ultimate strength, namely 
0.65±0.47MPa (p=0.41 vs. native) and 1.85±1.07MPa, (p=0.35 vs. native), respectively. 
The strain-stress curve of the irradiated MB-soaked scaffolds evinced that, despite the 
structural alterations, the fibers retained their mechanical strength and did not brake 
simultaneously (Fig. 3D). A drop in the trace signifies breakage of a portion of the fibers, 
whereas a subsequent increase in the trace is attributable to a sustained strength by the 
residual intact fibers.

 Fig. 4 presents SEM images of the native, solder-soaked, irradiated solder-soaked, 
and irradiated MB-soaked scaffold. The SEM image of the solder-soaked scaffold shows a 
solder layer between intertwined intact fibers (Fig. 4B). Dual-pass laser irradiation resulted 
in coagulated albumin solder that coalesced with the PCL fibers (Fig. 4C). Alterations of 
PCL fibers due to laser irradiation were evident in SEM image of the irradiated MB-soaked 
scaffold (Fig. 4D.2), where the PCL fibers appeared melted and deteriorated. 
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Substudy 4: breaking strength and weak point analysis
The time required to weld aorta strips by ssLAVR was not significantly different from 

the time required to coapt aorta strips by sLAVR, namely 92±11s and 85±7s, respectively. 
Fig. 5A shows that the BS in the sLAVR and ssLAVR groups was 50.23±16.21N/cm2 and 
104.12±19.68N/cm2 (***), respectively.

Fig. 5B illustrates the two types of failure observed during BS measurements. In 
cohesive failures the coagulated solder fractured at the incision line with the solder 
remaining attached to the tissue surface. In adhesive failures the coagulated solder (and 
scaffold) remained intact, but the welded strips failed by a partial or complete detachment 

Figure 3. Strain-to-stress curves of the (A) control, (B) solder-soaked, (C) irradiated solder-soaked, 
and (D) irradiated MB-soaked scaffolds with associated mechanical properties: e-modulus (bottom 
left panel), yield strength (bottom middle panel), and ultimate strength (bottom right panel).
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of scaffold and solder from the tissue surface. In contrast to the predominantly cohesive 
failures (10/10) that occurred in the sLAVR group, coaptations in the ssLAVR group 
underwent solely adhesive failures (10/10) during mechanical testing.

Discussion

In their review on laser tissue welding, Bass et al. 3 posited that, due to low welding 
strength and difficulties in laser dosing, sLAVR should be strictly employed to seal suture gaps 
and puncture wounds rather than as a means to make anastomoses in medium- and large-
sized vessels. With the advent of polymeric scaffolds as reinforcement material in sLAVR, 
this statement may in fact become out-dated. Here we have shown that the combination 
of sLAVR with electrospun PCL scaffold material yielded high supraphysiological LPPs in 
medium-sized arteries (0.37-0.70cm), albeit in a vessel diameter-dependent manner, 
without notable structural damage beyond the lower tunica media. The fortification of the 
weld emanated from the coalescence between melted PCL fibers and denatured solder 
proteins, which led to an increase in mechanical strength and a simultaneous decrease 
in elasticity. Correspondingly, the weak point of the weld was located at the solder-tissue 

Figure 4. SEM image of a native/control, solder-soaked, irradiated solder-soaked, MB-soaked 
scaffold, and irradiated MB-soaked scaffold. (A) SEM image of native PCL scaffold as control, 
showing layers of intertwined fibers. (B) SEM image of the solder-soaked scaffold showing solder 
(arrowheads) filling the area between the intact PCL fibers (arrows). (C) SEM analysis after dual 
pass irradiation of solder-soaked scaffold demonstrated a coagulated solder layer (arrowheads) 
that coalesced with the PCL fibers (arrows). (D) Alteration of PCL fiber structure following dual-pass 
laser irradiation was evident in the irradiated-MB soaked scaffold (D.2). Fibers were found melted 
and heterogeneously sized (D.2, arrows), which was in contrast with the homogenously sized fibers 
in the MB-soaked scaffold (D.1. arrows).
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interface, where the fortifying properties of PCL have no influence. 
After first having established the optimum welding parameters for PCL ssLAVR,12 

the dependence of LPP on arterial diameter was investigated in this study to assess the 
potential applicability of PCL ssLAVR for a class of blood vessels previously deemed ill-suited 
for sLAVR, namely medium-sized vessels.3 Although the negative correlation between LPP 
and arterial diameter reflects a restricted range of vessel diameters suitable for ssLAVR, 
the LPPs (484±111mmHg) remained well above malignant hypertension levels (systolic 
blood pressure of 220mmHg) for vessels with an external diameter of up to 0.70cm. 
Provided that porcine arteries used in this study are anatomically comparable to medium-
sized arteries in adult humans, e.g., the coronary,19 internal carotid,20 renal,21 and brachial 
artery,22 our results are encouraging in regard to the possibility of performing sutureless 
laser-mediated anastomoses in medium-sized vessels in the clinical setting. Furthermore, 
the currently obtained LPPs are significantly higher than reported for PLGA-enhanced 
sLAVR (300mmHg),8 underscoring the pivotal role of PCL as a novel biomaterial for ssLAVR 
with respect to welding strength. 

Mechanical tests in substudy 4 evinced that the 2-fold increased of BS in the ssLAVR 
group (vs. the sLAVR group) was accompanied by a shift from cohesive to adhesive failure, 
indicating that the scaffold-mediated enhancement of the solder’s cohesive strength 
exceeded the strength of the protein cross-links at the solder-tissue interface. In solid-
solder sLAVR, for example, the weakness of the adhesive bond is considered a major 
disadvantage10 inasmuch as it annuls the strength benefits offered by the reinforcement 
through cohesive bonds.11 Consequently, numerous approaches have been devised to 
improve adhesive bonding, including (1) confinement of heat delivery to the solder-tissue 
interface by applying the solder and scaffold separately,23 employment of a dual layer solid 

Figure 5. (A) Breaking strength in the sLAVR (control) group compared to the ssLAVR group. (B) 
Schematic drawing of the type of breaking during breaking strength measurements (top image); 
cohesive failure is defined as the type of break in which the coagulated solder fractured at the 
incision line with the solder remaining attached to the tissue surface (middle image), whereas 
adhesive failure is defined as the type of break in which the coagulated solder (and scaffold) 
remained intact, but the welded strips failed by a complete detachment of scaffold and solder from 
the opposite tissue surface (bottom image).
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solder with (2) a chromophore gradient7 or (3) a film of solder composed of a white layer 
of solid albumin and a layer of black carbon,24 (4) using an intraluminal laser source,6 (5) 
minimizing solder leakage by modified solder application techniques,11 and (6) addition of 
a protein cross-linker to the solder mixture.28

The last two approaches, namely the reduction of solder leakage and the use 
of a protein linker, are effective, practical, and easily applicable. A means to minimize 
solder leakage, recently introduced by Bleustein et al.,29 encompasses the addition of 
hydroxypropylmethylcellulouse to liquid albumin solder, resulting in a semi-solid albumin 
solder. The high viscosity of the semi-solid solder successfully reduced solder leakage and 
significantly increased BS following in vitro and in vivo laser welding of intestinal tissue and 
skin, respectively.25 The use of a semi-solid solder to reduce solder leakage can facilely be 
combined with a protein cross-linker to improve adhesive strength. A protein cross-linker 
such as genipin has two aldehyde groups that can be exploited to crosslink the albumin 
to adventitial collagen during (s)sLAVA/R.26 Our future work will therefore include both 
strategies to further optimize the PCL ssLAVR modality for medium-to-large size blood 
vessels.

Next to welding strength, the extent of thermal damage constitutes an important 
parameter in laser tissue welding insofar as the retention of viable tissue following laser 
irradiation is required for an optimal healing process. Despite the difference in arterial 
diameter, the variation in wall thickness was negligible. Thermal damage in all 5 samples 
was found up to 2/3 of the medial layer. In the presence of transmural damage, an intact 
internal elastic lamina and endothelium after LAVR have been associated with a normal 
healing response and the deterrence of intimal hyperplasia.27-30 In light of these reports a 
proper healing process can thus be expected for PCL ssLAVR, where the post-irradiation 
damage profile was characterized by limited medial damage and an uncompromised 
internal elastic lamina and endothelial layer. With respect to the adventitial layer, the 
thermal damage profile suggests that the temperature during ssLAVR resided between the 
denaturation temperature of collagen (63-75°C)31,32 and elastin (120°C),33 given the intact 
state of the elastin fibers. Although the endothelial layer appeared unaffected by the lasing 
procedure, it should be noted that morphological investigations cannot unequivocally attest 
to the vitality of endothelial cells and that complete certainty can only be gained in an in 
vivo implantation study. 

Transmural thermal damage also induces thinning and hardening of the vascular wall 
that may bear detrimental clinical consequences. Coagulated albumin solder, which had 
coalesced with disintegrated and shrunken PCL fibers, had reduced scaffold elasticity and 
hence contributed to an additional increase in vascular stiffness. Clinically, a constricted 
and rigidified vascular wall gives rise to compliance mismatch between the stenotic and 
the non-stenotic distal segment. Such compliance mismatch has been associated with an 
increased risk of aneurysm formation.34,35 Consequently, next to the improving adhesive 
bonding, future research efforts should be focused on minimizing thermal damage and 
vascular wall stiffness. Prior studies minimized thermal damage by using an intraluminal 
laser source6 and by altering the state of solder (from liquid to solid albumin solder).36 The 
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retained mechanical strength following welding indicates that PCL might still be a suitable 
material for ssLAVR from the perspective of welding strength. However, the shrinkage of 
PCL after ssLAVR remains a concern. Therefore our future work will also focus on exploring 
elastic polymers with a higher melting point to reduce scaffolds shrinkage during ssLAVR.  

Conclusions

This study demonstrated that PCL ssLAVR of medium-to-large sized arteries yielded 
high welding strengths in the 0.37-0.70-cm diameter range in a vessel diameter-dependent 
manner, whereby thermal damage was confined to the tunica adventia and media. The 
fortifying effect of the PCL scaffold in ssLAVR resulted in a shift from cohesive to adhesive 
failure of the weld (vs. sLAVR). The study identified points for further optimization of the 
ssLAVR modality, including the improvement of adhesive strength, further reduction of 
collateral thermal damage, and the use of polymers with a higher melting temperature.
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Abstract: 

Objective: We have recently demonstrated the fortifying effect of poly(e-caprolactone) 
(PCL) scaffold in liquid solder-mediated laser-assisted vascular repair (ssLAVR) of porcine 
carotid arteries, yielding a mean±SD leaking point pressure of 488±111mmHg. Despite 
the supraphysiological pressures, the frequency of adhesive failures was indicative of weak 
bonding at the solder-tissue interface. Therefore, the study aimed to improve adhesive 
bonding by using a semi-solid solder and single spot vs. scanning irradiation.
Materials and Methods: In the 1st substudy, in vitro ssLAVR (n=30) was performed 
on porcine abdominal aorta strips using a PCL scaffold, liquid or semi-solid solder, and 
a 670-nm diode laser for dual-pass scanning. In the 2nd substudy, the scanning method 
was compared to single spot lasing. The 3rd substudy investigated the stability of the 
welds following hydration under quasi-physiological conditions. The welding strength was 
defined by acute breaking strength (BS). Solder-tissue bonding was examined by scanning 
electron microscopy and histological analysis was performed for thermal damage analysis.
Results: Altering solder viscosity from liquid to semi-solid solder increased the BS from 
78±22N/cm2 to 131±38N/cm2. Compared to scanning ssLAVR, single spot lasing improved 
adhesive bonding to a BS of 257±62N/cm2 and encompassed less structural defects at 
the solder-tissue interface but more pronounced thermal damage. The improvement in 
adhesive bonding was associated with constantly stronger welds during 2wk of hydration.
Conclusions: Semi-solid solder and single spot lasing increased welding strength by 
reducing solder leakage and improving adhesive bonding, respectively. The improvement 

in adhesive bonding was associated with enhanced weld stability during hydration. 
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Introduction

The advent of polymeric scaffolds as reinforcement material in solder-mediated laser-
assisted vascular anastomosis/repair (sLAVA/R) has brought laser-assisted anastomosis 
of medium-sized vessels closer to clinical practice.1-10 Scaffold-enhanced sLAVR (ssLAVR) 
has proven a viable alternative for sLAVR in that supraphysiological bursting pressures 
can be achieved without notable structural damage beyond the lower tunica media.1,3,5,6 
Apart from these clinically favorable results, our previous studies on electrospun poly(e-
caprolactone) (PCL) ssLAVR5,6 evinced that the modality could be further improved with 
respect to solder state and adhesive bonding strength. 

Leakage of liquid solder from an adjoined vessel surface leads to difficulties in 
defining the surface and thickness of the solder layer and complicates the calculation 
of laser energy per unit mass of protein.11-14 This renders the controlled implementation 
of the modality in the clinical setting virtually impossible. Semi-solidification of the liquid 
solder by the addition of viscosity-enhancing solutes such as hydroxypropylmethylcellulose 
(HPMC) has been associated with reduced solder leakage and an increased in vitro welding 
strength in coapted intestine and skin,15 and thus constitutes a plausible solution to the 
leakage dilemma. 

Welding strength is derived from the strength of the cohesive (solder-confined 
protein-protein or protein-scaffold) and adhesive (solder-tissue) bonds. The reinforcement 
effect of biodegradable polymer scaffolds is attributed to the fortification of intermolecular 
albumin bonds (cohesive bonding).5,6,8 Correspondingly, the weak point of the weld is 
shifted to the solder-tissue interface, i.e., the area where the fortifying properties of PCL 
have no influence.5,6 Regardless of the strengthening of the weld through improvements in 
cohesive bonding, a weak adhesive bond is detrimental to the stability of the coaptation.9 
Research efforts should therefore be specifically directed to strengthening adhesive bonds 
in ssLAVR.

Consequently, this study was performed to further improve the ssLAVR modality 
using electrospun PCL as biodegradable reinforcement material. The first part of the study 
focused on minimizing solder leakage by increasing solder viscosity and determining its 
implications on welding strength. The second part of the study investigated the effect of 
scanning versus single spot irradiation on the strength of adhesive bonds. In the last part 
of the study, the stability of the welds was determined as a function of hydration time 
in phosphate buffered saline (PBS) solution to assess possible deterioration of welding 
strength under quasi-physiological conditions. 
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Materials and methods

The concentrations listed throughout the manuscript refer to final concentrations.

Tissue preparation
Fresh porcine thoracic and abdominal aortas (n=50) were harvested at the 

slaughterhouse. Aorta strips were stored in histidine-tryptophan-ketoglutarate preservative 
solution (Custodiol, Tramedico, Weesp, The Netherlands) at 4°C and were used within 
3d. Perivascular tissue was trimmed and the aortas were cut along the longitudinal axis. 
Subsequently, 30×5mm strips (n=165) were punched from the unfolded slabs of vascular 
tissue. The thickness of the aorta strip was measured between two glass slides using a 
digital caliper. 

    
Solder preparation

Liquid protein solder was prepared from 48% (w/v) bovine serum albumin (BSA, 
Fraction V, Roche, Penzberg, Germany) and 0.5% (w/v) methylene blue (MB, Sigma-
Aldrich, St. Louis, MO) in MilliQ water. Semi-solid solder was prepared by adding 48% 
(w/v) BSA11 and 0.5% (w/v) MB to MilliQ containing increasing concentrations of 
hydroxypropylmethylcellulose (HPMC, Sigma-Aldrich) (1, 3, 5, or 7% (w/v)) as determined 
in substudy 1 (Substudy 1: Liquid vs. semi-solid solder). 

Solders were stored at 4°C in the dark until further use for up to 1wk.  
     
Preparation of poly(e-caprolactone) scaffolds 

PCL (Sigma-Aldrich) with an average molecular weight of 80kDa was dissolved in 
chloroform under gentle stirring to obtain a 17% (w/w) solution. The polymer-containing 
solution was delivered at a constant flow rate (60µL/min) to a metal capillary connected 
to a high-voltage power supply. The distance between the capillary and the target drum 
(25×120mm) was set to 15cm. As the jet fluid accelerated towards a grounded collector, 
the solvent evaporated and a charged polymer fiber was deposited on the rotating target 
in the form of a non-woven mesh.16,17 Electrospinning was performed at 15kV for 25min to 
produce a mesh consisting of fibers with a mean diameter of 14-µm.5,6 Fiber diameter was 
confirmed by scanning electron microscopy (SEM) (Quanta 600F ESEM-FEG, FEI Company, 
Hillsboro, OR) using analytical software (Xt Microscope Control, FEI Company). Scaffolds 
were punched out of the mesh in a 5×5-mm array. Scaffold thickness was measured with 
a digital micrometer between two glass slides; the mean±SD thickness was 200±10µm. 

Experimental design
Substudy 1: Liquid vs. semi-solid solder 

Semi-solid solders were prepared by dissolving  48% (w/v) BSA and 0.5% (w/v) MB 
in MilliQ containing increasing concentrations of HPMC (1, 3, 5, or 7% (w/v)). Only the 1% 
and 3% HPMC concentrations yielded homogeneous semi-solid solders. The 5% and 7% 
HMPC concentrations were therefore not used in substudy 1. 

To determine which solder composition produces the greatest welding strength, 
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aorta strips (n=10/solder composition) were pinned to a slab of silicone rubber (Sylgard 
184, Dow Corning, Midland, MI) placed in a petri dish. The aorta strips were cut into half 
along the longitudinal axis and realigned, after which 50µL of solder and PCL scaffold were 
applied over the intimal surface2 of the incised strip. 

For welding, a 670-nm diode laser (model HPD7401, High Power Devices, North 
Brunswick, NJ) was used in continuous wave mode with a HeNe red aiming beam. SsLAVR 
was performed by manually scanning a fiber optic handpiece perpendicularly to the 
scaffold surface in a zigzag movement, starting at the upper left corner of the scaffold.6,18 
The laser power and spot diameter were set to 0.73W and 0.4cm, respectively, accounting 
for an irradiance of 5.8W/cm2.5,6 The scan speed was dictated by MB transiting into its 
leuco-form, i.e., irradiation of the subsequent scaffold volume was performed only after 
the prior scaffold area had turned white. This lasing regime was standardly applied twice 
per scaffold and is, from this point onward, described as scanning ssLAVR. The cumulative 
irradiation time was recorded for each procedure. 

The optimum solder composition was defined by the highest breaking strength (BS) 
(Breaking strength testing and weak point analysis). SEM analysis of the solder-tissue 
interface was performed to investigate the quality of adhesive bonding (n=2/group).

Substudy 2: Scanning vs. single spot ssLAVR 
Substudy 2 investigated the effect of lasing technique on welding strength and 

the type of failure (cohesive vs. adhesive). Aorta strips were prepared as described in 
Substudy 1: Liquid vs. semi-solid solder. Scanning ssLAVR was performed at the laser 
parameters and solder composition as established in substudy 1 (i.e., 3% (w/v) HPMC, 
48% (w/v) BSA, and 0.5% (w/v) MB in MilliQ). 

Single spot ssLAVR was performed by positioning the laser probe at a fixed distance 
perpendicular to the scaffold surface. Prior to the experiments, the optimal irradiance (W/
cm2) and radiant exposure (J/cm2) were determined for single spot ssLAVR. The laser 
probe was fixed perpendicularly to the vessel surface at a distance of 1.8, 2.5, or 3.0cm 
to generate spot diameters of 0.8, 1.0, or 1.3cm, respectively. First, the samples were 
irradiated at 3 different laser powers per spot diameter to determine the optimal irradiance. 
The irradiation time was equal to the time required for MB to transit to its leuco-form in the 
entire scaffold-covered area. Subsequently, the optimal radiant exposure was determined 
by irradiating the coaptations for 30, 40, 50, 60, or 70s (n=5/group) at the previously 
established optimal irradiance. To prevent thermal damage to neighboring tissue, a black 
metal panel containing an 8×8–mm rectangular window was placed on the aorta strip 
before ssLAVR. The optimal laser parameters were defined by BS analysis as those yielding 
the highest BS (Breaking strength testing and weak point analysis). 

For both techniques, the type of dissociation during BS analysis and the structural 
features of the welded coaptation at the solder-tissue interface (SEM analysis, Scanning 

electron microscopy) were used to assess the quality of the adhesive bond. The extent 
of thermal damage was determined by histological analysis (Thermal damage analysis) 
(n=5/group). 
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Substudy 3: Hydration study 
In the 3rd substudy the stability of the welds was investigated as a function of hydration 

time in PBS. Aorta strips were irradiated on the adventitial surface using scanning or 
single spot ssLAVR (n=40/lasing technique). ssLAVR was performed at the optimal ssLAVR 
parameters as described in 5,6 and Substudy 1: Liquid vs. semi-solid solder for the scanning 
mode and in Substudy 2: Scanning vs. single spot ssLAVR for the single spot mode. 
These included a solder composition of 3% HPMC, 48% BSA, and 0.5% MB, and laser 
irradiation at a spot diameter of 13mm, an irradiance of 1.2W/cm2, and a pulse duration 
of 50s. To prevent thermal damage to neighboring tissue, a black metal panel containing 
an 8×8–mm rectangular window was placed on the aorta strip before scanning ssLAVR. 
Twenty ssLAVRed specimens underwent BS analysis directly after the ssLAVR procedure 
as the 0-d control groups (n=10/lasing technique). Sixty ssLAVRed aorta specimens were 
submersed in sterile PBS and incubated at 37°C for 1, 7, or 14d (n=10/hydration period, 
per lasing technique). BS analysis (Breaking strength testing and weak point analysis) and 
SEM analysis (Scanning electron microscopy, n=2/hydration period, per lasing technique) 
were performed at the end of the hydration period.

Breaking strength testing and weak point analysis
BS analysis for the acute experiments (i.e., substudy 1, 2, and the 0-d hydration groups 

in substudy 3) were performed after 5 consecutive ssLAVR procedures. The ssLAVRed 
aorta strips were kept moist in PBS-soaked gauzes between the ssLAVR procedure and BS 
testing. The hydrated samples in substudy 3 were subjected to BS analysis at the end of 
the hydration period.

The ssLAVRed aorta strips were mounted between the metal clamps of a tensiometer 
(Zwick Z101, Ulm, Germany). The distance between the clamps was 10mm. BS analysis 
was performed at a test speed of 10mm/min. BS was defined as the force (N) required to 
completely tear two halves of the strip divided by the cross-sectional area (in cm2) of the 
scaffold and solder. The type of dissociation during the BS measurement, assessed visually, 
served as an indication of the weak point of the weld (i.e., cohesive vs. adhesive failure). 
  
Scanning electron microscopy

SEM analysis was performed to investigate the structure of adhesive bonding at 
the solder-tissue interface in fixed specimen cross-sections. SsLAVR was performed on 
the adventitial layer of an intact aortic strip (n=2/group for each substudy). Immediately 
following ssLAVR or at the end of the hydration period the samples were fixed in 1.5% 
glutaraldehyde, cut in half along the longitudinal axis to expose the solder-tissue cross-
section, and desiccated by CO2 critical point drying. The dried sample was mounted on a 
metal stump and placed inside the SEM. Adhesive bonding was analyzed in a high vacuum 
system at an accelerating voltage of 1kV. 
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Thermal damage analysis
Histological samples were prepared from ssLAVRed aortas irradiated in scanning and 

single spot mode (n=5/group). Immediately after ssLAVR, vessel segments were fixed in 
4% buffered formalin, dehydrated in ethanol, cleared in methyl benzoate and benzene, and 
impregnated with paraffin wax. Of each sample, 6-µm sections were stained with Masson’s 
trichrome (MT) for light microscopy and with picrosirius red (PR) polarization microscopy. 
Images were acquired with an Olympus microscope (Olympus BX51, Olympus, Osaka, 
Japan) equipped with a polarizer and analyzer and an Olympus DP70 camera. Olympus 
imaging software was used for image acquisition and processing. 

 
Statistical analysis

Means, standard deviations, Mann-Whitney U tests, Kruskal-Wallis tests, two-tailed 
homoscedastic Student’s t tests, and ANOVA tests were performed in GraphPad Prism 
(GraphPad Software, La Jolla, CA). A single asterisk (*) designates a p-value of ≤0.05 
throughout the text, (**) designates a p-value of ≤0.01, (***) designates a p-value of 
≤0.001, and (****) designates a p-value of ≤0.0001. Values are reported as mean±SD.

Results

Substudy 1: Liquid vs. semi-solid solder
To increase the viscosity of the solder, 48% BSA and 0.5% MB were added to MilliQ 

containing increasing concentrations HPMC. Only the 1% and 3% HPMC concentrations 
produced homogenous semi-solid solders. The solders containing 5% and 7% HPMC were 
therefore not used.

Fig. 1 presents the BS of ssLAVRed aorta strips welded using liquid and semi-solid 
solder. Addition of 1% HPMC to the solder did not increase welding strength compared 
to control (liquid solder), producing a BS of 78±22N/cm2 vs. 71±20N/cm2 (p=0.60), 
respectively. A significant improvement in welding strength was found when the HPMC 
concentration was increased to 3%, yielding a BS of 131±38N/cm2 (*** vs. liquid solder 
ssLAVR and ** vs. semi-solid solder containing 1% HPMC) (Fig. 1). The semi-solid solder 

Figure 1. Breaking strength of ssLAVRed 
aorta strips as a function of solder 
composition. Liquid solder-mediated 
ssLAVR was compared to semi-solid solder-
enhanced ssLAVR. Liquid solder was 
composed of 48% (w/v) BSA and 0.5% MB 
in MilliQ water, while the semi-solid solders 
contained 48% BSA, 0.5% MB, and 1% or 
3% of HPMC in MilliQ water. All coaptations 
were welded in combination with electrospun 
PCL scaffold and irradiated using the 
scanning technique. Data are presented as 
mean±SD.
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did not leak following solder application. However, minimum leakage did occur during the 
application of scaffold. The results evinced that semi-solid solder containing 3% HPMC, 
48% BSA, and 0.5% MB comprised the optimal solder composition. This solder composition 
was therefore used in the subsequent substudies.

Fig. 2 presents SEM images of the cross-sectional areas of aortas welded using (A) liquid 
solder, (B) 1% HPMC containing semi-solid solder, and (C) 3% HPMC containing semi-solid 
solder. Following ssLAVR, the irradiated scaffold was found to completely coalesce with the 
coagulated albumin solder. Multiple focal areas of separation were observed at the solder-
tissue interface of all ssLAVRed aorta strips (Fig. 2A, B, and C, arrow).

Substudy 2: Scanning vs. single spot ssLAVR
Fig. 3 presents the BS as a function of irradiance (Fig. 3A) and exposure time (Fig. 

3B). The highest BS (257±62N/cm2) was produced at a laser power of 1.6W, a 1.3-cm spot 
diameter, and an exposure time of 50s, accounting for an irradiance of 1.2W/cm2 and a 
radiant exposure of 60J/cm2. 

Fig. 4 presents BS results of aorta strips welded by single spot ssLAVR (n=10) and 
scanning ssLAVR (results obtained in substudy 1, n=10). The time required to complete 
the dual pass irradiation in scanning ssLAVR was 82±31s, with ~3s of irradiation time per 
spot. Scanning ssLAVR produced a BS of 131±38N/cm2. Single spot ssLAVR increased the 
welding strength by 2-fold, yielding a BS of 257±62N/cm2 (**** vs. scanning ssLAVR). One 
out of 10 samples in the scanning ssLAVR group broke cohesively, whereas all samples in 
the single spot ssLAVR group broke adhesively, suggesting an enhancement in cohesive 
bonding by single spot ssLAVR.

Fig. 5 presents SEM images of the cross-sectional areas of scanning and single spot 
ssLAVRed aorta specimens. The irradiated PCL scaffold could not be distinguished from 
the albumin solder following ssLAVR, as the PCL scaffold had completely coalesced with 
coagulated albumin solder (Fig. 5A and B, S). The coalescence between scaffold and 
solder in the single spot ssLAVR group was more compact and homogenous than in the 
scanning ssLAVR group, where individual fibers were intermittently observed (Fig. 5A). In 

Figure 2. SEM images of cross-sectional areas of aortas welded using (A) liquid solder, (B) 1% 
HPMC-containing semi-solid solder, and (C) 3% HPMC-containing semi-solid solder. PCL scaffold 
was found to coalesce with the coagulated albumin solder (S). No ultrastructural evidence for the 
improvement in adhesive strength was found; multiple focal areas of separation were observed at 
the solder-tissue interface in all ssLAVRed aorta strips (panels A, B, and C, arrows).
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the single spot ssLAVR, the coagulated solder at the solder-tissue interface exhibited 
homogenous coalescence with adventitial collagen (Fig. 5B, arrowheads). Contrastingly, 
multiple focal areas of separation were observed at the solder-tissue interface of the scanned 
ssLAVR aorta strips (Fig. 5A, arrows). In sum, structural. analysis of the ssLAVRed aortas 
strongly suggests an improvement in the adhesive bonding quality when the single spot 
lasing technique was applied as opposed to the scanning ssLAVR technique.

Representative histology images of native, scanned, and single spot ssLAVRed aorta 
strips are presented in Fig. 6. The extent of thermal damage (white dashed line) in the 
PR-stained aorta specimens was marked by a loss of collagen birefringence in thermally 
afflicted tissue (Fig. 6B, C, E, and F). Thermal damage in the scanning ssLAVRed aortas 
was confined to the upper 1/3 portion of the vascular wall, whereas single spot ssLAVR 
induced thermal damage to the upper 2/3 of the vascular wall (Fig. 6B and C). 

The loss of collagen type I was assessed by polarization microscopy of PR-stained 
sections. In the thermally afflicted adventitia, damaged collagen bundles appeared bright 
orange (Fig. 6E and F, white arrow) as opposed to the bright yellow polarizing collagen at 
undamaged (control) sites (Fig. 6D). Similarly, thermal damage of the media was visualized 
as a dark orange hue of the tissue, and loss off yellow-stained collagens type I and green-

Figure 3. Breaking strengths of single spot ssLAVRed aorta strips plotted as a function of (A) 
irradiance and (B) exposure time. All aorta strips were welded using electrospun PCL scaffold and 
a semi-solid solder containing 3% HPMC, 48% BSA, and 0.5% MB (n=5/group). In (A), the spot 
diameter (Ø) is indicated above the bars, the exposure time is indicated directly above the error 
bars, and the laser power is designated vertically inside the bars. Data are presented as mean±SD. 

Figure 4. Comparison of breaking strengths 
achieved by scanning ssLAVR and single 
spot ssLAVR. In both groups ssLAVR was 
performed with a semi-solder composed of 
3% (w/v) HPMC, 48% (w/v) BSA, and 0.5% 
(w/v) MB in MilliQ water and electrospun PCL 
scaffold. Scanning ssLAVR was performed 
at an irradiance of 5.8W/cm2 and a radiant 
exposure of 35J/cm2. Single spot ssLAVR 
was performed at an irradiance of 1.2W/cm2 
and a radiant exposure of 60J/cm2. Data are 
presented as mean±SD. 
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stained collagens type III at the same sites (Fig. 6E and F, white encircled vs. control in 
Fig. 6D). As such, we found that PR-stained sections revealed more extensive thermal 
damage in the single spot ssLAVR group than in the scanning ssLAVR group (Fig. 6E vs. 
Fig. 6F). 

The thermal damage profiles as observed in the PR-stained sections were structurally 
confirmed in the MT-stained samples, where thermally afflicted regions contained 
compacted and homogenized collagens (Fig. 6H and I, white arrow) in the adventitia and 
shrunken muscle cells in the medial layer (Fig. 6H and I, white encircled). Corroboratively, 
single spot ssLAVRed aorta strips showed more extensive thermal damage than those 
irradiated with the scanning technique. At 100x magnification all muscle cells appeared 
thermally afflicted in the single spot ssLAVRed aorta (Fig. 6I, white encircled), whereas in 
the scanning ssLAVRed aorta strips the muscle cells were either shrunken (Fig. 6H, white 
encircled) or unaffected (Fig. 6H, green encircled).

Substudy 3: Hydration study
To assess the stability of the welds under quasi-physiological conditions, ssLAVRed 

aorta strips were submersed in sterile PBS and incubated at 37°C for 1, 7, and 14d. BS 
measurements were performed at the end of the hydration period and compared to the 
acute BS (0 d hydration, i.e., control). 

Fig. 7 presents the BS as a function of hydration period for scanning (A) and single 
spot (B) ssLAVR. Hydration of scanning ssLAVRed aortas did not significantly reduce welding 
strength (p=0.11); BS were 116±36N/cm2, 90±12N/cm2, 91±37N/cm2, and 81±26N/cm2 
for control, 1d, 7d, and 14d of hydration, respectively (Fig. 7A). Similarly, welding strength 
in the single spot ssLAVR groups remained stable for up to 2 weeks of hydration (Fig. 
7B) as reflected by a BS of 250±61N/cm2, 206±24N/cm2, 204±31N/cm2, and 191±56N/
cm2 for control, 1d, 7d, and 14d of hydration, respectively. The BS in the single spot 

Figure 5. SEM images of cross-sectional areas of (A) scanned and (B) single spot ssLAVRed aorta 
strips. Both ssLAVR techniques caused the PCL scaffold to coalesce with the coagulated albumin 
solder (S). The scaffold-solder fusion appears to be more compacted following single spot ssLAVR. 
White arrowheads are pointing to the solder-tissue interface. The areas where the coagulated 
solder was loosely attached to the tissue surface are indicated by arrows.
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ssLAVR groups was significantly higher than the BS in the scanning ssLAVR groups for 
all hydration periods. Furthermore, the BS following 14d of hydration in the single spot 
ssLAVR group was higher than the BS of control samples in the scanning ssLAVR group, 
namely 191±56N/cm2 vs. 116±36N/cm2 (**), respectively.

Fig. 8 presents SEM images of the scanning and single spot ssLAVRed aortas at 0, 1, 
7, and 14d of hydration. SEM images of the cross-sectional area of the scanned ssLAVRed 
aortas showed an inhomogeneous solder-tissue bond with detachment of the coagulated 
solder from the tissue surface in several areas at the solder-tissue interface (Fig. 8A). 
Despite the stable BS at longer hydration periods, the adhesive bond created by scanning 
ssLAVR weakened structurally as evidenced by the increased number and widening of 
clefts between coagulated solder and the tissue surface (Fig. 8E and G). In contrast, single 

Figure 6. Photomicrographs of native, scanned, and single spot ssLAVRed aortas. Picrosirius red 
staining of native (A,D), scanning (B,E), and single spot (C,F) ssLAVR aortas as viewed under 
polarized light. The white dashed line demarcates the border between the thermally damaged area 
(TD) and unaffected tissue (N). At higher magnification, the native aorta specimen exhibited intact 
collagen with unaffected birefringence in the adventitia (black arrowhead) and media (green encircled) 
(D). In contrast, the denatured adventitial collagen appeared homogenized and compacted in E and 
F (white arrowheads). Loss of yellow-stained collagen type I and green-stained collagen type III 
was characteristic of thermally damaged media (white encircled). (G) Masson trichrome-stained 
control artery showing adventitia with loosely arranged collagen (arrow) and intact smooth muscle 
cells in the media (black encircled). Thermally damaged aortas (H and I) exhibited denatured red-
stained solder (S) that adhered to the adventitia, homogenized denatured collagen in the adventitia 
(white arrow), and a loss of smooth muscle cells in the media (white encircled).
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Figure 7. Breaking strengths of ssLAVRed aorta strips plotted as a function of hydration period. 
Aorta strips were welded using electrospun PCL scaffold and a semi-solid solder (3% HPMC, 48% 
BSA, and 0.5% MB) using either (A) scanning or (B) single spot ssLAVR. Following ssLAVR, aorta 
strips were submersed in sterile PBS and incubated at 37°C. No significant reduction in BS was 
observed as a result of hydration in both groups. 

Figure 8. SEM images of cross-sectional 
areas of scanned and single spot 
ssLAVRed aorta strips, with emphasis 
on the structural quality of the solder-
tissue bond following hydration. PCL 
scaffold was found to coalesce with 
albumin solder (S). White arrowheads 
are pointing to the solder-tissue interface. 
White arrows indicate the areas where 
coagulated solder was loosely attached 
to the tissue surface (T). 
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spot ssLAVRed aorta groups showed well-adhered and homogenous solder-tissue bonds 
up to 7d of hydration (Fig. 8B, D, and F). A minimal degree of detachment of coagulated 
solder from the tissue surface was found only after 14d of hydration (Fig. 8H), although 
this did not translate into weakening of the coaptation.

Discussion

In previous work5,6 we have demonstrated the potential utility of electrospun PCL 
scaffolds in ssLAVR of medium-sized arteries. In this follow-up study we have shown that 
welding strengths can be further enhanced by 1) increasing the solder viscosity (~1.7-fold 
increase in welding strength) and 2) by using single spot irradiation of the coaptation rather 
than scanning irradiation (~2.0-fold increase in welding strength). SEM analysis confirmed 
that the increase in welding strength in single spot ssLAVR is attributable to enhanced 
adhesive bonding. Although quasi-physiological conditions did not have negative effects 
on welding strength in both scanning and single spot ssLARed aortas, the enhancement of 
adhesive bonding in single spot ssLAVR gave rise to stronger welds.  

Increases in welding strength by changing the state of the solder have been reported 
before,8,19,20 albeit not for modalities that combined laser-mediated tissue welding with 
biodegradable polymeric scaffolds as reinforcement material. Aside from solving liquid 
solder-associated issues such as solder leakage,11,21 alterations in the physical properties 
of the solder material have been shown to increase welding strength by 1.2-fold11 for 
semi-solid solder composed of 3% HPMC- 48% BSA and by approximately 2.7-fold19 for 
solid solder composed of 60% BSA. Although solid albumin-based solders provided greater 
control of solder thickness and resulted in stronger welds, the solders were considered too 
brittle and rigid for LAVA/R.2,8 A constricted and rigidified vascular wall following LAVA/R 
may give rise to compliance mismatch between the welded and native vascular segments, 
which increases the risk of aneurysm formation.22,23 

Contrastingly, a semi-solid solder is less rigid and effectively reduces solder leakage 
while maintaining acceptable welding strength inasmuch as semi-solid solders provide 
greater protein density for cohesive bonding than liquid solders.11 In this study, SEM analysis 
evinced that the improvement of welding strength was not attributable to HPMC-mediated 
increases in adhesive bonding quality. Additionally, mechanical tests confirmed welding 
strength enhancement with increasing HPMC concentration, but without a reduction in 
adhesive breakage, yielding credence to the relationship between protein density and 
welding strength.11 Furthermore, a semi-solid composition has better adhesive properties 
than its solid counterpart11 and semi-solid solders are more compact than liquid solders, 
particularly when used in combination with a porous scaffold. Consequently, a semi-solid 
solder constitutes the most suitable type of solder for clinical ssLAVA/R, especially in light 
of the ‘circumferential’ surgical approach to end-to-side and end-to-end anastomoses.

An important finding related to further optimization of welding strength was that 
scanning over the coaptation produces substantially inferior breaking strengths compared to 
single spot irradiation. The scanning technique was previously selected due to its applicability 
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in clinical practice5,6,18 and, in the case of MB, due to the favorable thermodynamics of the 
chromophore. The photobleaching of MB during laser irradiation is not only used as a 
visual cue to advance lasing to an adjacent spot, but also as a preventive measure against 
excessive heat build-up in the solder. After transit to the leuco-form the chromophore 
loses its absorptive properties in the near-infrared spectrum,24 i.e., the wavelength range 
in which MB is irradiated, and thus becomes incapable of generating additional heat. Since 
the chemical modifications of MB are heat-driven, the temperatures generated at the 
nucleation centers (there where the light is absorbed) are constant and hence provide a 
certain degree of control over the welding protocol. The overall temperature distribution in 
the solder is therefore primarily dependent on the combination of irradiation time per spot 
and the radiant exposure. These parameters are more stringently controlled in the single 
spot regime, whereas in the scanning mode the temperature profiles depend strongly on 
the collective heat diffusion and cooling of tissue, that in turn are chiefly dictated by the 
manner in which the lasing is performed. 

Additionally, it has been reported that the optimal welding strength is reliant on 
the temperature at which protein cross-linking takes place,19,25,26 corresponding to the 
denaturation temperature of vascular collagen25,27 and albumin,15,28,29 i.e., 62–65°C. It is 
therefore arguable that temperatures outside this range were generated in the scanned 
vessel segments, accounting for the poorer breaking strengths through predominantly 
adhesive failures, and that the optimized single spot laser parameters yielded a more 
optimal ‘thermal milieu’ and thus substantially greater breaking strengths.

Evidence for the contention that suboptimal thermal profiles are responsible for the low 
breaking strengths achieved in the scanning ssLAVR group was provided by the structural 
analysis of the solder-tissue interface following ssLAVR. In the single spot ssLAVR group 
the heat-induced coalescence between denatured collagen and albumin was practically 
seamless, whereas the solder-tissue interface in the scanning ssLAVR group contained 
numerous zones of separation. These structural defects were most likely the result of 
thermal effects and could not have arisen from the manner in which the solder was applied 
(as solder application was performed uniformly in both groups) or from sectioning artifacts 
created during preparation of the samples for SEM. Compared to scanning ssLAVR, single 
spot ssLAVR delivered less irradiance (5.8W/cm2 vs. 1.2W/cm2, respectively) with almost 
twice as much radiant exposure (34J/cm2 vs. 60 J/cm2). The volumetric heat production, 
which is the product of the absorption coefficient (µa) and the fluence rate (φ, J/cm2 in an 
infinitesimal tissue area below the irradiated tissue surface)30 was therefore different at 
the solder-tissue interface in the scanning ssLAVR group vs. the single spot ssLAVR group. 
The latter corroborates the previous argument regarding optimal welding temperatures 
and corollary welding strength.

The positive ramifications of homogenous adhesive bonding on the clinical applicability 
of ssLAVA/R are underscored by the final substudy. Although hydration did not significantly 
alter welding strength of scanning ssLAVR groups, SEM analysis demonstrated deterioration/
separation of albumin solder from the tissue in the scanning ssLAVRed aortas throughout 
the hydration period. Contrastingly, SEM analysis of the single spot ssLAVRed aortas 
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revealed firmly adherent solder-tissue bonds up to 7d of hydration. Slight detachments 
were found only after 14d of hydration, but these were not associated with a decrease in 
breaking strength. The quality of adhesive bonds in the scanning ssLAVR groups resulted 
in consistently lower breaking strength compared to single spot lasing. Previous studies 
reported significant decrease in welding strength after the first day of hydration.1,9,20,31 
Therefore, with respect to welding strength, both ssLAVR modalities presented in this 
study produced the most stable welds reported to date. 

The most significant albeit not uncircumventable drawback to the single spot ssLAVR 
modality was the extensive thermal damage to the vascular wall. Major thermal damage 
to mural tissue has been linked to intimal hyperplasia and aneurysm formation at 120d 
of clinical follow up.32 Although the high breaking strengths yielded by the single spot 
ssLAVR modality may withstand blood pressures above malignant hypertension levels 
(>250mmHg), the modality cannot be introduced into the clinical setting if extensive 
thermal damage cannot be restricted. Applying single spot ssLAVR in multiple pulses 
rather than in a single pulse may prevent excessive thermal damage while still generating 
sufficient heat at the solder-tissue interface. Moreover, spreading the laser energy over 
multiple pulses allows the tissue to cool down before subsequent reheating. Alternatively, 
a higher power but shorter single pulse may also be beneficial if the pulse duration is 
set such that heat build-up at the solder-tissue interface (by diffusion) is confined to the 
optimal temperature range for collagen and albumin denaturation and never exceeds the 
upper limit.

Another technical improvement that might enhance adhesive bonding and 
concomitantly reduce thermal damage is the addition of protein linker to the semi-solid 
solder.33 A protein slow linker, i.e., genipin, has two aldehyde chains that, upon thermal 
activation,34,35 can cross-link albumins to tissue collagens. The addition of protein cross 
linker may enable us to reduce the irradiance and exposure time and hence reduce thermal 
damage.

Conclusions

The approaches employed in this study improved the outcome of ssLAVR. Solder 
leakage was minimized by using a semi-solid solder while adhesive bonding was improved 
by employing single spot lasing rather than scanning ssLAVR. The improvement in adhesive 
bonding was beneficial for the long term stability of the weld under quasi-physiological 
conditions. However, before applying the current modality in vivo, additional work should 
focus on reducing the extent of thermal damage.
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Abstract

Introduction: This study aimed to improve scaffold-enhanced liquid solder laser-assisted 
vascular welding (ssLAVW) by assessing the fortifying effect of poly(e-caprolactone) (PCL) 
versus poly(lactic-co-glycolic acid) (PLGA) scaffolds, by using hydroxypropylmethylcellulose 
(HPMC) and genipin to improve solder-tissue bonding, and by employing single-spot pulsed 
lasing (SSPL) to reduce thermal damage. 
Methods: In the 1st substudy ssLAVW of aortic strips was performed with electrospun PCL 
or PLGA scaffold, 670-nm diode laser, 50-s single spot continuous lasing (SSCL), and semi-
solid solder (48% bovine serum albumin (BSA)/0.5% methylene blue (MB)/3%HPMC). The 
2nd substudy compared the BS of semi-solid solder welds to 48%BSA/0.5%MB/0.38%genipin 
and 48%BSA/0.5%MB/3%HPMC/0.38%genipin solder welds. In the 3rd substudy, SSCL 
was compared to SSPL. Solder-tissue bonding and thermal damage were assessed by SEM 
and light and polarization microscopy, respectively.
Results: PLGA ssLAVW yielded an acute breaking strength (BS) of 408.6±78.8N/cm2 
versus 248.0±54.0N/cm2 with PCL ssLAVW. Fourteen-day hydration of PLGA-ssLAVW 
welds reduced BS to 109.4±42.6N/cm2, which concurred with structural solder defects. 
These features were absent in PCL-ssLAVW welds, which remained stable up to 14d of 
hydration (202.9±39.6N/cm2). The addition of HPMC and genipin to PLGA solder, but not 
PCL solder, improved 14-d post-hydration BS (223.9±19.1N/cm2). SSPL reduced thermal 
damage without decreasing acute and post-hydration BS.
Conclusions: Although welds with PCL-ssLAVW yielded lower acute BS than PLGA-ssLAVW 
welds, they were more resilient against hydration. Post-hydration BS of PLGA-ssLAVW was 
enhanced by the addition of HPMC and genipin to the solder. Both optimized modalities 
produced comparable post-hydration BSs. SSPL reduced thermal damage in both ssLAVW 
regimes compared to SSCL. 
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Introduction

Laser-assisted vessel welding (LAVW) is an experimental technique that is being 
investigated as an alternative for suturing of end-to-end and end-to-side vascular 
anastomoses. The use of sutures, which currently comprises the gold standard approach, 
is associated with several drawbacks, including needle trauma, the introduction of 
exogenous materials (suture threads), induction of foreign body reactions, and leakage 
through the anastomosis.1-4 Alternative mechanical closures, namely clips and tacks that 
are commonly used in minimally invasive and robotic cardiothoracic surgery, inflict more 
pronounced mechanical trauma and are associated with more extensive anastomosis-
related bleeding. The drawbacks of mechanical closures can be circumvented by LAVW, 
which is non-invasive and does not mechanically damage the vascular wall,5 is therefore non-
immunogenic,6 and provides an immediate liquid-tight seal.7,8 In addition to anastomosis of 
micro- and small-sized vessels, the water-tight sealing provided by LAVW has the potential 
to hemodynamically support large vessel anastomoses (i.e., as an adjunct sealant of gaps 
between sutures) and to aid in intravascular sealing of endovascular prosthesis.1 

Modern approaches to LAVW are based on the thermal coagulation of a chromophore-
containing protein solder that is placed over the coapted vascular segments, referred to as 
solder-mediated LAVW (sLAVW).9-15 The coaptation is irradiated with a laser that emits a 
wavelength preferentially absorbed by the solder-embedded chromophore. The absorbed 
radiant energy is converted to heat, which diffuses throughout the solder and upper portion 
of vascular tissue, inflicting thermal denaturation of the superior vascular wall and solder. 
Thermal denaturation is accompanied by chemical bonding between unfolded proteins 
upon cooling.1,10,16 The extent to which these interprotein bonds are formed dictates the 
strength of the weld.1,10,16 

The ultimate goal of LAVW is to achieve welding strengths well above malignant 
hypertension pressure (>250mmHg), measured by the bursting pressure (mmHg) or 
breaking strength (N/cm2). Welding strength depends on the adhesive strength (the 
strength of the solder-tissue bond) and the cohesive strength (the strength of the tissue-
tissue bond and inter-solder bonding). sLAVW produces welding strengths that exceed 
>250mmHg.17 

To further enhance welding strength, LAVW can be performed with a scaffold in 
combination with a protein solder, referred to scaffold-enhanced sLAVW (ssLAVW). In 
this approach, a semi-porous scaffold composed of biocompatible polymeric material is 
drenched in chromophore-containing solder, placed over the coaptation, and irradiated. 
The scaffold provides an intertwining fiber network that, after laser irradiation, solidifies/
fortifies the thermally coagulated solder. SsLAVW produces greater welding strengths than 
sLAVW due to a greatly enhanced cohesive strength.14,18-25 

To date, poly(lactic-co-glycolic acid) (PLGA) and poly(e-caprolactone) (PCL) have 
been the two most commonly used (co)polymers in ssLAVW.14,18-25 PCL is typically favored 
over PLGA insofar as PCL use is not associated with the formation of acidic byproducts 
following LAVW.18,19,21-23 However, the low melting point of PCL (60°C, i.e., the approximate 
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temperature at which collagen and albumin start to denature) causes the scaffold to 
shrink, inducing a diametrical mismatch between the upper and lower part of the vessel 
that, in the clinical setting, may lead to aneurysm formation.21,26 Thermal affliction of the 
PCL scaffold is also associated with a reduction in E-modulus, yield strength, and ultimate 
strength.21

PLGA has a higher melting point than PCL. Depending on the glycolic:lactic acid ratio 
in the copolymer, the melting point of PLGA varies from 173°C (ratio of 5:95) to 201°C 
(ratio of 90:10).27 Because such temperatures are never reached during ssLAVW, PLGA is 
expected to remain intact and may therefore produce higher welding strengths than PCL. 
The first aim of the study was therefore to determine which scaffold material (PCL vs. 
PLGA) is most optimal in terms of welding strength, mechanical and physical properties, 
and post-hydration weld stability, using the previously established ssLAVW protocol.21-23 

A persistent challenge in (ss)LAVW has been to improve adhesive bonding while 
minimizing thermal damage to the vascular wall. It was shown that the addition of a 
protein cross-linker, genipin, to solid albumin solder yields a significant increase in welding 
strength due to cross-linking of albumin to tissue collagen.28,29 Accordingly, the second aim 
of the study was to examine the fortifying effects of genipin in PCL and PLGA ssLAVW and 
to determine the ultrastructural quality and post-hydration stability of the welds.

In previous work23 it was demonstrated that single spot ssLAVW produces stronger 
welds than scanning ssLAVW, but that the thermal damage extended to 2/3 of the medial 
layer as a result of the long pulse duration. The extensive thermal damage may limit future 
application of ssLAVW. Using the optimal ssLAVW modality (based on the results related 
to the second aim), the third aim of the study was therefore to define an optimal lasing 
regime that produced maximum welding strength at minimal thermal damage. Single spot 
lasing was performed in continuous irradiation and pulsed irradiation mode and correlated 
to temperature profiles at the solder-tissue (s-t) interface. Subsequently, thermal damage, 
welding strength, and post-hydration weld stability were analyzed. The cooling interval 
between sequential pulses was expected to translate to reduced thermal damage to the 
vascular wall without impeding adhesive strength. 

Materials and method
 

The concentrations listed throughout the manuscript refer to final concentrations. 
Supplemental figures are indicated with a prefix ‘S.’

Tissue preparation
Fresh porcine aortas (n=40) were harvested at the slaughterhouse. Aorta strips were 

stored in PBS at 4°C and were used within 3d. Perivascular tissue was trimmed and the 
aortas were cut along the longitudinal axis. Subsequently, 30×5-mm longitudinal strips 
(n=530) were punched from the unfolded slabs of vascular tissue. 
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Preparation of PCL and PLGA scaffolds 
All scaffolds were electrospun in a climate-controlled electrospinning cabinet (IME 

Technology, Eindhoven, the Netherlands) equipped with a 14-G capillary and a distance of 
15cm between capillary and the target drum (25×120mm). PCL scaffolds were prepared 
as described previously.21-23 Briefly, PCL (CAPA 6800, Perstorp UK Ltd, Cheshire, UK) 
was dissolved in chloroform to a 17% (w/w) concentration. The polymer solution was 
electrospun for 25min at 23°C and 50% relative humidity with a flow rate of 60µL/min and 
15kV to produce a mesh consisting of fibers with a diameter range of 12-14µm. 

PLGA (Purasorb PLG 82.18, Purac Biochem, Gorinchem, the Netherlands) scaffolds 
with different fiber diameter were produced as follows. A 15% (w/w) PLGA in chloroform 
solution was electrospun at 23°C and 50% relative humidity at 20kV using a flow rate of 
50µL/min for 26-µm fibers and 35µL/min for 19-µm fibers. Meshes with 10-µm diameter 
fibers were electrospun from a 13% (w/w) chloroform solution at 23°C and 50% relative 
humidity with a flow rate of 35µL/min and 20kV. The same 13% (w/w) solution was 
electrospun for 60min at 23°C and 40% relative humidity with 16kV and 20µL/min to 
produce scaffolds with a 14-µm fiber diameter.

Fiber diameter was confirmed by scanning electron microscopy (SEM, Quanta 600F 
ESEM-FEG, FEI Company, Hillsboro, OR) using analytical software (Xt Microscope Control, 
FEI Company). For mechanical testing and ssLAVW, scaffolds were punched out of the 
mesh in 20×5-mm and 5×5-mm arrays, respectively. Scaffold thickness was measured 
with a digital micrometer between two glass slides. 

Solder preparation
Semi-solid albumin solder consisted of 48% (w/v) bovine serum albumin (BSA, 

Fraction V, Roche, Penzberg, Germany), 0.5% (w/v) methylene blue (MB, Sigma-Aldrich, 
St. Louis, MO), and 3% hydroxypropylmethylcellulose (HPMC, Sigma-Aldrich) in MilliQ 
water.23,30 The semi-solid solder is designated as BSA-HPMC solder from here onward.

For preparation of the BSA-genipin and BSA-HPMC-genipin solder, genipin was 
dissolved in ice-cold MilliQ (1% (w/v) final concentration) for 24h under continuous stirring 
and at 4°C until a homogenous suspension was obtained. Next, the genipin solution was 
placed in a water bath at 37°C for 30 min to maximally dissolve the genipin.28,31 The 
BSA-genipin solder was prepared by mixing 48% (w/v) BSA and 0.5% (w/v) MB with the 
genipin solution (0.38% (v/v) final genipin concentration). The BSA-HPMC-genipin solder 
was prepared by mixing 48% (w/v) BSA, 0.5% (w/v) MB, and 3% (w/v) HPMC with the 
genipin solution (0.38% (v/v) final genipin concentration). All solders were stored at 4°C 
in the dark for up to 1wk.

SsLAVw procedure
Aorta strips (n=530) were pinned to a slab of silicone rubber (Sylgard 184, Dow 

Corning, Midland, MI) and placed in a petri dish. The aorta strips were cut in half along the 
longitudinal axis and realigned, after which 50µL of solder and scaffold was applied over 
the adventitial surface of the incised strip. 



76

Chapter 5

A 670-nm diode laser (model HPD7401, High Power Devices, North Brunswick, 
NJ) was used in continuous wave mode for ssLAVW with a low-power red HeNe laser 
aiming beam. For mechanical testing and structural analysis only (Substudy 1.1: Mechanical 

properties of PCL and PLGA scaffold before and after irradiation and Substudy 1.2: Thermal 

profiles and structural properties of PCL and PLGA scaffolds before and after irradiation, 
respectively), irradiation of the scaffold was performed by dual pass scanning21 because the 
minimal scaffold dimensions required for the stress and strain experiments exceeded that of 
the laser spot. The incident laser power was 0.7W with a spot size of 12.6mm2, accounting 
for an irradiance of 5.8W/cm2. The scan speed was dictated by MB transiting into its leuco-
form, i.e., irradiation of the subsequent scaffold volume was performed only after the scaffold 
area had turned white. This lasing regime was standardly applied twice per scaffold.

Single spot continuous lasing (SSCL) was used for ssLAVW in all other experiments. 
The lasing modality was performed by positioning the laser probe at a 3.0-cm distance 
perpendicular to the scaffold surface to generate a spot diameter of 1.3cm. The laser 
power was set to 1.2W and irradiation was performed for 50s, yielding an irradiance of 
1.2W/cm2 and a cumulative radiant exposure of 60J/cm2. To prevent thermal damage to 
neighboring tissue, a black metal panel containing an 8×8-mm rectangular window was 
placed on the aorta strip before ssLAVW.23 

Modifications to the single spot lasing regime to reduce thermal damage are explained 
in Substudy 3: Continuous versus pulsed single spot ssLAVW .

Experimental design
Substudy 1:  Determination of optimal scaffold material for ssLAVw 
Substudy 1.1: Mechanical properties of PCL and PLGA scaffold before and after 
irradiation

Fifty-six scaffolds (n=7/treatment/scaffold) were prepared for the determination of 
the stress–strain relation. Native electrospun PCL and PLGA scaffolds were tested without 
any modification as control. Solder-soaked scaffolds were prepared by soaking scaffolds 
in 1mL of BSA-HPMC solder dispersed over a small area in a petri dish. Scaffolds were 
gently dabbed to enhance solder penetration. To investigate the effect of irradiation on the 
solder-soaked scaffold, PCL and PLGA scaffolds underwent a similar soaking procedure, 
after which they were subjected to dual pass irradiation at 5.8W/cm2 (ssLAVW procedure). 
Lastly, to study the effect of heating exclusively on the scaffolds’ fibers (without albumin 
solder), PCL and PLGA scaffolds were submersed for ~2min in 0.5% (w/v) MB in MilliQ 
prior to dual pass laser irradiation. 

Mechanical tests were performed on scaffolds using a tensiometer (n=7/group). 
The force of the tensiometer was zeroed prior to mounting the scaffolds into the metal 
clamps. The grip-to-grip separation was set at 5mm and the test was performed at a test 
speed of 5mm/min. Stress-strain curves during mechanical testing were made to compare 
mechanical behavior between PCL and PLGA scaffolds, while E-modulus, yield strength, 
and yield stress were calculated in MatLab (MatLab R2011b, MathWorks, Natick, MA) to 
determine ssLAVW-induced alterations of the mechanical properties. 
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Substudy 1.2: Thermal profiles and structural properties of PCL and PLGA 
scaffolds before and after irradiation

The melting points of PCL and PLGA scaffolds were measured using a differential 
scanning calorimetry (DSC) (DSC 823e, Mettler-Toledo International Inc, Columbus, OH). 
DSC scans were performed at 10°C/min from 0 to 120°C for PCL scaffolds and from 
0-200°C for PLGA scaffolds. The 2nd heating was performed to determine the melting point.

 Scaffolds (n=3/treatment/scaffold) were prepared and irradiated as described in 
Substudy 1.1: Mechanical properties of PCL and PLGA scaffold before and after irradiation, 
after which they were examined by SEM analysis (Scanning electron microscopy).

Substudy 1.3: Optimization of PLGA scaffold properties for ssLAVw   
To define the optimal scaffold properties of PLGA scaffolds, PLGA was spun at 

different electrospinning settings to produce scaffolds with a fiber diameter of 10, 14, 19, 
or 26µm and a thickness between 120-200µm (Preparation of PCL and PLGA scaffolds). 
Scaffolds were cut into sections of 5×5mm. SsLAVW was performed with BSA-HPMC solder 
and single spot lasing (n=7-10/group). Breaking strength (BS) analysis was conducted as 
described in Breaking strength analysis. The combination of fiber diameter and scaffold 
thickness at which the highest BS was obtained was considered optimal for ssLAVW. These 
optimized scaffolds were then used in subsequent studies.

Substudy 1.4: Breaking strength analysis PCL and PLGA ssLAVw
After determination of the optimal scaffold properties of PCL21 and PLGA (Substudy 

1.3: Optimization of PLGA scaffold properties for ssLAVW), the scaffolds were subjected 
to BS analysis (Breaking strength analysis) following ssLAVW with BSA-HPMC solder 
(ssLAVW procedure). Twenty ssLAVWed specimens underwent BS analysis directly after 
ssLAVW as the 0-d control group (n=10/scaffold). Sixty ssLAVWed aorta specimens were 
submersed in sterile PBS and incubated at 37°C for 1, 7, or 14d (n=10/hydration period/
scaffold). SEM analysis (Scanning electron microscopy) was performed at the end of the 
hydration period (n=3/hydration period/scaffold) to determine the structural features of 
the weld at the s-t interface.

Substudy 2: Optimization of solder properties for PCL and PLGA ssLAVw 
PCL and PLGA ssLAVW was performed by SSCL (ssLAVW procedure) with different 

solder compositions, namely BSA-HPMC, BSA-genipin, and BSA-HPMC-genipin. BS 
analysis (Breaking strength analysis, n=10/solder) and SEM analysis (Scanning electron 

microscopy, n=3/hydration period) were performed at 0, 1, 7, and 14d of hydration 
(Substudy 1.4: Breaking strength analysis PCL and PLGA ssLAVW). The solder-scaffold 
combination that yielded the highest and most stable welding strength was used in the 
experiments that followed. 

In order to relate breaking strength and structural features of the weld to temperature 
evolution during ssLAVW, the temperature evolution during the ssLAVW procedure (n=5/
solder composition) was determined in a separate set of experiments. To avoid the melting 
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of PCL fibers to the thermocouple (Substudy 1.1: Mechanical properties of PCL and 

PLGA scaffold before and after irradiation), this part of the experiment was performed 
using PLGA scaffolds only. A type T thermocouple (Ø=0.25mm) was placed between the 
incised aortas, after which solder (BSA-HPMC, BSA-genipin, or BSA-HPMC-genipin) and 
scaffold were applied onto the incision. SsLAVW was performed as described in ssLAVW 

procedure using a ~180µm-thick PLGA scaffold. The temperature at the s-t interface was 
recorded in real time before, during, and after ssLAVW with (PicoLog, Pico Technology Ltd, 
Cambridgeshire, UK). Histology samples were prepared to investigate thermal damage to 
the vessel (Thermal damage analysis, n=5/solder composition).

The denaturation/melting temperatures of BSA, MB, and all three solder 
compositions were measured by DSC. A sealed pan was used to reduce the background 
of water evaporation. DSC scans were performed at 10°C/min from 30-95°C. A difference 
measurement was obtained by completing two sequential scans for a single sample. The 
first scan was performed to denature solders, whereas the second scan was performed 
to obtain a background thermal profile for the remaining denatured sample. The thermal 
difference between the first and the second scan was defined as irreversible denaturation 
of the solder.32

 
Substudy 3: Continuous versus pulsed single spot ssLAVw 

In order to reduce thermal damage, single spot ssLAVW was performed with BSA-
HPMC-genipin solder, PLGA scaffold, and with either 50-s SSCL (Substudy 2: Optimization 

of solder properties for PCL and PLGA ssLAVW) or with single spot pulsed lasing (SSPL). 
The following lasing regimes were explored (n=23/lasing regime), where the laser pulse 
duration is given in seconds and the intermittent cooling time (in s) is provided between 
vertical lines: 25-|5|-15; 25-|10|-15; 25-|15|-15; 25-|10|-10-|10|-10; and 25-|10|-15-
|10|-10. BS tests (Breaking strength analysis) were performed directly after ssLAVW on 
n=10 samples/lasing regime. To assess the adhesive bond, n=3 samples/lasing regime 
were prepared and analyzed under SEM (Scanning electron microscopy). Histology 
samples (Thermal damage analysis, n=5/lasing regime) were prepared to qualify the 
extent of thermal damage to the vessel wall. Temperature evolution during each lasing 
regime was recorded in 5 samples/lasing regime in separate sets of experiments (Substudy 

2: Optimization of solder properties for PCL and PLGA ssLAVW). Hydration experiments 
were performed on the lasing regime groups that produced comparable BS as the control 
group (25-|10|-15 and 25-|10|-15-|10|-10) and the group that exhibited the least thermal 
damage (25-|15|-15). Hydration experiments were performed as described in Substudy 

1.4: Breaking strength analysis PCL and PLGA ssLAVW (n=10/hydration period/group). 
BS analysis (Breaking strength analysis) and SEM analysis (Scanning electron microscopy, 
n=3/hydration period/lasing regime) were also performed at the end of the hydration 
period.
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Breaking strength analysis
BS tests were performed after every 5 consecutive ssLAVW procedures, with the 

exception of the hydration experiments, where BS testing was performed directly on all 
hydrated samples. The ssLAVWed aorta strips were kept moist in PBS-soaked gauzes 
between the ssLAVW procedure and BS testing. The strips were mounted in the metal 
clamps of a tensiometer (Zwick Z101, Ulm, Germany). The distance between the clamps 
was 10mm. BS analysis was performed at a test speed of 10mm/min. BS was defined as 
the force (N) required to completely tear two halves of the strip, divided by the cross-
sectional area (in cm2) of the scaffold and solder. 

Scanning electron microscopy
The native, solder-soaked, irradiated solder-soaked, MB-soaked, and irradiated MB-

soaked PCL and PLGA scaffolds were viewed under SEM without prior fixation and coating. 
To eliminate residual water, scaffolds were kept under vacuum overnight after preparation 
and before SEM. The scaffold strip was cut in a 5×5-mm array and mounted to a metal 
stump before placement inside the SEM. Scaffolds were viewed under low vacuum at an 
accelerating voltage of 10kV.

SEM analysis was also performed to investigate the structure of adhesive bonding at 
the s-t interface in fixed specimen cross-sections. Immediately following ssLAVW or at the 
end of the hydration period, the samples were fixed in 1.5% glutaraldehyde, cut in half 
along the longitudinal axis to expose the s-t cross-section, and desiccated by CO2 critical 
point drying. The dried sample was mounted on a metal stump and placed inside the SEM. 
Adhesive bonding was analyzed in a high vacuum system at an accelerating voltage of 1kV. 

Thermal damage analysis
Histological samples were prepared from ssLAVWed aortas in the 2nd and 3rd substudies 

described in Substudy 2: Optimization of solder properties for PCL and PLGA ssLAVW and 
Substudy 3: Continuous versus pulsed single spot ssLAVW, respectively. Immediately 
after ssLAVW, vessel segments were fixed in 4% buffered formalin, dehydrated in ethanol, 
cleared in methyl benzoate and benzene, and impregnated with paraffin wax. Of each 
sample, 6-µm sections were stained with Masson’s trichrome (MT) for light microscopy 
and with picrosirius red (PR) for polarization microscopy. Images were acquired with an 
Olympus microscope (model BX51, Osaka, Japan) equipped with a polarizer and analyzer 
and an Olympus DP70 camera. Olympus imaging software was used for image acquisition 
and processing. 
 
Statistical analysis

Means, standard deviations, standard error of the means, Mann-Whitney U tests, 
Kruskal-Wallis tests, two-tailed homoscedastic Student’s t tests, and ANOVA tests were 
performed in GraphPad Prism (GraphPad Software, La Jolla, CA). The choice for parametric 
or nonparametric testing was based on the D’Agostino Pearson omnibus test of normality, 
which was performed on each data set. The number of symbols designates the strength 
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of the p-value, i.e., (*), (**), and (***) designate a p-value of ≤0.05, ≤0.01, and ≤0.001, 
respectively, throughout the text. 

Results

Substudy 1: Determination of optimal scaffold material for ssLAVw 
Substudy 1.1: Mechanical properties of PCL and PLGA scaffold before and 
after irradiation

Fig. 1 depicts the stress-to-strain curves of native, solder-soaked, irradiated solder-
soaked, and irradiated MB-soaked PCL and PLGA scaffolds. The embedded graphs present 
mechanical properties of both scaffold types under different conditions. Based on the 
e-modulus, yield stress, and yield strain, native PLGA scaffolds were considerably stiffer and 
stronger than PCL scaffolds (†††). Moreover, PCL scaffolds gradually increased in strength 
before breaking at approximately 1,000% of strain (Fig. 1A), whereas PLGA scaffolds 
rapidly increased in strength, underwent plastic deformation, and dropped in strength 
when the fiber packing was disrupted. Following this drop, the PLGA fibers realigned in the 
direction of the traction and rebuilt strength until completely breaking at 3,000% of the 
original strain. Presoaking in solder did not affect the mechanical properties of either type 
of scaffold. Dual-pass irradiation significantly increased the strength and stiffness of solder-
soaked PCL and PLGA scaffolds (Fig. 1E and F). However, post-irradiation PLGA scaffolds 
were stronger and stiffer than PCL scaffolds1), as evidenced by the higher e-modulus (††) 
and yield strength (†††) of the former. 

The effect of heating on scaffold properties was investigated in the MB-soaked scaffold 
group. In the absence of a solder, the irradiated PLGA scaffold remained stiffer and stronger 
than PCL. The e-modulus of MB-soaked PLGA and PCL scaffolds was 1.3±0.5MPa and 
0.7±0.2MPa (†), respectively, while the yield strength was 3.4±1.0MPa and 2.0±1.3MPa 
(†), respectively.

   
Substudy 1.2: Thermal profiles and structural properties of PCL and PLGA 
scaffolds before and after irradiation

To determine the effect of laser-induced heating on the scaffold material, PCL and 
PLGA scaffolds were soaked in solder or MB, irradiated, and investigated macroscopically 
and by SEM. Macroscopic images of irradiated solder-soaked and MB-soaked PCL vs. PLGA 
scaffolds are presented in Fig. 2, demonstrating that the MB-containing solder exerts a 
deterrent effect on PCL scaffold shrinkage (Fig. 2B.1). In the absence of solder, the low 
melting point of PCL (Tm=62°C, Fig. 2A) was associated with scaffold shrinkage to 70% 
of the original width (Fig. 2B.2). SEM analysis of the MB-soaked scaffold revealed melted 
and coagulated PCL fibers (Fig. 2C.2). PLGA scaffolds, on the other hand, have a higher 
melting point (Tm=148°C, Fig. 2D) that caused these scaffolds to retain their structure 
following irradiation. Macroscopically, no notable differences were observed between the 
irradiated solder-soaked and irradiated MB-soaked PLGA scaffolds (Fig. 2E.1 and 2E.2). 
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Figure 1. Mean ± standard error of the mean (SEM) stress-to-strain curves of native (A, B), solder-
soaked (C, D), irradiated solder-soaked (E, F), and irradiated MB-soaked (G, H) PCL and PLGA 
scaffolds (n=7 per experiment). The inset represents a magnification of the 0-50% strain range. 
The bar charts represent the associated mechanical properties: e-modulus (bottom left panel), yield 
strength (bottom middle panel), and yield strain (bottom right panel). An (*) designates the level 
of significance versus native scaffold, while (†) designates the level of significance between the 
similarly treated PCL and PLGA scaffolds.

1) Mechanical properties were calculated in MatLab in this study. E-modulus and yield 
strength of PCL scaffolds differed from the previously reported values,21 which were 
calculated with Zwick/Roell software using the autocalculation command. 
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Intact and preserved PLGA fibers were observed after irradiation by SEM (Fig. 2F.2).
The complete set of SEM images of native, solder-soaked, and irradiated solder-

soaked PCL and PLGA scaffolds is presented in Fig. S1. 

Substudy 1.3: Optimization of PLGA scaffold properties for ssLAVw
Next, the ssLAVW modality was optimized for PLGA scaffolds using single spot 

irradiation, as was performed for PCL previously.21 Fig. 3 presents acute BS after PLGA 
ssLAVW using different combinations of fiber diameter and scaffold thickness. At a 10-µm 

Figure 2. DSC graphs of PCL (A) and PLGA (D) scaffold. Macroscopic images of the irradiated 
solder-soaked PCL (B.1) vs. PLGA (E.1) scaffolds and irradiated MB-soaked PCL (B.2) vs. PLGA 
(E.2) scaffolds. Respective SEM images are included of MB-soaked PCL (C.1) vs. PLGA (F.1) 
scaffolds and irradiated MB-soaked PCL (C.2) vs. PLGA scaffolds (F.2). Black arrows indicate the 
melting points, whereas the yellow arrow designates the glass transition temperature.

Figure 3. Mean±SD acute BS of PLGA ssLAVW for different combinations of fiber diameter and 
scaffold thickness (n=8-12/group). SsLAVW was performed with BSA-HPMC solder and single spot 
irradiation. The group that produced the highest BS is demarcated in dark gray. (*) designates the 
statistical significance in the 10-µm fiber diameter group versus the 160-175-µm scaffold thickness 
group, whereas (#) indicates the level of significance versus the group with the highest BS (14-µm 
fiber diameter). 
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fiber diameter, scaffolds with a thickness of 160-175µm produced the highest welding 
strength (305.3±98.1N/cm2), whereby the BS decreased with increasing scaffold thickness. 
For scaffolds with a fiber diameter of 26µm, an increased scaffold thickness had no 
impact on welding strength. The 19-µm fiber diameter group yielded comparable welding 
strength as the 26-µm fiber diameter group. The combination of 14-µm fiber diameter and 
a scaffold thickness of 150-180µm produced the highest acute BS, and was therefore used 
in the subsequent substudies.

Substudy 1.4: Breaking strength analysis PCL and PLGA ssLAVw 
For an experimental ssLAVW modality to succeed in the clinical setting, it must 

produce the highest possible welding strength. In the next set of experiments, the welding 
strengths obtained with PCL and PLGA ssLAVW were compared so as to identify the most 
suitable scaffold material. PLGA ssLAVW produced higher acute welding strength than PCL 
ssLAVW (Fig. 4A), accounting for 408.6±78.8N/cm2 and 248.0±54.0N/cm2, respectively. 
SEM imaging revealed seamless adhesive bonds in both PCL and PLGA ssLAVWed aortas 
(white arrows, Fig. 4B and 4C). As reported in Substudy 1.2: Thermal profiles and structural 

properties of PCL and PLGA scaffolds before and after irradiation, PCL fibers had melted 
and coalesced with the coagulated solder (Fig. 4B, inset), whereas PLGA fibers were intact 
and interspersed throughout the coagulated solder (Fig. 4C, inset). 

In vivo, welds may be susceptible to deterioration due to e.g., hydrolysis. The stability 
of the welds was therefore tested under quasi-physiological conditions by hydration in 
sterile PBS at 37ºC. No reduction in BS was observed for PCL ssLAVWed aortas at the end 
of the 14-d hydration period (p=0.55, Fig. 5A). SEM analysis confirmed good adhesive 
bonding in the welds, with only small separation gaps occurring after 14d of hydration 
(Fig. 5C-F). PCL fibers appeared to have coalesced with the coagulated solder (Fig. 5C-F, 
insets).

A marked decrease in post-hydration BS was observed in PLGA ssLAVWed aortas 
(Fig. 5B). The mean±SD BS decreased by 47%, 52%, and 73% relative to t=0d following 
1-, 7-, and 14d of hydration, respectively. SEM analysis on PLGA ssLAVWed aortas showed 

Figure 4. Acute BS of PCL vs. PLGA ssLAVW (n=10/group) (A) and SEM images of cross-sectional 
areas of PCL (B) and PLGA (C) ssLAVWed aorta strips. The inset represents a 150× magnification 
of the encircled area. White arrowheads are pointing to the solder (S)-tissue (T) interface, black 
arrow is pointing to a focal solder-tissue gap, yellow circle is indicating the melted PCL fibers, and 
red circle is showing the intact PLGA fibers.
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considerable separation gaps at the s-t interface (Fig. 5H-J, black arrows) and cavitations 
in the solder/scaffold coagulum after 14d of hydration (Fig. 5J, white arrows). Intact PLGA 
fibers were observed between the coagulated solder until the end of the hydration period 
(Fig. 5G-J, insets).

Substudy 2: Optimization of solder properties for PCL and PLGA ssLAVw
In an effort to further optimize ssLAVW welding strengths, PCL and PLGA ssLAVW 

were performed with solder containing HMPC (semi-solid solder), genipin (protein cross-
linker), or both. HMPC and genipin were shown to improve welding strengths in intestinal 
welding.28,30

Irradiation of MB- and genipin-containing solder caused the solder to turn dark purple 
rather than white (leuco-form of MB), as was the case with MB-containing solder. Fig. 6A 
and B present the acute BS of PCL and PLGA ssLAVW using different solder compositions. 
In PCL ssLAVWed aortas, the addition of genipin did not produce significant changes in 
acute BS (p=0.83, Fig. 6A). The addition of genipin to the BSA solder and subsequent PCL 

Figure 5. BS of PCL (A) and PLGA (B) ssLAVWed aorta strips plotted as a function of hydration period 
(n=10/time point). Aortic strips were welded using BSA-HPMC solder and single spot irradiation. 
BS tests and SEM were performed after 1-, 7-, and 14d of hydration. BS tests and SEM images 
taken directly after ssLAVW were used as the 0-d control specimens. The SEM images represent 
cross-sectional areas of PCL (C-F) and PLGA (G-J) ssLAVWed aortas on hydration days 0, 1, 7, 
and 14, respectively. White arrowheads point to the s-t interface, black arrows indicate separation 
gaps between the coagulated solder (S) and tissue (T), and white arrows designate the cavitations 
in the solder/scaffold coagulum. Red circles highlight intact PLGA fibers. An (*) designates the level 
of significance vs. 0d of hyd ration and a (†) reflects the level of intergroup significance at the same 
time point.
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ssLAVW was associated with a decrease in BS after 1d of hydration. Contrastingly, aortas 
welded with PCL and BSA-HPMC-genipin solder retained their strength during the entire 
hydration period (Fig. 6C). 

In the PLGA ssLAVW group, genipin-enriched BSA solder produced weaker welds 
than the BSA-HPMC solder (280.7±46.0N/cm2 vs. 408.6±78.8N/cm2, respectively, Fig. 6B), 
but the welds produced with genipin solder remained stable for up to 7d of hydration. 
Although a 30% decrease in BS was found after 14d of hydration (*** versus 7-d 
hydration, Fig. 6D), the welds with the genipin solder were associated with a greater 14-d 
post-hydration BS than the respective welds in the BSA-HPMC group (##). The addition 
of genipin to BSA-HPMC solder produced comparable acute BS as the BSA-HPMC solder, 
namely 355.1±52.6N/cm2 versus 408.6±78.8N/cm2 (ns), respectively. However, unlike 
the declining post-hydration BS in the PLGA + BSA-HPMC group (Substudy 1.4: Breaking 

strength analysis PCL and PLGA ssLAVW), welding strengths remained stable for up to 
14d of hydration in the PLGA + BSA-HPMC-genipin group, comprising 258.7±43.9N/cm2, 

Figure 6. Mean±SD acute BS of PCL(A) and PLGA(B) ssLAVW plotted as a function of solder 
composition and post-hydration BS of PCL (C) and PLGA (D) ssLAVW using various solder 
compositions plotted as a function of hydration time. Each bar shows the mean±SD of 10-12 
repairs. In B, (#) designates the level of significance between different solder compositions. In C 
and D, (*) indicates the level of significance vs. 0d of hydration in the same group, (#) designates 
the intragroup level of significance between the genipin-enriched solder groups and the BSA-HPMC 
subgroup of the same scaffold type and hydration time, (†) defines the level of significance of PCL 
and PLGA subgroups of the same solder compositions and hydration time, and (§) represents 
the level of significance between PCL, BSA-HPMC vs. PLGA, BSA-HPMC-genipin at the same 
hydration time.
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209.0±24.4N/cm2, and 223.9±19.1N/cm2 for 1-, 7-, and 14d of hydration, respectively. 
These welding strength were similar to those achieved in the PCL scaffold group using 
BSA-HMPC-genipin solder, which produced welding strengths of 209.0±24.4N/cm2 (§§), 
207.0±35.1N/cm2 (ns), and 202.9±39.6N/cm2 (ns), respectively. 

In contrast to a solidified solder/scaffold coagulum observed in PCL + BSA-HPMC 
ssLAVWed specimens (Fig. 7A-D, yellow encircled), SEM imaging of genipin-enriched BSA 
PCL ssLAVWed specimens (Fig. 7E-H) revealed a reticulated solder/scaffold coagulum 
(red encircled) containing multiple focal zones of separation (black arrows). A reticulated 
solder/scaffold coagulum was also observed in the PCL + BSA-HPMC-genipin group (Fig. 
7I-L, yellow encircled), but the coagulum contained a minimum amount of separations 
(Fig. 7K and L, black arrows). 

The improvement in post-hydration BS in the PLGA ssLAVW groups with genipin 
was reflected in the ultrastructural features of the weld. Compared to the PLGA + BSA-
HPMC group (Fig. 7M-P), the welds made with PLGA and BSA-genipin solder showed 
seamless adhesive bonding up to 7d of hydration (Fig. 7Q-S, white arrowheads) and 
a minimum amount of clefts at the s-t interface after 14d of hydration (Fig. 7T, black 
arrows). However, the solder/scaffold coagulum appeared reticulated in the solder part and 
contained numerous focal clefts (Fig. 7Q-T, red encircled and white arrows, respectively). 
The combination of HPMC and genipin in the PLGA group produced a more solid solder/
scaffold coagulum (Fig. 7U-X, yellow encircled). Only few focal zones of separation were 
observed at the s-t interface in the PLGA + BSA-HPMC-genipin solder group after 7d and 
14d of hydration (Fig. 7W-X, black arrows).

The s-t temperatures generated during PLGA ssLAVW with solders of different 
composition and the corresponding photomicrographs of the PR-stained specimens are 
provided in Fig. S2. PLGA ssLAVW with BSA-genipin solder induced steeper temperature 
increases in the first 15s of irradiation than with BSA-HPMC solder, namely 5.2°C/s and 
4.4°C/s, respectively (**). Upon irradiation, a dark purple color change occurred at the 
center of the laser spot and expanded laterally. After this color change, from 15-25s the 
temperature increased gradually at a rate of 0.91°C/s, 0.89°C/s, and 0.7°C/s for BSA-genipin, 
BSA-HPMC, and BSA-HPMC-genipin solders, respectively. In the last 25s, the temperature 
increased at a much slower rate (0.2°C/s) in all solders and the color change had extended 
over the entire scaffold area. At the end of the 50-s SSCL, the highest temperature at the s-t 
interface was achieved in the BSA-genipin solder group, i.e., 93.3±4.2°C (* vs. 79.9±4.9°C 
for BSA-HPMC and * vs. 84.7±4.9°C for BSA-HPMC-genipin). The aortas welded with BSA-
genipin solder exhibited the most extensive thermal damage (Fig. S2C.1 and C.2), which 
corresponds to the temperature profile (Fig. S2C). Thermal profiles of BSA, MB, BSA-HPMC, 
BSA-genipin, and BSA-HPMC- genipin are presented in Fig. S3.
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Figure 7. Acute and post-hydration SEM images of the cross-sectional areas of PCL and PLGA 
ssLAVWed aortas welded with different solders. White arrowheads, black arrows, and white arrows 
are pointing to the solder (S)-tissue (T) interface, the gaps at the s-t interface, and the cavitations 
at the solder/scaffold coagulum, respectively. Yellow circles highlight the solid parts of the solder/
scaffold coagulum and red circles indicate the reticulated parts of the solder/scaffold coagulum.
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Substudy 3: Continuous versus pulsed single spot ssLAVw
Fig. 8 depicts temperature profiles at the s-t interface during SSCL and SSPL and the 

corresponding histology images. PR- and MT-stained native aortas were used as controls 
(Fig. 8A.1-3). For the irradiated, PR-stained specimens, lower magnification images 
revealed the extent of thermal damage (Fig. 8B.1, C.1, D.1, E.1, F.1, and G.1, white dashed 
line), whereas higher magnification images (Fig. 8B.2, C.2, D.2, E.2, F.2, and G.2) showed 
homogenized and compacted thermally damaged adventitial collagen (white arrows) and 
loss of yellow-stained type I collagen in the thermally afflicted media (white arrowheads). 
Structural alterations in the aortic wall are demonstrated by the MT-stained samples (Fig. 
8B.3, C.3, D.3, E.3, F.3, and G.3), where compacted and homogenized collagens (yellow 
arrows) reflect thermally damaged adventitial tissue and the shrunken muscle cells (yellow 
arrowheads) indicate thermally damaged media. The respective mean±SD acute BS and 
the SEM analysis are presented in Fig. 9A and Fig. 10, respectively. 

Fifty-second SSCL raised the s-t temperature to 84.7±5.2°C (Fig. 8B) and produced 
an acute BS of 355.1±52.6N/cm2 (Fig. 9) that coincided with full thickness thermal damage 
(Fig. 8B.1-3). A ~20°C temperature gradient was created between the center and lateral 
sides of s-t interface during irradiation. Fig. S4 depicts the temperature gradient and the 
corresponding thermal damage in both regions. 

With respect to SSPL, the first pulse was terminated after 25s (in all single spot 
pulsing groups) on the basis of the observed color change. The mean±SD s-t temperature 
after the first pulse was 80.7±6.8°C in all multiple pulse regimes. After a 5-, 10-, or 
15-s cooling interval, the administration of a second pulsed raised the s-t temperature to 
92.5±4.9°C, 85.7±7.1°C, and 82.9±5.1°C, respectively. The two-pulse regimes inflicted 
thermal damage up to 1/3 of the aortic wall (Fig. 8C.1-3, D.1-3, and E.1-3). A third single 
spot pulse of 10s or 15s, following a 10-s cooling interval, induced thermal damage up to 
2/3 of the aortic wall (Fig. 8F.1-3 and G.1-3). 

With respect to acute BS, only the 25-|10|-15s and 25-|10|-15-|10|-10s regimes 
obtained BSs that were comparable to the control group, namely 292.3±59.3N/cm2 and 
323.4±25.2N/cm2, respectively (Fig. 9A). However, SEM analysis revealed that solid solder/
scaffold coagula were only achieved with the control and the 25-|10|-15-|10|-10s regimes 
(Fig. 10A and F, red circles). The s-t temperatures of the 25-|10|-15-|10|-10s regime were 
79.7±4.1°C|45.8±2.4°C|78.9±4.5°C|46.6±2.2°C|74.6±3.5°C, respectively.

Hydration experiments were performed on the SSPL-subjected samples in which 
welding strengths were achieved that were comparable to the 50-s irradiation group 
(i.e., 25-|10|-15s and 25-|10|-15-|10|-10s) and in which the least thermal damage was 
found (i.e., 25-|15|-15s). After 1-d of hydration, the BS in the control, 25-|10|-15s, 25-
|15|-15s, and 25-|10|-15-|10|-10s groups had decreased by 27%, 43%, 32%, and 21%, 
respectively (Fig. 9B-E). Following 14d of hydration, welding strengths of the 25-|10|-15s 
and 25-|15|-15s groups had become considerably lower than the control group (Fig. 9C 
vs. B), whereas the 25-|10|-15-|10|-10s modality obtained comparable post-hydration BS 
relative to the control group (Fig. 9E vs. B). 
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Figure 8. The mean±SEM s-t temperature of PLGA ssLAVWed aortas during continuous (B) and 
single spot pulsed regimes (C, D, E, F, and G) plotted as a function of irradiation time with the 
corresponding photomicrographs depicting the inflicted thermal damage. Native (non-irradiated) 
aorta (A.1-3) was used as control. Low magnification images of PR-stained samples (B.1, C.1, 
D.1, E.1, F.1, and G.1) viewed under polarized light illustrates the extent of thermal damage. The 
white dashed line demarcates the border between the thermally damaged area (TD) and unaffected 
tissue (N). At higher magnification, the PR-stained control aorta (A.2) exhibited intact (birefringent) 
collagen in the adventitia (black arrow) and media (black arrowhead). In irradiated samples, the 
denatured adventitial collagen appeared homogenized and compacted (white arrows), while 
the loss of yellow-stained type I collagen was characteristic of thermally damaged media (white 
arrowheads). MT-stained control aorta (A.3) consisted of adventitia with loosely arranged collagen 
(green arrow) and intact smooth muscle cells in the media (green arrowhead). Thermally damaged 
aortas (B.3, C.3, F.3, D.3, E.3, F.3, and G.3) exhibited denatured red-stained solder that adhered 
to the adventitia, homogenized denatured collagen in the adventitia (yellow arrows), and loss of 
smooth muscle cells in the media (yellow arrowheads). 
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Discussion

The aim of this research was to optimize the previously described ssLAVW 
modality.23 The study revealed the importance of intact fibers for the scaffolds’ 
mechanical strength and acute BS, but not for maintaining post-hydration BS. PLGA 
ssLAVW with BSA-HPMC solder produced higher acute BS than ssLAVW with PCL. 
However, the welds made with PLGA exhibited a reduction in strength with increasing 
hydration time, which in turn was ameliorated by the addition of genipin to the BSA-
HPMC solder. As a result, ssLAVW with PLGA + BSA-HPMC-genipin yielded comparable 
post-hydration welding strength as PCL ssLAVW. Finally, it was shown that SSPL (versus 
SSCL) minimized collateral thermal damage and retained acute and post-hydration BS.

The thermo-mechanical properties of a biomaterial in part dictate the suitability of 

Figure 9. Mean±SD acute BS following PLGA ssLAVW plotted as a function of irradiation regime (A).
The post-hydration mean±SD BS of 50s (B), 25-|10|-15s (C), 25-|15|-15s (D), and 25-|10|-15-|10|-
10s (E) are also plotted as a function of hydration period. (*) designates the level of significance 
versus 0-d hydration and (#) indicates the level of significance of each time point versus the same 
time point of the control group.
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the biomaterial for a given application, particularly if the application is associated with the 
generation of high temperatures such as during (ss)LAVW. Due to the relatively low melting 
point of PCL (62°C) versus PLGA (148°C), it was expected that thermal denaturation of PCL 
fibers would compromise post-LAVW welding strength. Indeed, mechanical tests on PCL 
and PLGA scaffolds confirmed that PLGA was stronger than PCL after irradiation, both as 
free solder-impregnated scaffold and as a scaffold imposed on a vascular segment during 
ssLAVW. With respect to the latter, ssLAVW with PCL yielded an acute BS of 248.0±54.0N/
cm2, which was significantly lower than the 408.6±78.8N/cm2 produced by PLGA ssLAVW. 
This corresponds to a breaking force of 1.4±0.3N for PCL ssLAVW\and 2.2±0.4N for PLGA 
ssLAVW. Earlier studies on ssLAVW with solvent casted particulate leached PLGA scaffolds 
reported breaking forces of 1.3N,25 1.5±0.6N,14 and 1.1±0.2N,20 which were all lower than 
the breaking force achieved in this study with comparable scaffold material. On the other 
hand, the breaking force of PCL ssLAVW achieved in this study was higher than an earlier 
report on PCL ssLAVW by Alfieri et al. (1.1±0.2N)18 but lower than the 1.9±0.4N achieved 
in the study by Bregy et al.19 

Despite the higher acute BS, aortas welded with PLGA + BSA-HPMC solder exhibited 
deterioration of welding strength under quasi-physiological conditions. Similar results have 
been reported by Sorg and Welch.25 Although the exact mechanism responsible for the 
weld deterioration in PBS is currently elusive, the increase in the number of clefts in the 
scaffold/solder coagulum and the considerable separation at the s-t interface suggest 
water-induced retrogradation of cohesive and adhesive bonding. The fact that PCL is more 

Figure 10. SEM images of the cross-sectional areas of PLGA ssLAVWed samples irradiated in 50-s 
continuous (A) and pulsed single spot re  gimes comprising 25-|5|15s (B), 25-|10|-15s (C), 25-|15|-
15s (D), 25-|10|-10-|10|-10s (E), and 25-|10|-15-|10|-10s (F). White arrows point to the solder (S) 
– tissue (T) interface, black arrows indicate the gaps at the s-t interface, yellow circles designate 
the solid solder/scaffold coagulum, and red circles highlight the reticular segments in the solder/
scaffold coagulum. 
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hydrophobic27 than PLGA may partly explain the relative absence of these phenomena in 
PCL-LAVWed coaptations subjected to 14-d hydration. The hydrophobic character of PCL 
apparently renders the scaffold material less amenable to water-induced loosening of 
cohesive and adhesive bonds. On the basis of these considerations and the post-irradiation 
yield strength of PCL and PLGA scaffolds, it can be concluded that (intact) PLGA fibers give 
rise to stronger cohesive bonding whereas (thermally denatured) PCL scaffolds yield more 
stable welds.  

The improvement in post-hydration welding strength in PLGA ssLAVW and the corollary 
enhancement in adhesive bonding by the addition of genipin reflect the important role of 
genipin in promoting cross-linking between albumin and tissue collagen.28 However, the 
reticulated solder/scaffold coagula observed in all BSA-genipin groups suggest excessive 
heat development in the solder/scaffold coagulum. The addition of HPMC to BSA-genipin 
solder produced lower s-t temperature and resulted in a more solid and stable solder/
scaffold coagulum, yielding slightly higher acute and post-hydration BS. Ultimately, welds 
created with PLGA + BSA-HPMC-genipin produced post-hydration welding strengths that 
were comparable to those achieved with PCL ssLAVW. 

To determine the relationship between heat build-up at the s-t interface and welding 
strength as well as thermal damage, the temperature profiles during ssLAVW were 
determined for different welding regimes. The s-t temperature during a 50-s single spot 
laser pulse, namely 80-85°C, was similar to values reported by Sorg et al.25 This regime, 
however, produced more extensive thermal damage than sLAVW, i.e., in the absence of 
scaffold.14 Histology results showed considerable reduction of thermal damage using SSPL 
instead of SSCL. The cooling time allows tissue to thermally relax before the subsequent 
irradiation. In comparison to a 5- and 15-s cooling interval, the10-s cooling interval 
produced the most optimal results in terms of welding strength. Furthermore, despite 
the comparable acute BS achieved between the 25-|10|-15s and control regimes, the 
two-SSPL regime failed to retain post-hydration welding strength. Consequently, a third 
pulse was required to solidify the solder/scaffold coagulum and to increase the stability of 
the welds. The 25-|10|-15-|10|-10s regime reduced thermal damage to 2/3 of the aortic 
wall and produced comparable acute and post-hydration BS relative to SSCL (control). 
Moreover, the acute breaking forces obtained by 25-|10|-15-|10|-10s and 25-|10|-15s 
regimes, namely 1.7±0.2N and 1.5±0.3N (corresponding to a BS of 323.4±25.2N/cm2 
and 292.3±59.3N/cm2, respectively), were considerably higher than the breaking force 
reported by Alfieri et al. for the 15-|15|-15s regime, namely 0.6±0.04N.18
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Conclusion

In the final analysis, the previously described ssLAVW modality was optimized, but 
neither of the modalities proved to be superior over the other regarding post-hydration 
BS, the most important parameter for in vivo LAVW. Whereas PLGA ssLAVW yielded better 
acute cohesive bonding, PCL ssLAVW produced more stable welds. The quality of each 
modality should therefore be tested in ex vivo or in vivo models for further evaluation. 
Nevertheless, it is compelling to argue that a dual-layer scaffold composed of an inner PCL 
layer and an outer PLGA layer may provide more stable and stronger welds than ssLAVW 
with either biomaterial alone. Electrospinning allows the fabrication of a double-layered 
scaffold.33 Also, genipin should be further explored as a weld-stabilizing agent, particularly 
when PLGA is used. An additional advantage of genipin is that it reduces an inflammatory 
response,34,35 and may therefore be promising for clinical application especially when PLGA 
is used. Finally, the possibility of decreasing thermal damage while maintaining acute and 
post-hydration welding strength increases the potential of in vivo and clinical application 
of ssLAVW. However, application of end-to-end or end-to-side anastomosis requires 
modification of the laser beam to allow a 360° simultaneous and homogeneous irradiation. 
This type of lasing could be achieved by means of intraluminal irradiation with an isotropic 
beam11 or external irradiation with several laser beams attached to a clip probe.  
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Supplementary figures

Figure S2. Mean±SEM s-t interface temperatures during 50-s single spot irradiation  are plotted as 
a function irradiation time (n=5 per group) for ssLAVW with PLGA scaffold and BSA-HMPC (B), 
BSA-genipin (C), and BSA-HMPC-genipin solder (D). The corresponding polarization microscopy 
images are provided at low magnification (middle row) and higher magnification (bottom row) 
below the thermograms. A.1 and A.2 are images of PR-stained native aortas. The white dashed 
line demarcates the border between the thermally damaged area (TD), characterized by a loss 
in birefringence (i.e., darker), and unaffected tissue (N). Thermally damaged adventitia appeared 
darker orange (white arrows) and more compacted than the unaffected (birefringent) normal 
adventitia (black arrows). At higher magnification, the loss of type I (yellow) and type III (green) 
collagen was characteristic of thermally damaged media (white arrowheads).

Figure S1. SEM images of native, solder-soaked, irradiated solder-soaked, MB-soaked, and 
irradiated MB-soaked PCL (top row) and PLGA scaffolds (bottom row). Native PCL (A) and PLGA 
(E) scaffolds are characterized by layers of randomly intertwined fibers. Solder-soaked scaffolds 
exhibit solder material occupying the space between intact PCL (B) and PLGA (F) fibers. Dual pass 
irradiation of solder-soaked scaffolds produced a coagulated solder layer that coalesced with PCL 
(C) and PLGA (G) fibers. Alteration of PCL fiber structure following dual-pass laser irradiation was 
evident in the irradiated MB-soaked PCL scaffolds (D.2) when compared to native fibers (D.1). 
Fibers were melted, coagulated, and heterogeneously sized (D.2). This was in contrast with the 
intact and homogenously sized fibers in MB-soaked PLGA scaffolds after irradiation (H.2), which 
were structurally similar to the fibers in native, non-irradiated material (H.1).
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Abstract:

Objective: To investigate the feasibility of ex vivo sutureless end-to-end laser-assisted 
vascular anastomosis (LAVA) in medium-sized arteries.
Summary background data: LAVA in combination with solder and polymeric scaffolds 
(ssLAVA) has been optimized in vitro. Proof-of-principle of the optimized modality needs to 
be established in an ex vivo model. 
Materials and methods: Scaffolds composed of poly(e-caprolactone) (PCL) or poly(lactic-
co-glycolic acid) (PLGA) were impregnated with semi-solid solder and placed over coapted 
aortic segments. ssLAVA was performed with a diode laser. In the 1st substudy, the optimum 
number of laser spots was determined by bursting pressure (BP) analysis. The 2nd substudy 
investigated the resilience of the welds in a Langendorf-type pulsatile pressure setup, 
monitoring the number of failed vessels. The type of failure (cohesive vs. adhesive) was 
confirmed under SEM and thermal damage was assessed histologically. The 3rd substudy 
compared breaking strength (BS) of aortic repairs made with PLGA + semi-solid genipin 
solder to repairs made with BioGlue. 
Results: ssLAVA with 11 lasing spots and PLGA scaffolds yielded the highest BP, 
(923±56mmHg vs. 703±96mmHg with PCL-ssLAVA) and exhibited the fewest failures 
(30% vs. 80% for PCL-ssLAVA). PLGA anastomoses broke adhesively, whereas PCL welds 
failed cohesively. Both modalities exhibited full thickness thermal damage. Repairs with 
PLGA scaffold yielded higher BS than BioGlue repairs (323±28N/cm2 vs. 25±4N/cm2, 
respectively). 
Conclusions: PLGA-ssLAVA yields greater anastomotic strength and fewer anastomotic 
failures than PCL-ssLAVA. Aortic repairs with BioGlue were inferior to those produced with 
PLGA-ssLAVR. PLGA-ssLAVA should therefore be pursued as a clinically viable alternative 
to conventional suturing.
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Introduction

Laser-assisted vascular anastomosis (LAVA) is an experimental, non-mechanical 
anastomosis technique that has the potential to replace suturing in minimally invasive 
and endoscopic surgery.1-3 Mechanistically, laser irradiation of coapted vessel segments 
causes absorption and conversion of incident light to heat by the chromophores (typically 
water or added pigments, depending on the chosen wavelength), heat diffusion, and 
thermal denaturation of mainly collagen in the vascular wall. The subsequent cross-
linking of collagens in the adjoining vessel segments ultimately causes the tissue to 
fuse.1,2,4,5 Compared to mechanical closure such as by sutures, clips, or staples, LAVA is 
less traumatic, induces no foreign body reactions, and provides immediate liquid-tight 
sealing.1,2,5-10 However, LAVA is associated with relatively low welding strength, extensive 
thermal damage, poor reproducibility, and ambiguous end-points, which constitute major 
drawbacks that have hampered clinical application of the modality.1,2,5,11-14

To improve welding strength and reduce thermal damage, much focus has recently 
been placed on scaffold- and solder-enhanced LAVA (ssLAVA). In ssLAVA, a biodegradable 
polymeric scaffold drenched in chromophore-containing proteinaceous solder is placed on 
the coaptation and irradiated. The photothermal processes underlying the welding effect 
in ssLAVA are similar to LAVA: the cross-linking between denatured tissue collagen and 
solder proteins (cohesive bonding) as well as between denatured proteins in the solder 
(adhesive bonding) account for the welding strength, the latter reinforced by the network 
of polymeric fibers that courses through the solder.15-22

Our group has recently published several studies on ssLAV repairs (ssLAVR) using 
poly(ε-caprolactone) (PCL) and poly(lactic-co-glycolic acid) (PLGA) scaffold material.18-20 
The ssLAVR modality was optimized for both PCL and PLGA scaffolds in these studies, 
which revealed that (1) semi-solid bovine serum albumin (BSA) solder produces stronger 
welds than liquid BSA solder, (2) single spot pulsed lasing (SSPL) yields better results than 
single spot continuous lasing (SSCL), and (3) neither of the scaffolds is superior over the 
other with respect to post-ssLAVR breaking strength (BS) following 7-day hydration in 
physiological buffer, i.e., the most relevant parameter in regard to clinical translatability. 
The low melting point of the PCL material (62°C) accounted for a lower acute welding 
strength than achieved with the more thermoresistant PLGA (148°C) (248±54N/cm2 
versus 409±79N/cm2, respectively), but the hydrophobicity of PCL gave rise to more stable 
welds under quasi-physiological conditions, ultimately yielding BSs of 203±40N/cm2 versus 
109±43N/cm2, respectively (pg. 83-84). Apparently, PLGA scaffolds are more susceptible 
to hydrolytic degradation, as the material is less lipophilic than PCL.23 It was further 
demonstrated that addition of the protein cross-linking agent genipin to semi-solid solder 
enhanced welding strength following PLGA ssLAVR but not PCL ssLAVR. Aortas welded 
with PLGA + semi-solid-genipin solder exhibited post-hydration BS that was comparable 
to welds made with PCL + semi-solid solder, yielding 224±19N/cm2 versus 203±40N/cm2, 
respectively (pg. 85-86). 

The next step – and the aim of this study – was therefore to validate the optimized 
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PCL and PLGA ssLAVA modalities in an ex vivo end-to-end anastomosis model using 
clinically representative, medium-sized porcine carotid arteries. The study was divided into 
three substudies. In the 1st substudy, the modalities were further optimized with respect 
to the number of lasing spots that were to be administered along the entire circumference 
of the coapted blood vessel segments. In the 2nd substudy, the ssLAVAed vessel segments 
were placed in a Langendorf-type setup and subjected to a 24-h pulsatile pressure test 
to determine the weld resilience and type of failure (adhesive versus cohesive) under 
quasi-physiological conditions. Finally, the 3rd substudy compared the most optimal ssLAVR 
modality from substudy 2 (PLGA ssLAVR) to BioGlue, a surgical adhesive used frequently in 
cardiovascular surgery for tissue adherence in aortic dissection and reconstruction,24,25 in 
terms of BS so as to ascertain the most suitable approach for further (pre)clinical testing.

Materials and methods 

Tissue preparation
Fresh porcine carotid arteries (n=40) and aortas (n=3) were harvested at the 

slaughterhouse. After trimming the perivascular tissue, arteries were cut in 6-cm segments 
(n=80, external Ø=4.3-5.9mm) and aortas were cut along the longitudinal axis. Fourteen 
aortic strips (30×5mm) were punched out of aortic slabs using a parallel cutter. Vessels 
were stored in sterile PBS at 4°C and were used within 3d. 

Preparation of PCL and PLGA scaffolds 
All scaffolds were electrospun in a climate-controlled electrospinning cabinet (IME 

Technology, Eindhoven, The Netherlands) equipped with a 14-G capillary. Scaffolds were 
spun at a distance of 15cm between the capillary and the target drum (25×120mm). PCL 
(CAPA 6800, Perstorp UK, Cheshire, UK) was dissolved in chloroform to a 17% (w/w) 
concentration. The polymer-containing solution was electrospun for 25min at 23°C and 
50% relative humidity and a flow rate of 60µL/min and 15kV to produce meshes consisting 
of fibers with a diameter range of 12-14µm.18-20 To produce PLGA meshes with a similar 
fiber diameter, PLGA (Purasorb PLG 82.18, Purac, Gorinchem, The Netherlands) was 
dissolved in chloroform at a 13% (w/w) concentration. The solution was spun for 60min at 
23°C and 40% relative humidity at 16kV and a flow rate of 20µL/min. 

Fiber diameter was determined by scanning electron microscopy (SEM, Quanta 600F 
ESEM-FEG, FEI Company, Hillsboro, OR) using analytical software (Xt Microscope Control, 
FEI Company). Scaffolds were punched out of the mesh in 18×5-mm arrays. Scaffold 
thickness was measured with a digital micrometer between two glass slides and scaffolds 
with 150-180-µm thickness were used for the experiments.

Solder preparation
Semi-solid albumin solder was prepared by dissolving 48% (w/v) BSA (Fraction V, 

Roche, Penzberg, Germany), 0.5% (w/v) methylene blue (MB, Sigma-Aldrich, St. Louis, 
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MO), and 3% hydroxypropylmethylcellulose (HPMC, Sigma-Aldrich) in MilliQ water.20,26 This 
solder was used for PCL ssLAVA as our previous study revealed that this solder yielded the 
strongest welds.20

For PLGA ssLAVA a semi-solid genipin solder was employed in accordance with 
our previous study. Genipin (Sigma-Aldrich) was dissolved in MilliQ (1% (w/v) final 
concentration) for 24h at 4°C under continuous stirring until a homogenous suspension 
was obtained. Next, the genipin solution was placed in a water bath at 38°C for 30 min to 
maximally dissolve the genipin 27,28. Semi-solid genipin solder was prepared by mixing 48% 
(w/v) BSA, 0.5% (w/v) MB, and 3% (w/v) HPMC with the genipin solution (0.38% (v/v) 
final genipin concentration). 

All solders were stored at 4°C in the dark for up to 1wk.

Experimental design
Substudy 1: Optimization of the number of lasing spots for PCL and PLGA ssLAVA

The first substudy aimed to determine the number of spots required per coaptation 
to generate the strongest anastomoses with SSCL PCL and PLGA ssLAVA. The number 
of spots was varied from 5 (without spot overlapping), 7, 9, 11, to 13 (with maximum 
spot overlapping) spots (n=8-10/group). Intact arteries (n=8) were used as controls. The 
number of spots with which the highest bursting pressure (BP, Bursting pressure) was 
achieved was used as the standard protocol for PCL and PLGA ssLAVA in the 2nd substudy. 

Figure 1. Illustration of the lasing regimes used in the 1st substudy. The black arrow points to the 
position of the solder-drenched scaffold and the white arrows indicate the transverse incision plane 
along which the vessel segments were coapted. LS = laser spot, L = arterial lumen. In the lower 
right corner, an ssLAVAed artery enveloped around a glass rod is shown (black arrow). The white 
arrow is pointing to the coagulated solder/scaffold at the anastomosis site.  
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Substudy 2: 24-h pulsatile pressure test
In the 2nd substudy, arteries that had been ssLAVAed at the optimal parameters for 

PCL and PLGA (determined in substudy 1) were subjected to an ex vivo 24-h pulsatile 
pressure test (24-h closed-loop pulsatile pressure test) to mimic in vivo conditions. The 
pulsatile pressure test was performed at a physiological pressure of 120/80mmHg, a flow 
rate of 100mL/min, a pulse rate of 80bpm, and a temperature of 38°C. Pressure wave 
forms were recorded for 24-h. A drop in pressure or a change in pressure waveform that 
was ensued by a burst in or leakage from the coaptation marked a failed anastomosis and 
constituted the endpoint of the experiment. Every 30min, 6 cycles were extracted from 
the pressure waveform data and analyzed using MatLab (MatLab R2011b, MathWorks, 
Natick, MA). The extracted data were used to determine the exact time of leakage/burst. 
The vessels were video recorded to visually confirm anastomotic failure. At the end of the 
24-h test, the arteries were carefully slid off the glass rod and prepared for SEM analysis 
(Scanning electron microscopy) to assess structural features of the solder-tissue interface. 
In a separate set of experiments, PCL and PLGA ssLAVAed arteries (n=5/group) were 
prepared for thermal damage analysis (Thermal damage analysis).
 
Substudy 3: PLGA ssLAVR versus BioGlue

The 3rd substudy compared the SSPL PLGA ssLAVRed modality (ssLAVA procedure) 
to repairs performed with BioGlue (n=10/group). Prior to ssLAVR, aortic strips (n=8/group) 
were pinned to a slab of silicone rubber (Sylgard 184, Dow Corning, Midland, MI) placed 
in a petri dish. The aortic strips were cut in half along the longitudinal axis and realigned, 
after which 50µL of solder and scaffold was applied over the adventitial surface of the 
incised strip as described in the next section. 

BioGlue (CryoLife International, Kennesaw, GA) was prepared in accordance with the 
manufacturer’s instructions. The applicator tip was connected to the syringe, de-aerated, 
and primed to ensure proper mixing of the glue. Aortic strips were prepared as described 
in the previous paragraph. The opposing ends were realigned and dried with gauze. 
Anastomoses were glued by applying approximately 1mL of the BioGlue solution over the 
adventitial surface of the coaptation. 

The strength of the repairs was determined by BS analysis (Breaking strength 

analysis). 

ssLAVA procedure
To prepare solder-impregnated scaffolds, approximately 100µL of solder was 

dispersed over a small area in a petri dish and PCL and PLGA scaffolds were soaked in 
semi-solid and semi-solid-genipin solder. The scaffolds were gently dabbed to enhance 
solder penetration. 

The carotid artery segments were placed around a glass rod (Ø = 3.4mm) to ensure 
complete contact between the opposing vessel edges after a circular incision was made, 
which cut the artery into half. The drenched scaffold was placed over the coaptation along 
its full circumference, extending laterally for approximately 2mm at each flank. A continuous 
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wave 670-nm diode laser (model HPD7401, High Power Devices, North Brunswick, NJ) was 
used with a low-power red HeNe laser aiming beam for ssLAVA. The probe was fixed at 
a 3.0-cm distance from the vessel, perpendicular to the scaffold surface. The coaptations 
were lased in SSCL mode at an irradiance of 1.2W/cm2 (spot diameter of 3.2mm) for 25s 
per spot, after which the glass rod was rotated (360 / # of spots)° to set the adjacent spot. 
The color change of MB was used as a visual cue to proceed to the next spot.

In the 2nd substudy, SSCL ssLAVA was performed with the optimal number of spots as 
determined in the 1st substudy, on the basis of the bursting pressure. For both PCL ssLAVA 
and PLGA ssLAVA, 11 spots were used.

In the 3rd substudy, aortas were repaired with the combination of PLGA, semisolid-
genipin solder and the previously established optimal irradiation regime (unpublished 
work), i.e., SSPL with three pulses at 25-|10|-15-|10|-10s, whereby the non-bracketed 
numbers designate the pulse length and the bracketed numbers indicate the length of the 
cooling interval. 

Bursting pressure
The bursting pressure setup consisted of a syringe pump, an organ bath, and a 

pressure sensor. One end of the anastomosed or intact artery was submersed in an organ 
bath, cannulated with a polypropylene connector, and connected to a syringe pump, after 
which the syringe pump was set to a flow rate of 500mL/h. The submersed artery segment 
was de-aerated and the open end of the segment was sealed by a clamp. The intra-
arterial pressure was first brought to 100mmHg to measure the external diameter using 
a digital micrometer. Next, the bursting pressure measurement was started by gradually 
increasing the pressure to 950mmHg. A software module (LabView, National Instruments, 
Woerden, The Netherlands) was used to acquire the bursting pressure data. The pressure 
measurement was recorded until the anastomosis burst, started leaking, or the maximum 
pressure was reached. 
  
24-h closed-loop pulsatile pressure test

A Langendorf-type setup29 (Fig. 2A) was used to test the resilience of the welded 
arteries under quasi-physiological conditions. Following ssLAVA (Substudy 2: 24-h pulsatile 

pressure test and ssLAVA procedure), polypropylene connectors were inserted into both 
ends of the welded vessel segment and fitted onto the stainless steel connectors of the 
organ chamber (Fig. 2B). The organ chamber was connected to the actuator module via 
silicone tubing in a closed loop configuration. The actuator module consisted of a pressure 
pump that was driven by a proportional pneumatic valve (Festo, The Netherlands) to set the 
desired pulsatile pressure. The pressure was measured by a pressure transducer (P10EZ, 
BD, USA) and the flow was controlled with an ultrasound clamp-on flow transducer. A 
reservoir module was connected to the circulatory system to provide the circuit with sterile 
PBS (PBS, Sigma-Aldrich). The entire setup was maintained at 38°C using a water jacket 
and a polyurethane insulation. Dedicated software was employed to regulate hemodynamic 
parameters and to acquire and store pressure and flow data. 
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The systolic and diastolic pressures, flow, and pulsatility were set to 120/80mmHg 
(Fig. 2C), 100mL/min (Fig. 2D), and 80bpm. These settings represent normal coronary 
hemodynamic conditions. Once pressure and flow pulses were stable, the anastomosis 
was tested under these conditions for 24h. 
       
Scanning electron microscopy

SEM analysis was performed to ultrastructurally investigate the adhesive bonding 
at the solder-tissue interface and the state of the coagulated solder (cohesive bond). 
Immediately following the 24-h pulsatile test, the arteries were fixed in 1.5% glutaraldehyde, 
cut in half at the coaptation to expose the solder-tissue cross-section, and desiccated by 
CO2 critical point drying. The dried sample was mounted on a metal stump and placed 
inside the SEM (Quanta 600F ESEM-FEG, FEI Company). The specimens were imaged in a 
high vacuum system at an accelerating voltage of 1kV.

Thermal damage analysis
To determine the extent of thermal damage, histological samples were prepared from 

PCL and PLGA ssLAVAed arteries obtained from the 2nd substudy. Immediately after ssLAVA, 
vessel segments were fixed in 4% buffered formalin, dehydrated in graded steps of ethanol 
(70%, 80%, 90%, and 100%), cleared in methyl benzoate and benzene, and impregnated 
with paraffin wax. Of each sample, 8-µm sections were stained with hematoxylin and 
eosin (H&E) and Masson’s trichrome (MT) for light microscopy, and picrosirius red (PR) 
for polarization microscopy. Images were acquired with an Olympus microscope (model 
BX51, Olympus, Osaka, Japan) equipped with a polarizer and analyzer and an Olympus 
DP70 camera. Olympus imaging software was used for image acquisition and processing. 

Figure 2. (A) Schematic drawing of the closed-loop pulsatile pressure setup, adapted from van 
den Broek et al.29 (B) Photograph of the organ bath. (C) Typical pressure and (D) flow waveforms 
generated by the closed-loop pulsatile pressure setup. 
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Breaking strength analysis
BS tests were performed in the 3rd substudy after every 5 consecutive ssLAVR or 

gluing procedures. The repaired aortas were kept moist in PBS-soaked gauzes between 
the repair procedures and BS testing. The strips were mounted in the metal clamps of a 
tensiometer (Zwick Z101, Ulm, Germany). The distance between the clamps was 10mm. 
BS analysis was performed at a test speed of 10mm/min. BS was defined as the force (N) 
required to completely tear two halves of the strip, divided by the cross-sectional area (in 
cm2) of the scaffold and solder. 

Statistical analysis
Means, standard deviations (SDs), standard error of the means (SEM), Mann-Whitney 

U tests, Kruskal-Wallis tests, two-tailed homoscedastic student’s t tests, and ANOVA tests 
were performed in GraphPad Prism (GraphPad Software, La Jolla, CA). Parametric tests 
were only performed on normally distributed data sets, confirmed by a D’Agostino Pearson 
omnibus test in GraphPad. The number of symbols throughout the text designates the 
strength of the p-value, i.e., (*), (**), and (***) designates a p-value of ≤0.05, ≤0.01, 
and ≤0.001, respectively. 

Results

Substudy 1: Optimization of the number of lasing spots for PCL and PLGA ssLAVA
Using a single external laser probe, end-to-end ssLAVA was performed in SSCL mode. 

On the basis of MB color change, each spot was irradiated for 25s. ssLAVA with PCL and 
PLGA was first optimized with respect to the number of spots required to produce welds of 
maximum strength in a clinically representative model. The arteries had an outer diameter 
of 4.3-5.9mm (mean±SD of 5.1±0.4mm), corresponding to a circumference of 13.5-
18.2mm (mean±SD of 15.9±1.1mm), which is comparable to human coronary,30 internal 
carotid,31 renal,32 and brachial arteries.33 The glass rod around which the vessel segments 
were placed as well as the scaffold ensured full contact between the vessel edges without 
the use of stay sutures. In an in vivo and clinical setting, proper fixation of the coaptation 
can be established with for example a balloon catheter or a polyvinyl alcohol stent.34,35 

Fig. 3 depicts the mean±SD BP of PCL and PLGA ssLAVA as a function of the number 
of lasing spots. In both PCL and PLGA ssLAVA, the mean±SD BPs were highest when 
11 spots were used, indicating that partial overlap of the lasing spots improves welding 
strength. In the 11 spots group, the combination of PLGA + semi-solid genipin solder 
yielded a BP of 922±56mmHg compared to 703±96mmHg in the PCL group (###). 
A further increase in the number of lasing spots considerably decreased the anastomotic 
strength of PCL ssLAVA but not PLGA ssLAVA. With the exception of the 9 spots group, all 
welds created with PLGA ssLAVA were stronger than those created with PCL ssLAVA (#, 
Fig. 3A vs. B). Seven out of 10 welded arteries in the PLGA ssLAVA group remained intact 
up to an intralumenal pressure of 950mmHg, which was similar to the intact arteries. 
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In contrast to PLGA ssLAVA, none of the PCL ssLAVAed arteries reached the maximum 
pressures. The 11 spots regime produced the strongest welds in both PCL and PLGA 
ssLAVA and was therefore used in the 2nd substudy. 

Substudy 2: 24-h pulsatile pressure test
The welded arteries were tested in a Langendorf-type setup for their ability to 

withstand quasi-physiological conditions. Representative pressure traces of an intact and 
failed artery are provided in Fig. 4A, and the percentage of intact arteries in the PCL and 
PLGA groups is plotted as a function of time in Fig. 4B. The 24-h pulsatile pressure test 
revealed the superior strength of PLGA over PCL scaffolds following ssLAVA. Eighty percent 
of the anastomoses in the PLGA + semi-solid genipin solder group sustained their integrity 
during 24h, whereas only 30% of the anastomoses in the PCL + semi-solid solder group 
were intact after 24-h pulsatile perfusion (Fig. 4B). The two failed PLGA ssLAVAed arteries 
leaked at 19 and 22h, whereas the 7 PCL ssLAVAed arteries burst between 12-23h.

Fig. 4C-F shows representative macroscopic images of intact and failed PCL and 
PLGA ssLAVAed arteries. No significant shrinkage of the lased sites was observed in either 
PCL and PLGA ssLAVAed arteries (Fig. 4C and E, respectively). PCL and PLGA ssLAVAed 
vessels showed different types of failure. Anastomoses made with PCL + semi-solid solder 
exhibited bursting from mainly the solder/scaffold coagulum (i.e., cohesive failure, Fig. 
4D), whereas arteries welded with PLGA + semi-solid genipin solder failed by leakage from 
the solder-tissue interface (i.e., adhesive failure, Fig. 4F).

Ultrastructural analysis of intact PCL- and PLGA-mediated welds revealed seamless 
adhesive bonding (Fig. 5A and E). PCL fibers appeared melted and coalesced with the 
coagulated solder (Fig. 5B, inset), whereas PLGA fibers were intact and interspersed 
throughout the coagulated solder (Fig. 5F, inset). SEM imaging confirmed the different 
types of failure observed during the pulsatile pressure tests. Deterioration of the PCL 
scaffold was found in all failed PCL ssLAVA arteries (Fig. 5C and D, arrows). In contrast, 

Figure 3. Mean±SD bursting pressure of (A) PCL and (B) PLGA ssLAVAed arteries plotted as a 
function of the number of lasing spots. An asterisk (*) indicates the level of significance vs. the group 
that obtained the highest mean±SD bursting pressure within the same scaffold group, whereas a 
hash (#) designates the level of significance between PCL and PLGA ssLAVAed arteries lased with 
the same number of spots. BSA = bovine serum albumin, HPMC = hydroxypropylmethylcellulose, 
Gen = genipin.
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detachment of the scaffold-solder coagulum from the adventitia was observed in the failed 
PLGA ssLAVA specimens (Fig. 5E and F, arrows).

To determine the extent of thermal damage and structural changes in the vascular 
wall, PCL and PLGA ssLAVAed arteries were stained with PR, MT, and H&E (Fig. 6). Native 
arteries were used as controls (Fig. 6A, D, G, and J). No qualitative histological differences 
were observed between welds made by PCL and PLGA ssLAVA with respect to thermally 
damaged tissue. The histological descriptions below therefore apply to both ssLAVA groups.

PR-stained sections revealed full thickness thermal damage and thinning of the 
vascular wall (Fig. 6B and C). The adventitia contained homogenized and compacted 
collagens (Fig. 6E and F, white arrows), whereas partial loss of yellow-stained collagen 
type I and green-stained collagen type III was observed in the thermally damaged media 
(Fig. 6E and F, white circles, insets). 

Figure 4. (A) Representative pressure trace of an artery welded by PCL ssLAVA that was intact at 24h 
after lasing (red trace) but that had failed 12h after lasing (blue trace). (B) Kaplan-Meier-type plots 
of the percentage of intact arteries as a function of pulsatile perfusion time. (C-F) Representative 
macroscopic images of intact and leaked PCL and PLGA ssLAVAed arteries. The arrows in D and 
F point to the stream of PBS seeping through the failed anastomoses under continuous pressure.
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The MT-stained samples of the irradiated vessels revealed shrunken muscle cells 
with pycnotic nuclei (Fig. 6H and I, white circles and yellow arrows), i.e., clear markers of 
thermal damage. The nuclear-cytoplasm ratio was increased in comparison to the normal 
arteries (Fig. 6G vs. 6H and I). The H&E-stained samples demonstrated vacuolization of 
smooth muscle cells of irradiated arteries (Fig. 6K and L, orange arrows) that were absent 
in cells of control samples (Fig. 6J, blue arrows). Furthermore, elastin fibers in the ssLAVA-
treated arteries were considerably more compressed (Fig. 6K and L, orange arrowheads) 
than the elastin fibers in control arteries (Fig. 6J, blue arrowheads).  

Substudy 3: PLGA ssLAVR versus BioGlue
In correspondence to our previous work (pg. 85, 90), the 2nd substudy evinced 

that ssLAVA with PLGA produced the strongest and most stable welds. Consequently, 
the 3rd substudy compared SSPL PLGA ssLAVR of aortas with BioGlue repairs. BioGlue 
is an FDA approved surgical adhesive that is standardly used in cardiovascular surgery 
to facilitate hemostasis in large vessel suture lines, tissue adherence in aortic dissection 
and reconstruction, reinforcement of friable tissue, and to control bleeding through 
large puncture holes and suture lines.24,25 The glue contains 45% purified BSA and 10% 
glutaraldehyde, and creates a mechanical seal via glutaraldehyde-induced cross-linking 
of BSA and tissue proteins.24 The considerably higher BS obtained with PLGA ssLAVR 
compared to BioGlue, namely 323±29N/cm2 and 25±4N/cm2 (***), respectively (Fig. 7), 
demonstrates the viability of PLGA ssLAVR as an alternative for large vessel repair.

Figure 5. SEM images of the cross-sectional areas of intact and failed PCL and PLGA ssLAVAed 
arteries. The arrowheads point to the solder (S)-tissue (T) interface, whereas the arrows are pointing 
to the site where the solder-scaffold coagulum had torn (C and D) and to the site where the solder-
scaffold coagulum had detached from the vessel surface (G and H).
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Figure 6. Photomicrographs of native, PCL-, and PLGA ssLAVAed arteries stained with picrosirius 
red (PR, A-F), Masson’s trichrome (MT, G-I), and hematoxylin and eosin (H&E, J-L). Low 
magnification images of PR-stained samples exposed full thickness thermal damage in both PCL 
and PLGA ssLAVAed arteries (B and C) with considerable thinning/compression of the vessel wall. 
A higher magnification image of PR-stained control artery (D) showed intact, birefringent collagen 
in the adventitia (black arrows) and media (green circle and inset), as opposed to the ssLAVAed-
treated arteries (E and F), which exhibited partial loss of collagen birefringence in the adventitia 
(white arrows) and partial loss of yellow- and green-stained collagen type I and III, respectively, in 
the media (white circles and insets). The normal MT-stained artery (G) was characterized by intact 
smooth muscle cells with normal nuclei (green circle and green arrowhead, respectively), whereas 
the thermally damaged arteries (H, I) were characterized by shrunken smooth muscle cells (white 
circles) and pycnotic nuclei (yellow arrows). The H&E-stained thermally damaged arteries (K, L) 
revealed vacuolization of smooth muscle cells (orange arrows) and compression of elastin fibers 
(orange arrowheads), which were absent in non-irradiated smooth muscle cells (blue arrows) and 
elastin fibers (blue arrowheads) in the control artery (J). 



112

Chapter 6

Discussion

This study demonstrated the feasibility of sutureless ssLAVA of medium-sized vessels. 
The number of spots required to produce maximally stable welds in vessels of 4.3-5.9mm in 
external diameter was 11 in both the PCL and PLGA ssLAVA groups. However, anastomoses 
produced with PLGA + semi-solid genipin solder obtained higher acute BS and were more 
resilient under ex vivo pulsatile pressure conditions than anastomoses made with PCL 
and semi-solid solder. ssLAVA with PLGA produced an acute BP of 923±56mmHg versus 
703±96mmHg in the PCL group, i.e., values that are well above malignant hypertension 
levels (250mmHg) and that compare favorably to the pressure that intact porcine carotid 
arteries can withstand (1420±99mmHg36). During the pulsatile pressure test, 20% of PLGA 
ssLAVAed arteries failed adhesively, whereas 70% of PCL ssLAVAed arteries underwent 
cohesive failure. Unfortunately, welds in both scaffold groups exhibited notable thermal 
damage following ssLAVA. Apart from its application for vascular anastomosis, this study 
demonstrated the considerable greater welding strength obtained in aortic repairs made 
with PLGA ssLAVR than with BioGlue. Due to the significantly inferior results obtained with 
BioGlue, the discussion will focus only on ssLAVA/R.  

The finding that the highest welding strength was achieved with 11 spots in both 
scaffold groups indicates that a common thermodynamic component dictates the most 
favorable conditions for protein denaturation and cross-linking, irrespective of the polymeric 
scaffold. This is most likely related to the generation of optimal temperatures for protein 
denaturation and cross-linking (pg. 88-89, 95).37,38 Collagen (i.e., adventitia) denatures 
between 59-64°C, whereas BSA denaturation starts at 60°C and peaks at 82°C, whereby 
complete denaturation occurs at above 75°C. In previous work we reported that the 50-s 
irradiation regime induced a temperature increase to 80-85°C, whereby a temperature of 
~80°C was achieved during the first 25s of irradiation (pg. 88-89). The 25-s irradiation 
therefore created temperatures at which both collagen and BSA denaturation was complete, 
likely allowing maximum cross-linking between adventitial and solder proteins. 

In addition to the favorable thermodynamic conditions of the 11-spot regime, the 
scaffolds also played an important role in weld reinforcement and weld sustenance during 
quasi-physiological conditions, albeit the contribution of PLGA scaffolds was superior to 

Figure 7. Mean±SD BS of aortic repairs 
made with PLGA ssLAVR and BioGlue. PLGA 
ssLAVR was performed with PLGA scaffold, 
semi-solid-genipin solder, and single spot 
pulsed lasing, whereas BioGlue repairs were 
prepared by applying approximately 1mL of 
BioGlue onto the coaptation.
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that of PCL scaffolds. The end-to-end anastomoses were performed with a previously 
established optimal solder composition for every scaffold, namely genipin-containing semi-
solid solder for PLGA and semi-solid solder for PCL (pg. 84-86). ssLAVA with PLGA yielded 
higher acute BPs than ssLAVA with PCL, which was in agreement with previous tensile 
strength results obtained with PLGA and PCL LAVR. However, when the ssLAVR-generated 
welds were subjected to hydration in PBS at 37°C for 7 days, the PLGA coaptations 
deteriorated markedly to ultimately yield a similar tensile strength as PCL welds. PLGA 
weld deterioration concurred with water-induced ultrastructural defects at the solder-
tissue interface, which could be reduced to some extent by the addition of genipin to the 
semi-solid solder. In contrast to welds made with PLGA, such ultrastructural defects were 
generally absent in PCL welds, as PCL is more hydrophobic than PLGA and hence more 
water-repellant (pg. 86-87). It was therefore not expected that the PCL welds, would 
exhibit a considerably higher failures rate than PLGA welds during 24-h hydration. 

The present study with ssLAVA confirmed our previous observations that PLGA ssLAVR 
produces stronger cohesive bonds whereas PCL ssLAVR produces stronger adhesive bonds. 
Due to the thermal stability of PLGA (melting point of 148ºC), PLGA scaffolds remain intact 
during ssLAVA/R. As such, the intact PLGA fibers support cohesive bonding. Conversely, 
PCL has a melting point of 62°C (pg. 80, 82). Inasmuch as temperatures of 80-85°C were 
generated at the solder-tissue interface during welding conditions that mimicked a normal 
hemodynamic environment, the PCL fibers melt and coalesce with the denatured albumin 
in the solder and collagens in the adventitia (pg. 84, 87).15 As such, PCL fibers mainly 
promote adhesive bonding. These material properties clearly translated to the type of 
failure observed during the pulsatile pressure test, i.e., adhesive failure after PLGA ssLAVA 
and cohesive failure during PCL ssLAVA. In that respect, a dual-layer scaffold composed of 
an inner PCL layer and outer PLGA layer should be ideal for ssLAVA.39 The melting of PCL 
fibers secures the adhesive bonding while the intact PLGA fortifies the cohesive bonding.

Regardless of the high welding strengths achieved in this study, minimizing the extent 
of thermal damage is fundamental for the successful clinical application of sutureless 
ssLAVA. The 11-spot irradiation regime inflicted full thickness thermal damage to the vessel 
wall. Although several studies reported normal healing to occur after full thickness thermal 
damage,40,41 thermal damage that extends beyond the internal elastic lamina has been 
associated with intimal hyperplasia and aneurysm formation.11,13 A reduction in thermal 
damage can be achieved in several ways, including adjustment of lasing parameters 
(i.e., beam diameter, irradiance, pulse duration, and pulsing regime) (pg. 88-89),20,35,42 
by employing a scaffold embedded with chromophore-containing nanoshells,43 or by 
means of photochemical vessel bonding.44 However, any change in welding protocol may 
concur with a reduction in welding strength and will need to be re-evaluated in a clinically 
representative model as for instance presented here. 

The fact that the ssLAVA modalities described in this study resulted in BPs that are, 
by far, the highest reported in sutureless laser anastomoses of medium-sized vessels17,45 
does not exempt the modality from implementation of further improvements. In light of the 
results and discussion above, further optimization of the modality should focus on (1) the 
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development of a dual-layer scaffold composed of PCL and PLGA to support both cohesive 
and adhesive bonding, respectively, and (2) the fine-tuning of the thermodynamics at 
the solder-tissue interface to control the extent of heat deposition and thermal damage. 
When adhesive and cohesive bonding is significantly improved and the thermal damage is 
considerable reduced, the potentially application of ssLAVA include distal arterial bypass 
in the lower extremities, coronary artery bypass grafting, and microvascular (replantation 
and freeflap) surgery.1

Conclusions 

This study has demonstrated the feasibility of employing ssLAVA as an alternative 
method to make end-to-end vascular anastomoses. The most ideal ssLAVA modality entailed 
the use of PLGA scaffolds with semi-solid genipin solder and 11 lasing spots for vessels 
with a circumference of 4.3-5.9mm. The very high welding strengths notwithstanding, the 
ssLAVA modalities should be fine-tuned so as to reduce the extent of thermal damage to 
the vascular wall. In addition to its future application as the primary means of anastomosis, 
ssLAVR demonstrated potential advantage to substitute the clinically used BioGlue as intra- 
and extravascular sealant.  
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Abstract 
 

Laser-assisted vascular welding (LAVW) is an experimental technique developed 
as an alternative to suture anastomosis. Compared to mechanical anastomosis, LAVW is 
less traumatic, non-immunogenic, provides immediate water tight sealant, and is possibly 
also a faster and easier procedure for minimally invasive surgery. This review focuses 
on technical advances to improve welding strength and to reduce thermal damage in 
LAVW. In terms of welding strength, LAVW has evolved from the photothermal-induced 
microvascular anastomosis, requiring stay sutures to support welding strength, to sutureless 
anastomoses of medium-sized vessels, withstanding physiological and supraphysiological 
hemodynamics. Further improvement of anastomotic strength could be achieved by the 
addition of a chromophore-containing albumin solder and the employment of a polymeric 
scaffold. The strength and the stability of these scaffold- and solder-enhanced LAVW 
(ssLAVW) vessels depend on the degree of intermolecular bonding of albumin molecules 
(cohesive bonding) and the bonding between albumin and tissue collagen (adhesive 
bonding). The persistent challenge of using ssLAVW requires (1) to obtain the optimum 
balance between cohesive and adhesive bonding and (2) to minimize thermal damage. 
The modification of thermodynamics during welding, the application of semi-solid solder, 
and a scaffold that support both cohesive and adhesive strength are essential to improve 
welding strength and to limit thermal damage.
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Introduction

Laser-induced vessel bonding is an attractive alternative for suture anastomosis. The 
technique is based on the sutureless coaptation of vessel segments by photothermal 1-47 
or photochemical48 processes. Photothermal laser vessel bonding currently comprises the 
most frequently employed technique and can be divided into two distinct modalities, namely 
native laser-assisted vascular welding (LAVW)1-45 and modalities where proteinaceous 
solders are used to adjoin vessel segments, namely solder-enhanced LAVW (sLAVW).49-67 
Compared to the conventional suture anastomosis (CSA), the potential advantages of laser 
vascular bonding include a reduction in foreign body reaction, liquid-tight sealing, faster 
healing, and simpler and more rapid alternatives for minimally invasive and endoscopic 
anastomotic techniques.1-3,5,7,8,10-12,14,16,17,22-24,27,28,30,32,35,36,40,44,45,68,69

During photothermal LAVW the radiant energy is converted to heat by the tissue’s 
endogenous chromophores (e.g., water or pigments) or by exogenously applied 
chromophores in the solder, causing denaturation and coagulation of proteins and 
consequent bonding of tissue. The ultimate goal of LAVW is to obtain a coaptation that can 
withstand malignant hypertension pressures (>250mmHg) with minimum thermal damage 
to the vessel wall.  

Unfortunately, LAVW has been associated with several drawbacks that have 
hampered its transition from the experimental to the clinical setting. 40,44,45 The relatively low 
welding strengths and extensive thermal damage currently comprise the most significant 
disadvantages.6,18,20,26,34,44,45 Additional sutures are often required to achieve sufficient 
welding strength.3,5-8,10,12-14,18,20,22,24,26,28,30,32,34-36,40,67,69,70 Thermal damage may extend to 
the basal membrane when the tissue is overheated and cause intimal hyperplasia,7,20 an 
increased rate in thrombosis,7,26 and aneurysms formation.13,15,21,34,38,71,72

In this review, the technical advances performed to improve welding strength and 
to reduce thermal damage in microvessels to medium-sized anastomoses are explored. 
Furthermore, this paper addresses the current status of laser-induced vascular bonding, 
disadvantages and advantages of each LAVW modality, further technical improvements 
required to advance LAVW, and suggests an optimal modality for in vivo and clinical 
application.

Data collection

A literature search was performed in the Medline database. The following keywords 
were used in singular form or as Boolean operators: laser-assisted vascular anastomosis, 
LAVA, laser-assisted vessel repair, LAVR, laser welding, solder, vessel, scaffolds, 
electrospinning, solvent casting and particulate leaching, and biodegradable polymers. 
Relevant articles in which welding had been performed on the urethra, intestine, colon, 
skin, and nerves were included in the initial screening. Manual cross-referencing was 
performed where necessary to retrieve additional data.
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Photothermal laser-assisted vessel welding modalities

Laser-assisted vessel welding 

Principal mechanism
Vascular anastomosis or repair by LAVW is based on the photothermal coagulation 

of collagens.1-3,5-7,9-12,14-23,26-31,33-38,69-75 The welding process begins with the delivery of light 
to a closely adjoined vessels and subsequent absorption and conversion of photons to 
heat by an endogenous chromophore (i.e., water and pigments). The increase in local 
temperature inflicts structural alterations of the protein in the vessel wall, causing protein 
cross-linking and consequent coaptation of the vessel segments. The specific types of 
structural alterations that result in welding are currently elusive.40,44,67 However, the cross-
linking of collagen is considered to play the major role.4,33,40,44 The extent to which these 
interprotein bonds are formed dictates the welding strength.4,33,40,44 

LAVW has been performed to induce vascular anastomoses or to obtain vascular 
repairs (i.e., joining of the two aortic strips or to close a longitudinal incision on the vessel 
wall). Throughout this review the term LAVW refers to both types of welding, whereas 
the terms laser-assisted vascular anastomosis (LAVA) and laser-assisted vascular repair 
(LAVR) refer to the specific regimes.

Laser-tissue interactions
The outcome of laser welding depends on the intensity of heat generation, the extent 

of heat distribution, and the temperature-dependent alteration of the tissue molecular 
structure. The increase in temperature and the distribution of heat (i.e., thermodynamics) 
in the vessel wall determines the amount of collagen cross-linking and thus the welding 
strength. This whole process is linearly proportional to time and exponentially proportional 
to temperature.56,76

Lasing parameters (i.e., wavelength, irradiance (W/cm2), irradiation time (s), and 
irradiation mode (continuous wave or pulsed laser)) along with water and macromolecular 
components of the tissue govern the generation of heat in the vessel wall. The deposition 
of radiant energy in the tissue is dependent on tissue’s scattering index (SI) and absorption 
coefficient. The SI is controlled by the macromolecular structure of the tissue, whereas 
the absorption coefficient is dictated by laser wavelength and the water content in the 
tissue. Water acts as an endogenous chromopore that absorbs and converts incident light 
to heat.40,44,76 Typically, laser penetration in water, namely optical penetration depth (OPD), 
increases with decreasing wavelength. For example, the infrared CO2 laser wavelength 
(λ=10,600nm) is predominantly absorbed by water, resulting in a superficial OPD, 
whereas the visible and near-infrared wavelengths of diode lasers (λ=670-988nm) exhibit 
a significantly greater OPD in tissue. The absorption of some lasers can be selectively 
enhanced by pigment molecules (i.e., hemoglobin and melanin)20,21,30,36,72,77 or exogenous 
dyes, such as indocyanine green (ICG)78 and fluorescein isothiocyanate.53 The extent of 
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heat generation is determined by the laser irradiance (W/cm2, i.e., power output (W) × 
spot area (cm2)), radiant exposure (J/cm2, irradiance × irradiation time (s)), and the laser 
operating mode (i.e., continuous or pulsed mode). Furthermore, the dynamics of heat 
diffusion within the tissue is dictated by the molecular composition of the tissue.   

The variation of thermodynamic profile during welding causes the constant discussion 
regarding which specific types of bonding responsible for LAVW.44 The different laser 
wavelengths, lasing parameters, and tissue molecular compositions produce different 
thermodynamic profiles. The unraveling of collagen 3D structures starts at a temperature 
of approximately 60°C and becomes irreversible when tissue reaches a temperature of 
~64°C.79 Thus, if lasing is terminated at around 70-75°C, welding is achieved by the cross-
linking of the unraveled collagens. Apart from collagen denaturation, thermal damage starts 
at approximately 60°C (by cell necrosis) and peaking at tissue temperature of >80°C, as 
characterized by the increased in membrane permeability.40,76 Thus, the main objectives of 
LAVW are to induce sufficient collagen cross-linking and to minimize thermal damage. To 
obtain these goals welding temperature should be kept in the range of 65-75°C. Alternative 
modulations of thermodynamics to obtain the desired temperature include: (1) a laser 
wavelength with an OPD that is similar to the thickness of the tissue, (2) efficient energy 
absorption in the tissue with minimum scattering, and (3) a sufficient energy output for 
collagens coagulation.33 

Summary of experimental results
The main advantages of LAVA over CSA include the elimination of mechanical trauma 

and suture materials, which leads to a considerable reduction in inflammatory response, 
foreign body reaction, and thrombosis. However, most studies on LAVA did not entirely 
eliminate the suturing. Stay sutures were still employed to support vessel approximation 
and anastomosis strength (Fig. 1). Several studies in which stay sutures were entirely 
omitted and the vessel segments were adjoined using a micro forceps, a balloon catheter, 
or a polyvinyl alcohol splint, reported lower patency rates and were not applicable to any 
vessel sizes.16,17,23

The outcomes of LAVA (i.e., patency, anastomotic strength, thermal damage, and 
complications) are primarily governed by lasing parameters and the type and thickness of the 
target tissue. Fig. 1 demonstrates the superior patency of arterial anastomoses compared 
to the venous anastomoses. The superficial absorption of the CO2 laser (λ=10,600nm) was 
favorable for microvascular anastomosis (Ø≤1mm). However, when operated in continuous 
wave mode, CO2 LAVW was often associated with full thickness thermal damage and a 
high rate of aneurysm formation (Fig. 2A).1,7,12,26,43,70,72,80,80,81 LAVW with a pulsed thulium-
holimum-chromium-doped (THC):yttrium-aluminum-garnet (YAG) laser (λ=2,150nm), 
which has an OPD between that of the CO2 and neodymium(Nd):YAG (λ=1,064nm) laser, 
produced sutureless microvascular anastomoses with bursting pressures of 400±55mmHg 
and thermal damage that was limited to the adventitia.39 Unlike continuous wave lasing, 
pulsed lasing provides better control over heat deposition and prevents excessive heat 
buildup, and hence reduces the extent of thermal damage.39 The Nd:YAG laser was the 
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optimum laser for both microvessels and small-sized vessels (Ø=0.6-1.2mm). Sutureless 
LAVA with an Nd:YAG resulted in good patency and partial thermal damage. Diode lasers 
(λ=810-988nm) produced supraphysiological welding strength (Fig. 2B) but exhibited full 
thickness thermal damage in microvessel LAVA. The thermal damage was associated with 
an increased rate of thrombosis and aneurysm formation.14,31,34,35 Diode lasers are therefore 
more suitable for LAVA of medium-sized vessels. To prevent excessive heat generation, 
LAVW with argon lasers (hemoglobin absorption) is often performed in conjunction 
with saline solution irrigation during welding. LAVW with saline solution irrigation resulted 
in lower welding temperatures (i.e., 50°C vs. 80°C for CO2 LAVW)21,30,36,71,77 and was 
associated with a decreased risk of thrombosis.30 

Furthermore, welding strength is dictated by power output, irradiance, and radiant 
exposure.38,78 Lower power output is favorable because higher welding strengths are typically 
produced (Fig. 2B). Irradiance and pulse duration are the most important parameter to 
define thermodynamics during welding. Unfortunately, not many studies reported these 
parameters.

Drawbacks of LAVW
Despite numerous efforts to accommodate lasing parameters to the type and thickness 

of tissue, LAVW is still far from clinical application. In most instances, stay sutures are 
required to obtain a welding strength that is comparable to suture anastomoses. In fact, 
in the only clinical study on vessel welding, LAVW was employed as an adjunct to suture 
anastomosis,82 which largely nullifies the entire purpose of LAVW. In that respect, Bass et 
al.40 declared that, unless welding strength can be improved while eliminating the use of 
stay sutures, LAVW cannot be used for the purposes of making primary anastomoses.40 
Furthermore, ambiguous endpoints, inconsistent results, and extensive thermal damage 
remain major drawbacks that hinder the transition to the clinical setting.40,56 

Figure 1. Summary of the percentage of immediate patency obtained with LAVA using different 
laser wavelengths on vessels of various sizes. All welds were performed with the use of stay 
sutures unless indicated (*). Microvessels, small-, and medium-sized vessels indicate vessel sizes 
of ≤1mm (i.e., vessels of a rat), 1-2mm (i.e., vessels of a rabbit), and 2-7mm (i.e., vessels of a pig), 
respectively.
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Solder-based laser-assisted vessel welding (sLAVW)

Principal mechanism
To eliminate the requirement of stay sutures and to improve the welding strength, 

protein solders have been employed to facilitate laser tissue welding. Procedurally, a 
thin layer of protein solder, either in liquid, semi-solid, or solid state is applied on the 
interface of the adjoined vessel segments. Laser irradiation denatures both solder and 
tissue proteins, resulting in cross-linking of proteins in the solder and the adventitia and 
consequent adhesion of the coagulated solder to the vascular wall. Hence, the fortifying 
effect of sLAVW is derived from the bonding between solder and tissue proteins (adhesive 
bonding) and the bonding between solder proteins (cohesive bonding).40 

Solders may be photocoagulated with a water-targeting laser such as the CO2 
laser67 or with visible lasers using a wavelength-specific chromophore dissolved in the 
solder.24,49-51,53-55,57,58,60,61,63-66,83,84 The chromophore enables the absorption of visible light, 
causing heat generation in exclusively the solder layer, thereby shielding the deeper vascular 
layer from thermal damage when the proper laser parameters are employed. Indocyanine 
green (ICG) and methylene blue (MB) are the most commonly used chromophores in sLAVW. 
Other chromophores that have been used in sLAVW include fluorescein isothiocyanate53 and 
food colorings (i.e., red #40, blue #1, and green consisting of yellow #5 and blue #1).85

Laser-solder interactions
As with LAVW, the thermodynamics in sLAVW involve the absorption of laser light by 

the chromophore-containing solder, heat generation, and heat diffusion throughout the 
solder and into the upper vascular layer. The possibility to predetermine the absorption 
coefficient (by the choice of chromophore) and to modulate chromophore concentration 
has made chromophore-attuned visible light lasers favorable for sLAVW. 

The goal of sLAVW is to deposit heat in the solder, but mainly at the solder-tissue 
interface, to ensure protein denaturation and subsequent cross-linking between solder 
proteins and adventitial proteins. Several factors play an important role in sLAVW. First, light 

Figure 2. Aneurysm rate plotted as a function of follow up time (A) after LAVA at different laser 
wavelengths and immediate welding strengths (expressed as bursting pressure) as a function of 
laser power (B).
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should preferably penetrate throughout the entire solder in order to ensure sufficient heat 
generation at solder-tissue interface. Consequently, the chromophore density in the solder 
is critical for achieving optimal welding strength. The optimum chromophore concentration 
is defined as the concentration at which absorption in the solder is roughly homogeneous 
across the full thickness of the solder. An intrasolder chromophore density that is too low 
will result in subcritical heat production and insufficient protein denaturation, yielding low 
welding strength. Contrastingly, an intrasolder chromophore density that is too high will 
induce optical shielding and extreme heating in the upper solder layer, resulting in charring 
and/or over-coagulation at the upper solder layer with insufficient cross-linking at the 
solder-tissue interface. Such a process would also produce weak and unstable welds (Fig. 
3A). Naturally, the intensity of heat generation is also defined by lasing parameters (i.e., 
irradiance, fluence pulse duration, and irradiation mode). 

Second, heat distribution throughout the solder is influenced by the solder’s thermal 
properties, namely the solder’s heat conductivity and diffusivity. In that respect, it has been 
reported that solders with higher concentration of albumin (i.e., 50% or more) distribute 
heat more efficiently than lower concentration solders.83,84 The efficiency of heat distribution 
in the solder of higher albumin concentration, is reflected by its denaturation pattern. The 
solder transmits heat to the base of the solder and causes denaturation at the base of 
the solder. This type of denaturation allows homogeneous heat distribution across the full 
thickness of the solder, coagulating the entire solder layer, and the transmission of heat 
to the solder-tissue interface, facilitating cross-linking of albumins and tissue collagens. 
The lower concentration of albumin solder, on the other hand, does not transmit heat to 
the base of the solder and therefore starts to denature at the solder superficial layer. The 
increase in back scattering, with solder denaturation, impairs transmission of heat to the 
entire solder layer.83,84 As a result, high concentration albumin solders produced stronger 
welds than lower concentration albumin solders (Fig. 3B).83,84 

Finally, the amount of energy requires to denature proteins in the solder and the 
vascular wall is governed by the heat capacity of the solder and tissue, respectively.52,84 

Figure 3. Welding strength obtained by sLAVR performed with (A) different concentration of 
methylene blue (MB) and (B) different concentration of bovine serum albumin (BSA). In (A) MB was 
dissolved in 41% porcine serum albumin (PSA) and sLAVR was performed with a 670nm diode 
laser. In (B) sLAVR was performed with an 808nm diode laser and a 0.25mg/ml indocyanine green 
dye. (*) indicates that stay sutures were used during sLAVR.



127

Chapter 7

The heat capacity of albumin solders varies between species.52 In comparison to albumins 
from human, porcine, and canine source, bovine serum albumin (BSA) has the lowest and 
narrowest denaturation peak, i.e., between 58-81°C (pg. 95).52 Human serum albumin 
(HSA), on the other hand, possesses the highest and widest denaturation range (59-
94°C).52 Due to the lowest heat capacity, BSA solder requires the least energy (i.e., heat) 
to coagulate. Accordingly, welding with BSA solder is associated with the lowest risk 
of thermal damage compared to solders composed of albumin from other mammalian 
sources, and is therefore the most favorable solder material in sLAVW.52 On the basis of 
laser-solder interactions, soldering strength is determined by (1) lasing parameters, (2) 
chromophore concentration, (3) source of solder, (4) concentration of solder, and (5) state 
of solder.

Summary of experimental results
sLAVW increases welding strength by at least 25% compared to LAWV.40,41,61 Fig. 

4A summarizes the welding strengths achieved with sLAVR using different wavelengths, 
different source of solder, and different solder compositions. In correspondence with the 
La Place law, which states that the tension on the wall of a sphere is the product of 
the pressure times the radius of the chamber (T=P × r) and the tension is inversely 
related to the thickness of the wall, sLAVR on small- and medium-sized vessels achieved 
lower bursting pressures than the microvessel repairs. Despite the addition of solder, stay 
sutures were still required to support anastomoses in half of the studies (Fig. 4A). Due to 
its low OPD, the CO2 laser was mostly used for microvessels sLAVWs, whereas the Nd:YAG 
(1,320nm) and diode lasers (1,900, 808, and 670nm) were commonly used in welding of 
small- and medium-sized vessels. The combined use of a diode laser in sLAVW resulted 
in better patency, less thermal damage, and less thrombus formation compared to the 
Nd:YAG laser.62,67,86 To optimize welding strength in CO2-mediated sLAVR of medium-sized 
vessels, Wolf-de Jonge et al. utilized a 2- or 3-pass scanning regime at increased radiant 
exposures (Fig. 4B).67

As previously stated, the thermodynamic profile during welding is a major factor that 
determines welding strength. Of importance is the manner in which a thermal gradient 
evolves between the nucleation centers (there where light absorption occurs, i.e., the 
chromphore molecules) and the non-absorbing regions and the consequent pattern of 
heat diffusion. More homogenous heating of the solder/tissue at lower chromophore 
concentrations produces a narrower temperature gradient that has been associated with 
stronger repairs than welds made at higher concentration dyes, where the heating is 
more heterogeneous and characterized by steeper thermal gradients (Fig. 3A, 4C).51,56,61 
Alternative modulations of the thermodynamics during sLAVW includes the separate 
application of chromophore and solder57 and the employment of a solid solder film 
containing a chromophore gradient.58 These modalities yielded further increases in welding 
strength.57,58 The separate application of solder and chromophore, however, resulted in 
extensive thermal damage.57 
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In addition to enhancing energy absorptions, the color changes of chromophore 
provides visual cue to terminate irradiation or advancing lasing to an adjacent spot.50,63,87,88 
ICG turns tan, brown, and black to indicate smooth drying, gritty drying, and carbonization, 
respectively 63,87,88. MB, on the other hand, turns white upon heating (i.e., the leucofom of 
MB). The fading of MB automatically switches off heat production.50 Hence, based on its 
color change, MB has an advantage over ICG. 

The variations of solders used in sLAVW are also demonstrated in Fig. 4A and 5. 
Blood and fibrinogen were the first solders used in microvascular sLAVW (Fig. 4A).54,64,66 
However, stay sutures were required to increase the welding strength. As previously stated 
(Laser-solder interactions), due to its lower heat capacity BSA requires lesser irradiance to 
optimize welding strength compared to the HSA solder (Fig. 5A).56,63 

Furthermore, on the basis of its superior heat conductivity and diffusivity, the 60% 
solid BSA film requires lower irradiance and shorter irradiation time than the 25% BSA 
solder (Fig. 5B).56 Consequently, the solid solder exhibited lower surface temperature, 
i.e., 85°C (vs. 125°C of liquid solder) and showed reduction in thermal damage compared 
to the liquid solder.56 The higher albumin concentration and the solid state of the solder, 
which support stronger cohesive bonding and better positioning on the bonding area, 
respectively, are additional advantages of high albumin concentration solid solders. 
Hence, in comparison to the 25% BSA sLAVR, the 60% solid solder film increased welding 
strength by 173% (Fig. 5B) and exhibited thermal damage limited to the adventitial layer.56 
Modification of the solid solder in the form of a BioWeld ring produced intact sutureless 
end-to-end anastomoses. However, the rigidity of the solder resulted in changes of vascular 
compliance.89 

Drawbacks of sLAVW
 Regardless of the improvement of soldering strength and the reduction in thermal 

damage, sLAVW was mainly performed as in vitro sLAVR.24,50-53,55-58,61-63,65,67,84 Several 
important issues apply to in vivo sLAVA, including: (1) the insufficient strength in small-

Figure 4. Summary of welding strengths achieved by sLAVR in micro-, small-, and medium-sized 
vessels performed at different laser wavelengths (A) and radiant exposures (B). In (B), sLAVR was 
performed in medium-sized vessels with a CO

2
 laser (λ=10,600nm) at an irradiance of 13.9W/cm2 

(*) indicates that stay sutures were used during sLAVR. Microvessels, small-, and medium-sized 
vessels indicate vessel sizes of ≤1mm (i.e., vessels of a rat), 1-2mm (i.e., vessels of a rabbit), and 
2-7mm (i.e., vessels of a pig), respectively.
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to-medium-sized vessels sLAVA (Fig. 4A), (2) the inconsistency of results in liquid solder 
sLAVA as a result of solder leakage, (3) the rigidity of solid solder film that hinders vascular 
application, and (4) the solubility of the solder in physiologic environment. Pre-denaturing 
the solder prior to application, decreases solder solubility but also reduces the welding 
strength.58,90,91 Drenching a biodegradable scaffold in a liquid solder is considered a better 
solution to minimize solder solubility and to increase soldering strength. Furthermore, the 
flexibility of the scaffold is more favorable for vascular applications than solid solder films.58

Scaffold- and solder-enhanced laser-assisted vessel welding (ssLAVW)

Principal mechanism
Scaffold-enhanced sLAVW (ssLAVW) comprises the employment of a polymeric 

scaffold to enhance cohesive bonding of the liquid solder during sLAVW.92-102 A semi-porous 
scaffold composed of biocompatible polymeric material is drenched in chromophore-
containing solder, placed over the coaptation, and irradiated. The scaffold provides an 
intertwining fiber network to fortify the thermally coagulated solder. To date, poly(lactic-
co-glycolic acid) (PLGA) and poly(ε-caprolactone) (PCL) are the only two polymers used 
as reinforcement materials in experimental ssLAVW.

The use of a polymeric scaffold increases welding strength by ~2-fold.96,101 Moreover, 
the possibility of producing tube scaffolds allows future application for end-to-end or end-
to-side anastomosis of medium-sized vessels.58,96,101 In addition to vascular anastomosis, 
ssLAVW is also suitable as an immediate extra-vascular sealant.98,103 
 
Laser-scaffold interactions

Principally, the thermodynamics in ssLAVW are similar to sLAVW. Lasing parameters 
and the solder’s optical and thermal properties remain pivotal for heat generation and the 
dynamics of heat distribution within the solder/scaffold coagulum. However, the scaffold 
physical properties (i.e., scaffold thickness and the degree of porosity) affect the SI. 

Figure 5. Summary of welding strengths achieved by sLAVR in medium-sized vessels (Ø=2-7mm, 
i.e., vessels of a pig) performed at different ICG concentration (A) and different irradiance (B). In (A) 
ssLAVR was performed with either bovine serum albumin (BSA) solder or human serum albumin 
(HSA) solder and completed with an 808-nm diode laser. In (B) ssLAVR was sLAVR procedures 
were performed with an 810-63 and an 808-nm56 diode lasers.



130

Chapter 7

Scattering increases with increasing scaffold thickness and fiber density.96 In consequence 
to an increasing SI, ssLAVW requires higher radiant exposure to obtain optimum soldering 
strength compared to sLAVW.58,101 

Based on the laser-(solder)-scaffold interactions, welding strength of ssLAVW is 
governed by (1) lasing parameters, (2) chromophore concentration, (3) solder and scaffold 
application procedure, (4) characteristics of the solder, and, most importantly, (5) the 
characteristics of the scaffold. 

Summary of experimental results
Figs. 6 and 7 depict the relationship between lasing parameters and chromophore 

concentration as a function of welding strength, respectively. The majority of ssLAVW 
studies was performed in vitro as ssLAVR of small- and medium-sized vessels and utilized 
either a 670-nm or an 806-810-nm diode laser.92-102 Fig. 6 shows the improvement in 
welding strength with increasing power and irradiance. Due to the increased SI, ssLAVR 
required higher power, irradiance, and chromophore concentration to achieve similar 
welding strength to sLAVR (Fig. 6 vs. Fig. 4C, D, respectively). Consequently, ssLAVR 
exhibited more extensive thermal damage than sLAVR.58  

Next to lasing parameters and chromophore concentration, welding strength in 
ssLAVR is dictated by the application method of solder and scaffold (Fig. 7A, B).96,101 

Drenching the scaffold in a solder before applying it onto the coaptation reduces solder 
leakage.58,101 However, scaffold impregnation with solder likely causes heat generation at 
the scaffold anterior surface and impaired heat distribution to the solder-tissue interface 
and hence weaker welds than the non-presoaking technique.96,101 In contrast to the scaffold 
presoaking technique, the application of the scaffold to a solder-coated coaptation enables 
heat production at the solder-tissue interface and thereby resulting in more homogenous 
solder coagulation. Hence, this non-presoaking technique yielded stronger and more 
stable welds than the presoaking technique (Fig. 7A). The non-presoaking technique, 
however, was associated with an increased risk of extensive thermal damage due to the 

Figure 6. Breaking force obtained with ssLAVR performed at different powers (A) and irradiances 
(B). ssLAVR in58,100,101 were performed with poly(lactic-co-glycolic acid) (PLGA) scaffold, indocyanine 
green-containing 50% bovine serum albumin (BSA) solder, and an 806-nm diode laser, whereas 
ssLAVR in97 was performed with poly(ε-caprolactone) (PCL) scaffold, a solder containing 48% 
BSA, 0.5% methylene blue, and 3% hydroxypropylmethylcellulose and a 670-nm diode laser. All 
experiments were performed on porcine aortic strips.
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distribution of heat to the vessel wall and the leakage of chromphore-containing solder 
through the coaptation.96,102 The thermal damage and leakage issues can be avoided by 
grafting chromophore-encapsulating nanoshells to the scaffold.99 This newest technical 
advances in ssLAVR provides better control over heat deposition and eliminates the leakage 
of chromophore-containting solder, which may cause thermal damage to the tissue. 

Fig. 8 demonstrates the influence of solder composition and the scaffold’s thermo-
mechanical properties on acute and post-hydration welding strength. As with sLAVR, higher 
concentration of protein in the solder produced stronger repairs than lower concentration 
protein.90,92,93,97,101,102,104 The reduction in solder leakage was established by semi-solidification 
of the solder. The addition of a gel-forming agent such as hydroxypropylmethylcelullose 
(HPMC) or hyaluronic acid (HA) increased solder viscosity and was associated with a 1.8-
fold increase in welding strength.90,97,101,102,105,106 Our recent results revealed the highest 
acute welding strength was produced with the combination of semi-solid solder and the 
high melting point PLGA scaffold (148°C) (Fig. 8A). However, the hydrophilic properties of 
the PLGA scaffold caused deterioration of welding strength when incubated in physiological 
buffer (Fig. 8B). SEM analysis revealed a water-induced loosening of cohesive and adhesive 
bonding in post-hydration PLGA ssLAVRed porcine aortas. The stability of PLGA ssLAVR 
was improved with the addition of genipin. This protein cross-linking agent chemically 
enhances cohesive and adhesive bonding and thereby increases the stability of the weld 
(Fig. 8C) (pg. 85-86).106 With the addition of genipin, 80% of end-to-end sutureless PLGA 
ssLAVAed carotid arteries withstood a 24-h ex vivo hemodynamic test without failing (Fig. 
9) (pg. 108-109).

In contrast to PLGA ssLAVR, porcine aortas welded with the low melting point PCL 
scaffold (Tm=62ºC) were stable up to 14d of hydration in physiological buffer (Fig. 8D). 
The stability of the PCL scaffold under quasi-physiological conditions is possibly derived 
from the hydrophobicity of the scaffold material and the enforcing effect of the melted 
fibers on adhesive bonding (pg. 83-87, 91-92).93 Unfortunately, when a substantial amount 

Figure 7. Summary of welding strength achieved with ssLAVR plotted as a function of methylene 
blue concentration (A) and indocyanine green concentration (B). In (A) ssLAVR was performed 
with a 50% bovine serum albumin (BSA) solder, poly(ε-caprolactone) (PCL) scaffold, and a 670-
nm diode laser. In (B) ssLAVR was performed with a 50% BSA solder, poly(lactic-co-glycolic acid) 
(PLGA) scaffold, and an 806-nm diode laser.101 SsLAVR in (A) was performed on porcine carotid 
arteries,96 whereas in (B) ssLAVR was performed on porcine101 and rabbit aortic strips.93,99
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of heat was applied, e.g., during 11-spot ssLAVA of end-to-end anastomosis using carotid 
arteries, the PCL scaffolds failed to sustain welding strength. The lasing modality apparently 
melted and weakened the PCL scaffolds, resulting in only 30% anastomoses passing the 
24-h pulsatile pressure test (Fig. 9) (pg. 108-109).  

Finally, welding strength is significantly determined by the physical properties of the 
scaffold, namely the degree of porosity, fiber diameter, and scaffold thickness (Fig. 10). At 
a similar type of polymer, lasing- and solder properties, a highly porous scaffold decreases 
the SI and increases solder penetration, thus obtaining higher soldering strength than the 
non-porous and tightly packed scaffolds.58,96,102 

Drawbacks of ssLAVW
As a consequence of scaffold-improved cohesive bonding, the adhesive bonding 

strength has become the weak point in ssLAVW.95,102 The weak adhesive bonding is 
detrimental to the strength and the stability of the coaptation.95,97,102 Technical advances to 
improve adhesive bonding (e.g., applying the scaffold to the solder-coated coaptation or 
altering lasing modality to  single spot irradiation) resulted in substantial thermal damage 
(Fig. 11).97,102 Evidently the challenge in ssLAVW lies in obtaining the optimum balance 
between cohesive and adhesive bonding and minimizing thermal damage. SsLAVW is 
currently the most promising modality for clinical application. 

Figure 8. Summary of acute breaking force (A) obtained by poly(lactic-co-glycolic-acid)(PLGA) 
and poly(ε-caprolactone) (PCL) ssLAVR as a function of solder composition and solder application 
procedure and post-hydration breaking strength of PLGA (B,C) and PCL (D) ssLAVR plotted as a 
function of hydration time. (*) represents the level of significance the 0-d hydration subgroup, (†) 
indicates the level of significance versus aortas welded with PCL and bovine serum albumin (BSA)-
hydroxypropylmethylcellullose (HPMC) solder at the respective time point, and (§) defines the level 
of significance between the respective subgroups in B (PLGA and solder-containing BSA-HPMC) 
vs. C (PLGA and solder-containing BSA-HPMC-genipin (gen)). In (A) ssLAVR was performed 
with an 808-810-nm90,92,93,102,103 and a 670-nm (Pg. 87)97 diode lasers. ssLAVR in B,C, and D were 
performed with a 670-nm diode laser. All experiments, except for,92,93 were performed on porcine 
aortic strips. In 92,93 ssLAVR was performed on rabbit carotid arteries. Bar graphs without reference 
numbers represent our recent work (chapter 5).
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Potential improvements in ssLAVW

Improvement of cohesive bonding
The quality of cohesive bonding in ssLAVW is dictated by (1) the thermodynamics 

in the solder, (2) the composition of the solder, and (3) the thermo-mechano-physical 
properties of the scaffold. 

Uniform solder coagulation is imperative for strong cohesive bonding. To enable 
uniform solder coagulation radiant energy should be deposited preferably at the base 
of the solder (i.e., the area closest to the solder-tissue interface). This type of heat 
evolution distributes heat to the entire solder layer, homogenously coagulates the solder, 
and thus produces strong cohesive bonding. Alternative modulations of the welding 
protocol aimed at achieving homogenous solder denaturation include the reduction in 
scattering,58,96,102 adjusting chromophore concentration and lasing parameters to enable 

Figure 9. Kaplan-Meier-type plots of the percentage of intact arteries as a function of pulsatile 
perfusion time. PCL ssLAVA was performed with the combination of an electrospun poly(ε-
caprolactone) (PCL) scaffold and a solder containing 48% bovine serum albumin (BSA), 0.5% 
methylene blue (MB), 3% hydroxypropylmethylcellulose (HPMC), whereas PLGA ssLAVA employed 
the combination of an electrospun PLGA scaffold and a solder containing 48%BSA, 0.5%MB, 
3%HPMC, 0.38%genipin. ssLAVR was performed on porcine carotid arteries (external diameter of 
Ø=3.9-5.3mm) and completed with 11 spots irradiation of a 670nm diode laser.

Figure 10. Summary of welding strengths achieved with poly(lactic-co-glycolic-acid) (PLGA) 
ssLAVR (A,B) and poly(ε-caprolactone) (PCL) ssLAVR (C) of porcine aortic strips. ssLAVR in (A) 
was performed with a solvent-casted particulate-leached PLGA scaffold, a solder containing 50% 
bovine serum albumin (BSA) and 0.5mg/ml indocyanine green (ICG), and an 806-nm diode laser. 
ssLAVR in (B) was performed using an electrospun PLGA scaffold, a solder containing 48% BSA, 
0.5% methylene blue (MB), and 3% hydroxypropylmethylcelullose (HPMC), and a 670-nm diode 
laser. ssLAVR in (C) was performed with electrospun PCL scaffold, a solder containing 50%BSA 
and 0.5%MB, and a 670nm diode laser. 
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homogenous heat distribution across the solder layer,96,102 and the simultaneous delivery of 
radiant energy to the entire coaptation.59,97 The employment of a porous scaffold reduces 
scattering and thus enhances heat transmission across the solder/scaffold layer.58,96,102 
The chromophore concentration and lasing parameters (i.e., irradiances, pulse duration, 
and laser operating mode) dictate the deposition and distribution of heat across the 
solder layer. These parameters have to be determined empirically. Next, uniform solder 
coagulation can be produced by simultaneous and homogenous irradiation of the entire 
coaptation. The homogenous delivery of radiant energy however, increases the risk of 
extensive thermal damage and therefore has to be paired with the optimum combination 
of irradiances, irradiation time, and lasing mode. For repairing aortic strips or sealing, a 
single beam emitting low irradiance intermittent lasing is sufficient to provide homogenous 
heat distribution while limiting thermal damage (pg. 88-90). However, for an end-to-end 

Figure 11. Welding strength (A), solder-tissue temperature (B,C), SEM images of solder (S)–tissue 
(T) interface (D,E), and the degree of thermal damage (G,H) of scanning vs. single spot lasing 
modalities. (A) Presents the acute breaking strength of scanning vs. single spot lasing (n=10/
group). In B & C, the red line indicates the termination of laser irradiation. In D & E, white arrows 
are pointing to the solder solder-tissue interface, whereas black arrows indicating the gap at the 
solder-tissue interface. Red circle designates the fibrous solder/scaffold coagulum, while yellow 
circle defines the compacted solder/scaffold coagulum. Native (non-irradiated) aorta (F) was used 
as control. Low magnification images of PR-stained samples viewed under polarized light illustrate 
the extent of thermal damage (TD) between scanning (G) and single spot lasing (H).
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anastomosis, homogenous solder coagulation requires a 360° uniform and simultaneous 
irradiation to the entire vessels coaptation.59 In sLAVA, Ott et al. combined an intralumenal 

laser probe centered in a balloon catheter and external application of a solder.59 The 
intraluminal irradiation simultaneously generates heat from inside the vessel wall, radiating 
heat from the solder-tissue interface to the outer layer of the solder.59 However, the internal 
irradiation is likely limited to small-sized vessels with a wall thickness of ≤0.3mm.59,92,93,99 
In contrast to intralumen irradiation, we suggest that 360° external irradiation, employing 
several aiming beams attached to a clip probe, could potentially emit simultaneous and 
uniform radiant energy and would be more applicable to any vessel size. This 360° external 
irradiation, however, may be associated with more extensive thermal damage compared 
to intralumen irradiation. To limit thermal damage, external irradiation should be operated 
in continuous wave laser with cooling intervals (i.e., intermittent irradiation) or in an 
ultra-fast radiation of pulsed laser (e.g., picosecond laser pulses).107 The combination of 
continuous wave irradiation and cooling intervals, facilitates heat distribution to the solder-
tissue interface and prevents excessive heat build up in the underlying tissue. Recently we 
have demonstrated the reduction in thermal damage without affecting welding strength 
with intermittent lasing. In contrast to continuous wave lasers that distribute heat to the 
deeper layer via conduction, the pulsed laser enables sufficient heat generation at the 
solder-tissue interface without over-coagulating the solder superficial layer. The pulsed 
laser produced stable welds with minimum thermal damage.107

Next to the control over thermodynamics during welding, cohesive bonding depends 
on solder compositions. Due to the greater protein density and the its thermal properties, 
which transmit heat more efficiently to the base of the solder, high protein concentration 
semi-solid solder is more favorable for cohesive bonding than the lower protein concentration 
liquid solder.58,90,92,93,97,99,101 

Recently we have shown that the cohesive bonding is governed by the physico-
mechanical and thermal properties of the scaffold. Porous scaffold enhances the 
penetration of the solder in the scaffold thereby improving cohesive bonding.58,96,101,102 
Moreover, cohesive strength is also influenced by the mechanical strength of the scaffold. 
This mechanical strength is dictated by the thickness of the scaffold and, in the case of 
electrospun scaffolds, by the fiber diameter of the scaffolds.96 Hence, the ideal scaffold 
has to possesses the optimum balance between fiber diameter, porosity, and scaffold 
thickness.96 Furthermore, cohesive bonding is defined by the thermal properties of 
the scaffold. Ultrastructural analysis and mechanical tests on PCL and PLGA scaffolds 
confirmed that the high melting point PLGA (148°C) did retain their fiber integrity and 
therefore resulted in stronger bonds than the low melting point PCL (62°C) that melted 
after irradiation, both as free solder-impregnated scaffold and as a scaffold imposed on a 
vascular segment during ssLAVW. Nevertheless, welds made with PLGA scaffold and semi-
solid albumin solder are less resistant against physiological conditions and tend to degrade 
faster than PCL welds (pg. 83-84) (Fig. 8B vs. Fig 8D, respectively). The instability of PLGA 
scaffolds in physiological solution can be improved by the addition of genipin to the solder 
or by substituting PLGA with the more stable poly(lactic-acid) (PLA) scaffold.108 
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Improvement of adhesive bonding
In both solid solder sLAVW and ssLAVW the weakest link lies in the adhesive 

bonding.58,81,95,102 The strength of adhesive bonding is dictated by the thermodynamics 
at the solder-tissue interface,56,58,97,102 the solder properties,97 the melting point of the 
scaffold,93 and the hydrophobic properties of the scaffold material (pg. 80-82, 87, 91-92). 

Adhesive bonding is predominantly dependent on the evolution of heat at the 
solder-tissue interface.56,58,97,102 To optimally cross-links albumin and tissue collagens the 
temperature at the solder-tissue interface has to reach at least 62-67ºC.100 However, due to 
the difficulty in controlling heat evolution during welding, focusing heat at the solder-tissue 
interface potentially increases the risk of inflicting extensive collateral thermal damage. 
Therefore, the adjustment of the chromophore concentration remains as the first step 
towards proper heat deposition. Second, the fine-tuning the lasing parameters (i.e., laser 
probe, lasing mode, irradiances, and irradiation time) provide controls over heat deposition 
and the limitation of thermal damage. The combination of external application of solder 
(and scaffold) and a 360° intralumen irradiation, operated in low irradiance continuous 
wave laser, causes heat generation to radiate from the solder-tissue interface to solder 
superficial (outer) layer. So, the intralumenal irradiation improved adhesive bonding and 
minimized thermal damage.59 However, this technique is limited to micro- and small-sized 
vessels (Ø≤2mm or wall thickness≤300µm). As previously described (Improvement of 

cohesive bonding) the anastomosis of the medium-sized vessel (Ø=2-7mm) may require 
the 360º simultaneous external irradiation instead. To ensure optimum adhesive bonding 
while preventing thermal damage, the 360º the lasing has to be performed with either a 
continuous wave laser operated as intermittent irradiation or by employing a pulsed laser 
(Improvement of cohesive bonding). 

Adhesive bonding is also dependent on the combination of solder compositions and 
the properties of the polymer used. As previously discussed (Laser-solder interactions 
and Improvement of cohesive bonding) solder with higher concentration albumin allows 
more efficient heat transmission than the solder with lower albumin concentration. With 
optimum chromophore concentration and lasing parameters, denaturation that starts at 
the solder baser, as observed in higher albumin concentration solder, potentially produces 
stronger adhesive bonding than the superficial denaturation, seen in lower albumin 
concentration solder. Furthermore, adhesive bonding can be increased by the addition of a 
protein cross-linking agent. Genipin chemically cross-links albumins to tissue collagens and 
thus improves adhesive bonding.106,109 The addition of genipin protects the PLGA ssLAVW 
from the water-induced deterioration welding strength (pg. 85-87). However, when stable 
scaffolds like PCL were used, the semi-solid albumin solder is sufficient to retain the 
stability of aortic repair. The hydrophobicity of PCL scaffold and the low melting point of 
PCL scaffold produce welds that retain their strength during 14d hydration in physiological 
buffer. The hydrophobicity of PCL scaffold prevents the welds from the water-induced 
deterioration of welding strength. Moreover, with welding temperature rising to ~80°C, 
PCL fibers melt and coalesce with solder and with tissue collagens, thus enhancing the 
adhesive bonding.93 Unfortunately, when a significant amount of heat was generated, i.e., 
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during the 11 spots irradiation of end-to-end ssLAVA, PCL ssLAVAed arteries lost their 
welding strength during the 24-h pulsatile test and yielded a lower success rate compared 
to PLGA ssLAVAed arteries. 

Photochemically laser-assisted vessel bonding

Considering the thermal damage in the photothermal-based tissue bonding, recently 
researchers introduced the photochemical-based reaction to create vascular anastomoses.48

Photochemical tissue bonding (PTB) uses a visible light laser (e.g., green-light laser) 
in combination with a photosensitizer (e.g., rose bengal (RB)) as a catalyst to induce 
immediate bonds and a water tight seal between coaptated tissues. Prior to laser irradiation, 
the photosensitizer is applied over the external surface and inside surface of the proximal 
and distal vessel stumps, respectively. The proximal segment is then inserted inside the 
distal segments and tissue apposition is maintained with a balloon catheter. Anastomosis 
is completed with continuous irradiation of visible light laser.48 The modality has also been 
successfully used in skin and nerve bonding.110,111 

The precise bonding mechanism in PTB remains elusive, but most likely involves the 
cross-linking of collagen type I.112 In photochemical reactions, photosensitizers absorb 
the incident light and transfer an excited state electron or energy to molecular oxygen, 
generating superoxide anion or singlet oxygen, respectively. These reactive oxygen 
species cause irreversible oxidations of essential cell structures and induce collagen 
cross-linking.48,112 Laser fluence rate and the concentration of the photosensitizer are the 
governing parameters in photochemical reactions.48,76 Unlike photothermal reactions during 
(ss)LAVW, which are intended to increase the tissue or solder temperature to at least 62°C, 
photochemical reactions during PTB only increase the temperature to ~30°C.48,76,113,114

PTB has just recently been introduced in microvascular surgery as a potential alternative 
to microvessel welding. The low lasing parameters used did not induce any temperature 
increase and yielded supraphysiologic bursting pressures of 1,100±150mmHg without 
inflicting collateral thermal damage. Similar to (ss)LAVW, PTB provided an immediate liquid 
tight sealant and obtained 100% patency in an in vivo setting.48 

In photodynamic therapy the absorption of green light by RB causes the production 
of singlet oxygen that initiates cell damage, and thereby kills the tumor cells. In the case of 
PTB however, a recent report on PTB of skin revealed that the photochemical reaction does 
not induce cell damage. The low irradiance and the low RB concentration used showed no 
toxicity to porcine skin.115 

Future perspectives

The ultimate goal of laser-induced tissue bonding is to produce strong and durable 
anastomosis with minimum thermal damage to allow normal healing. LAVW has evolved 
from microvascular anastomoses, which still required stay sutures to support anastomotis 
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strength, to sutureless anastomoses of medium-sized vessels that withstand physiological 
and supraphysiological pressures. The addition of a chromophore-containing solder 
improves welding strength by creating an effect similar to using a glue or sealant. The 
sLAVW modality omits the requirement of stay sutures and limits the collateral thermal 
damage. Recent advancement of LAVW, is based on the employment of a polymeric 
scaffold that fortifies the coagulated solder and thus enhances the cohesive bonding. The 
reinforcement of cohesive bonding consequently leaves adhesive bonding as the weakest 
point. Regardless of the strong cohesive bonding, poor adhesive bonding capacity leads to 
unstable welds (i.e., welding strength deteriorates when incubated in physiologic buffer). 
Improving the adhesive bonding by altering the lasing modality resulted in an increase in 
post hydration welding strength but inflicted more extensive thermal damage. Thus, prior 
to making the modality available in the clinic, the challenge in ssLAVW lies in establishing 
the optimum balance between cohesive and adhesive bonding while minimizing thermal 
damage. 

Future technical advances to establish a balance between cohesive and adhesive 
bonding are multimodality approaches combining (1) the optimization of the thermodynamic 
at the solder layer and solder-tissue interface, (2) the application of a genipin-containing 
high concentration semi-solid protein solder, and (3) the employment of a scaffold that 
enhances both cohesive and adhesive bonding.

Homogenous and efficient heat distribution is an essential prerequisite to produce 
strong and durable anastomoses. Directing the focused absorption of radiant energy to 
the solder-tissue interface is the first step towards efficient thermodynamic and uniform 
solder coagulation. This can be established by the combination of the 360º simultaneous 
irradiation, by grafting the chromophore (with optimum concentration) to the scaffold, and 
by operating laser in intermittent irradiation or an ultrashort pulsed laser. 

With respect to the laser probe that provides simultaneous irradiation, the intralumen 
irradiation is possibly the most suitable technique to be used in minimally invasive 
applications. It is suggested that the use of a balloon catheter can be advantageous to 
support vessel approximation. However, to date such an application is limited to construct 
microvascular and small-sized vessel anastomoses. Medium-sized vessel anastomoses 
might require lasers with deeper OPD or higher irradiances and longer exposure time. In 
comparison to the internal irradiation, the 360° external irradiation has broader application 
range. The laser probe for external irradiation can be tailored to the vessel size and the 
anastomosis model (e.g., end-to-end, end-to-side, or side-to-side). The other lasing 
parameters, i.e., irradiance, irradiation time, and irradiation mode, should be determined 
empirically. Low irradiance continuous wave laser operated in intermittent regime may be 
beneficial for uniform heat distribution and the limitation of thermal damage (pg. 88-90), 
whereas ultrafast radiation of pulsed lasers provides better control over heat deposition and 
more efficient heat transfer.107  

The combination of high concentration semi-solid albumin solder and genipin 
obtained the highest acute and post-hydration welding strengths. Additionally, in an in 
vivo setting genipin has the potential to increase resilience to cel-mediated and enzymatic 
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degradation.109,116 Future application in the clinical setting should consider employing a 
concentrated autologous plasma protein.117-119 However, the higher denaturation temperature 
of HSA might require higher lasing parameters, and thereby risking a more extensive thermal 
damage.52 Considering the denaturation temperature of human serum albumin, chitosan 
adhesive deserves further investigation as an alternative to albumin based solder. In laser 
soldering of small intestine, chitosan adhesive has been recently introduced as a substitute 
for albumin solder. In comparison to albumin, chitosan can be welded at a temperature 
of ~32°C. Furthermore, chitosan has a lower risk to induce allergic reaction, has higher 
elasticity, and is more stable under physiological conditions than the albumin solder.120

The main goal of adding a polymer scaffold is to strengthen the cohesive bonding. 
However, the scaffold should also provide stable welds and should not interfere with normal 
healing process. Considering the advantages of PLGA to cohesive bonding and PCL to 
adhesive bonding, a dual-layer scaffold containing an inner layer of PCL and an outer layer 
of PLGA is potentially the most suitable scaffold for ssLAVW. The inner layer melts with the 
coagulated solder and tissue collagen, providing secure adhesive bonding, whereas the 
outer thermo-stable layer supports strong cohesive bonding. A dual layer scaffold can be 
produced by electrospinning.121 

Application in the clinical setting, however, may require utilization of natural protein-
based scaffolds such as collagen and elastin.122 Although considerably more expensive than 
the synthetic polymers, the natural protein scaffolds would be more biocompatible and 
would not produce any acidic byproducts like PLGA. The employment of collagen scaffold 
may potentially omit the requirement of the solder, whereas the elastin fibers could further 
fortify collagen coagulation. 

Following the improvement of anastomosis strength, the second step towards application 
of LAVA in the clinical setting is the limitation of thermal damage. Although many studies 
have reported normal healing process following full-thickness thermal damage, thermal 
damage extending beyond the internal elastic lamina is associated with complications such 
as intimal hyperplasia, thrombosis, and aneurysm formation.13,15,21,34,38,71,72 Partial thermal 
damage, limited to the adventitia and upper medial layer, is therefore considered as the 
therapeutic goal. 

The combination of a chromophore-embedding scaffold, simultaneous laser irradiation, 
and an ultrafast radiation of pulsed laser might potentially reduce thermal damage. However, 
the ultimate reduction in thermal damage is established by photochemical-based vascular 
anastomosis. PTB produces water-tight anastomosis via photosensitizer-induced chemical 
reactions between tissue molecules, thus would not induce any temperature increases and 
corollary thermal damage.

The enhancement of anastomotic strength in LAVA increases its potential advantage in 
minimally invasive anastomosis of small and medium-sized vessels. When thermal damage 
can be significantly reduced, the application of ssLAVA may include distal arterial bypass in 
the lower extremities, coronary artery bypass grafting, and microvascular (replantation and 
freeflap) surgery.40 
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Conclusions

The improvement of anastomotic strength and the possibility to omit stay sutures 
has brought ssLAVW one step closer to clinical application. Fundamental requirements 
to ensure successful ssLAVW include: homogenous heat distribution, high concentration 
semi-solid solder with the addition of a protein cross-linking agent, and a scaffold that 
enhances both cohesive and adhesive bonding. The next goal should be to minimize the 
thermal damage without decreasing anastomosis strength and to make the transition to in 
vivo experiments, which have to result in a clinical application. 
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Summary of major findings

In this thesis we investigated ways to improve quality of laser-assisted vascular 
anastomosis/repair (LAVA/R) and its potential for clinical application by means of minimally 
invasive surgery. We focused on how to construct sufficiently strong welds. So far, due 
to the low welding strength produced, successful LAVA was obtained only in microvessel 
(Ø≤1mm) anastomosis/repair and often needed stay sutures to support the strength. 
Hence, in their extensive review on laser-tissue welding, Bass and Treat, stated that unless 
anastomotic strength will improve to eliminate the need for stay sutures, laser welding 
cannot be used as an alternative to suture anastomosis.1 In accordance to this statement, 
this thesis explored the optimization and feasibility of sutureless laser-assisted vascular 
repair (LAVR) and sutureless LAVA in medium-sized vessels (Ø=3.5-7mm). 

In chapter 2 we investigated the feasibility of in vitro sutureless repair of a 
longitudinal incision in porcine carotid arteries. Scaffold- and solder-enhanced LAVR 
(ssLAVR) was performed with a 670-nm diode laser, a solder containing bovine serum 
albumin (BSA) and methylene blue (MB), and an electrospun poly(ε-caprolactone) (PCL) 
scaffold. The electrospun PCL scaffold was introduced to reinforce liquid solder-enhanced 
LAVR. The PCL scaffold fortified the coagulated albumin and thereby yielded a leaking point 
pressure (LPP) of 749±171mmHg. The LPP was dictated by the physical characteristics of 
the scaffold, the application technique of solder and scaffold, the lasing parameters, and 
the concentration of methylene blue. This study corroborated the evidenced that a scaffold 
contributes significantly to increased welding strength. 

Following the feasibility study of vascular repair, chapter 3 explored the correlation 
between vessel diameter and welding strength. This chapter also studied the thermal 
damage inflicted by ssLAVR. In accordance to the La Place law, LPP obtained in larger 
diameter vessels (Ø=7.0mm) was lower than smaller diameter vessels (Ø=3.5mm). The 
fortification of the weld is caused by the coalescence between the melted PCL fibers and 
the denatured albumin solder. Correspondingly, the weakest point of the weld was located 
at the solder-tissue interface, where the fortifying properties of PCL have no influence. 
The dual-pass scanning irradiation of diode laser exhibited thermal damage limited to the 
upper medial layer. Finally, this study revealed that due to its low melting point, PCL fibers 
melt during welding. The melting of PCL fibers may cause anastomotic sites to shrink; this 
in turn will increase the risk of aneurysm formation. Thus, in order to avoid shrinking, we 
should consider reducing the intensity of the thermal energy or employing higher melting 
point scaffold. 

Chapter 4 we focused on improving the adhesive bonding by increasing solder 
viscosity and by altering the lasing technique. As a result we found that the semi-
solidification of the liquid solder, i.e., with the addition of hydroxypropylmethylcellulose 
(HPMC), showed more effect on the cohesive bonding than on the adhesive bonding. The 
semi-solid solder reduced solder leakage, increased albumin density, and thereby improved 
welding strength. The enhancement of adhesive bonding was obtained by altering lasing 
modality from dual-pass scanning to single spot lasing. Aside from providing more control 
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over irradiation per spot area, single spot lasing enables heat transmission to the solder-
tissue interface. The improvement of adhesive bonding increased the stability of the welds. 
However, the long irradiation time resulted in a more extensive thermal damage. 

In chapter 5, referring to the low melting point of PCL scaffold, which renders the 
scaffold to melt and shrink, we compared PCL scaffold to the high melting point poly(lactic-
co-glycolic acid) (PLGA) scaffold. We also explored technical advances to improve the 
stability of the welds and to reduce thermal damage. Because of the high melting point, 
PLGA scaffold retained its fibers integrity during welding and resulted in higher acute 
welding strength than aortas welded with PCL scaffold. Despite the higher acute welding 
strength, porcine aortas welded with PLGA scaffold and semi-solid solder exhibited 
deterioration of strength under quasi-physiological conditions. Unlike the declining post-
hydration welding strength in PLGA group, porcine aortas welded with the combination of 
PCL and semi-solid solder remained stable for up to 14d of hydration in physiologic buffer. 
The hydrophobic character of PCL apparently renders the scaffold material less amenable 
to water-induced loosening of cohesive and adhesive bonds. We concluded that (intact) 
PLGA fibers give rise to stronger cohesive bonding whereas (thermally denatured) PCL 
scaffolds yield more stable welds. The stability of PLGA-enhanced welds was improved 
by the addition of a protein cross-linking agent, genipin. Genipin chemically strengthens 
both cohesive and adhesive bonding and thereby protects PLGA ssLAVRed aortas from the 
hydration-induced reduction of welding strength. Finally, considerable reduction of thermal 
damage was achieved by employing single spot lasing in intermittent irradiation. 

In chapter 6, after optimization of the ssLAVR modality, we investigated the feasibility 
of sutureless end-to-end anastomosis of porcine carotid arteries. The study also compared 
the suitability of PCL and PLGA as reinforcement materials in scaffold- and solder-enhanced 
LAVA (ssLAVA). This final study corroborates the improvement of welding strength in 
ssLAVA/R. Optimum thermodynamic (i.e., homogenous heat distribution), obtained by 
spot overlaps, was fundamental for a successful bonding. Due to its higher melting point 
the combination of a PLGA scaffold and a genipin-containing semi-solid solder obtained 
stronger anastomoses than the combination of a PCL and a semi-solid solder. Eighty-% 
of PLGA ssLAVA arteries were intact under the ex vivo pulsatile test mimicking normal 
hemodynamic conditions. Regardless of the weak anastomosis produced by PCL scaffold, 
the solder/scaffold coagulum that was firmly attached to the adventitia indicates good 
adhesive bonding. Thus, in correspondence to our earlier findings (chapter 5), PLGA shows 
superior cohesive bonding, whereas PCL possesses better adhesive bonding capacity. 
Therefore, we postulate that a dual-layer scaffold contained inner layer PCL and outer 
layer PLGA can be an optimal scaffold for ssLAVA/R. In addition to its future application 
as the primary means of anastomosis, the final part of this chapter demonstrated the 
potential advantage of ssLAVR to substitute clinically used surgical adhesive as intra- and 
extravascular sealants.

In chapter 7, we presented the evolution of LAVA from microvascular anastomoses 
to small- and medium-sized vessels anastomoses by means of a structured review. The 
addition of a chromophore-containing solder and a biodegradable polymer scaffold have 
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circumvented the lack of strength and have eliminated the requirement of stay sutures in 
LAVA/R of small- and medium-sized vessels. The addition of a scaffold improves welding 
strength by fortifying the albumin cohesive bonding. The quality of cohesive bonding 
is dictated by the thermodynamics in the solder, the composition of the solder, and the 
thermo-mechanical-physico properties of the scaffold. Apart from cohesive bonding, stable 
welds require firm adhesive bonding. Adhesive bonding can be improved by efficient heat 
transfer to the solder-tissue interface, by the addition of protein cross-linking agent, and 
by the employment of low melting point scaffold. Over the years the improvement of 
anastomotic/repair strength has brought ssLAVA closer to clinical application, however, 
technical improvements that will reduce the extent of thermal damage are still required. 
The main goals of the future work are first of all to achieve uniform solder coagulation 
without thermal damage and second the translation of the current modality to a technique 
applicable in minimally invasive surgery. 

Future perspective
 

This study confirmed the feasibility of sutureless anastomosis of medium-sized 
vessels. The optimum modality of ssLAVA, namely the combination of high melting 
point PLGA scaffold and a genipin- and chromophore-containing semi-solid albumin 
solder withstood normophysiologic pulsatile pressures test and burst at supraphysiologic 
pressures. In accordance to the main objective of LAVA, future studies should focus on 
technical advances to reduce the thermal damage and furthermore on the modification of 
ssLAVA/R modality to in vivo and clinical application.

The reduction of thermal damage can be obtained by modifying the lasing beam2, by 
adjusting irradiation mode,3-5 by grafting chromophore to the scaffold,6 or by utilizing the 
photo-chemical-based vascular bonding.7 To minimize thermal damage without decreasing 
anastomosis strength, radiant energy has to be delivered simultaneously to the entire 
coaptation. This simultaneous irradiation can be established by using a laser probe that 
delivers a 360° internal or external irradiation.3,4 The combination of external application 
of a chromophore-containing solder and intralumen irradiation generates heat from inside 
the vessel, focusing heat evolution at the solder-tissue interface without inflicting extensive 
thermal damage to the vessel wall.2 However, this modality is limited to micro- and small-
sized vessels anastomoses. In contrast to intra luminal irradiation, we consider that 360° 
external irradiation, employing several aiming beams attached to a clip probe, could 
potentially emit simultaneous and uniform radiant energy and would be more applicable 
to any vessel size. To limit the thermal damage, the laser has to be operated either 
in as intermittent irradiation (i.e., continuous wave irradiations with cooling intervals) or 
an ultrafast radiation of pulsed laser.3,5 Both lasing modes prevent excessive heat build 
ups to the deeper vascular layer. Further control of heat deposition can be attained by 
grafting the scaffold with chromophore-encapsulating nanoshells.6 Grafting the scaffold 
with chromophore-containing nanoshells eliminates the risk of thermal damage caused 
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by the leakage of the chromophore-containing solder.6 The ultimate reduction of thermal 
damage can be achieved by utilizing the photo-chemical effect of laser. Photo-chemical 
vascular bonding produces water-tight anastomosis via photosensitizer-induced chemical 
reactions between tissue molecules, thus would not induce any temperature increases and 
corollary thermal damage.7

This study revealed the combination of genipin and high concentration semi-solid 
albumin solder to obtain the welding strength. To prevent xenograft rejection reactions 
future application in the clinical setting should employ a concentrated autologous plasma 
protein.8,9 Unfortunately, the high denaturation temperature of human serum albumin 
requires higher radiant energy to obtain welds and thereby potentially induces more 
extensive thermal damage.10 With respect to denaturation temperature, chitosan adhesive 
can be a suitable replacement for albumin solder.11 In comparison to albumin, chitosan 
coagulates at a temperature of ~32°C. Moreover, as a linear polysaccharide, chitosan has 
a lower risk to induce immunological reaction. The adhesive also has higher elasticity and 
is more stable under physiological conditions than an albumin solder.11 

Finally, this study suggests that a dual-layer scaffold comprises an inner layer PCL and 
an outer layer PLGA will produce the optimum scaffold for ssLAVA. The inner scaffold melts 
and coalesces with the coagulated solder and tissue collagen, providing secure adhesive 
bonding; whereas the intact fiber structure of the outer layer supports the cohesive bonding. 
For application in the clinical setting, however, we might consider exploring a protein-
based scaffold such as collagen and elastin.12 Although considerably more expensive 
than the synthetic polymers, the natural protein scaffold is more biocompatible and does 
not produce acidic byproducts, which may interfere with angiogenesis and cell growth. 
Furthermore, modifying the scaffold to a ‘tube’ or a ‘T’-shaped scaffold is beneficial for 
end-to-end or end-to-side anastomoses. These 3D structure scaffolds can be fabricated by 
electrospinning process. 

Future application of LAVA

The leakage free increase of anastomotic strength in ssLAVA and the possibility of 
sutureless approach contribute to the potential advantage of ssLAVA as the predominant 
technique for minimally invasive small- and medium-sized vessels anastomoses. Following 
further optimization to reduce thermal damage, the application of ssLAVA may include distal 
arterial bypass in the lower extremities, coronary artery bypass grafting, and microvascular 
(replantation and freeflap) surgery.1 The healing process in ssLAVA that includes the 
formation of new collagens allows vessels to grow and this technology therefore might be 
advantageous in pediatric surgery.13

On the basis of the superior welding strength of PLGA ssLAVR over conventional 
surgical adhesives, ssLAVR has also the potential to be compatible with normal and supra 
normal hemodynamic conditions. Both ssLAVR and surgical adhesives provide water-
tight anastomosis, but the adhesives tend to give way at high bloodpressures and moist 
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surfaces. The repair strength of ssLAVR artery also showed the potential advantage of this 
technology to seal gaps between clips in large vessel anastomosis or to weld prosthetic 
graft. ssLAVR may also be advantageous to close the tracheoesophageal fistula observed 
in post-esophageal cancer patient.14 

Aside from its application on vascular repair, laser-induced repair/anastomosis has 
also been applied as sealant in gastrointestinal surgery and urology. In vitro and in vivo 
studies have been performed on laser-induced intestinal repairs.11 Unlike LAVA, laser-
induced intestinal anastomosis requires lesser mechanical strength. However, the challenge 
in intestinal welding lies in the elasticity and adhesive bonding capacity of the welds to 
enable welds to extend during peristaltic movement. Furthermore, laser-assisted welding 
may also be advantageous in skin graft urethroplasty and hypospadias repair.15,16

The improvement of anastomotic strength and the possibility to omit stay sutures has 
brought ssLAVA/R closer to clinical application. Further adjustment of lasing parameters, 
scaffold fabrication, and solder properties are required to enable the employment of the 
modality in small- and medium-sized vessel anastomosis. The current settings however, 
enable the application of ssLAVA/R as intra and extravascular sealants. The parameters 
at which optimal welding strength was achieved in this study are also advantageous for 
welding of other tissues. In conclusion the work described in this thesis provides a sound 
basis for the next step which is the preparation of an clinical ssLAV/R application, either as 
an anastomotic technique or a sealant to control blood, gastric fluids or air leakage. 
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Samenvatting

In dit proefschrift beschrijven we manieren om de kwaliteit van vasculaire anastomoses 
of reparatie met behulp van laser (LAVA/R) te verbeteren. Zodat het klinisch toepasbaar 
wordt bij minimaal invasieve chirurgie. We richten ons in het bijzonder op het ontwikkelen 
van een voldoende sterke lasnaad. Tot op heden, als gevolg van de beperkte kracht van 
de anastomose,  werden succesvolle vasculaire anastomoses of reparaties met behulp van 
laser alleen in microvaten (Ø≤1mm) verricht. Daarnaast werden vaak ondersteunende 
hechtingen gebruikt om de anastomose te versterken. In een uitgebreid overzicht door 
Bas en Treat over laser-weefsel lasnaden verklaarden zij dat, tenzij de kracht van de 
laseranastomose verbeterd wordt, zodat er geen behoefte meer is aan ondersteunende 
hechtingen, vaatlassen niet kan worden gebruikt als alternatief voor hechtingen.1 Om deze 
verklaring te toetsen onderzochten wij in dit proefschrift de optimalisatie en haalbaarheid 
van hechtingsvrije laser geassisteerde vasculaire reparatie (LAVR) en hechtingsvrije 
laseranastomoses (LAVA) in middelgrote vaten (Ø=3,5-7mm).

In hoofdstuk 2 onderzochten we de haalbaarheid van in vitro hechtingsvrije 
reparatie van een longitudinale incisie van de halsslagader bij varkens. Een scaffold (een 
soort sjabloon) en soldeer geweekte LAVR (ssLAVR) werd uitgevoerd met een 670-nm 
diode laser. Er werd gebruik gemaakt van een electrospun poly(ε-caprolactone) (PCL) 

scaffold, de soldeervloeistof bestond uit runderserumalbumine (RSA) en methyleenblauw 
(MB). De elektrospun PCL scaffold werd gebruikt om het vloeibare soldeer te versterken. 
De PCL scaffold versterkte de gecoaguleerde albumine en leverde daarmee een lekkend 
drukpunt (LDP), d.w.z. de maximale druk waarbij de anastomose gaat lekken, van 749± 
171mmHg. Het LDP werd beïnvloed door: de fysische eigenschappen van de scaffold, de 
aanbrengtechniek van het soldeer en de scaffold, de laserparameters en de concentratie 
van methyleenblauw. Deze studie bevestigde een significante bijdrage van de scaffolds op 
een verbeterde sterkte van de lasnaad.

Vervolgens werd door de haalbaarheidsstudie van vasculaire reparatie (hoofdstuk 
3) de correlatie tussen vaatdiameter en laskracht onderzocht. Ook werd de thermische 
schade door ssLAVR onderzocht. In overeenstemming met de wet van La Place, was 
het LDP in vaten met een grotere diameter (Ø=7,0mm) lager dan die in vaten met een 
kleinere diameter (Ø=3,5mm). De versterking van de lasnaad werd veroorzaakt door de 
samensmelting van de gesmolten PCL-vezels met het gedenatureerde albumine soldeer. Het 
zwakste punt van de lasnaad werd eveneens geweten aan de soldeer-weefsel koppeling, 
waarbij de versterkende eigenschappen van de PCL-vezels geen invloed hadden. De dual-

pass scanning bestraling van de diode laser toonde aan dat thermische schade beperkt 
was tot de bovenste mediale laag. Tenslotte bleek uit deze studie dat, vanwege het lage 
smeltpunt, de PCL–vezels smolten tijdens het lassen. Het smelten van de PCL-vezels liet de 
anastomose krimpen en leidde tot een risicotoename op het krijgen een aneursyma. Dus 
om het krimpen te vermijden, moeten we overwegen om de intensiteit van de thermische 
energie te verminderen of gebruik te maken van een scaffold met een hoger smeltpunt.

In hoofdstuk 4 richten wij ons op het verbeteren van de adhesieve verbinding door 
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het verhogen van de soldeerviscositeit en door het veranderen van de lasertechniek. De 
halfvaste soldeer bleek, met de toevoeging van hydroxypropylmethylcellulose (HPMC), 
meer effect op de cohesieve verbinding dan op de adhesieve verbinding te hebben. 
Het halfvaste soldeer verminderde de soldeerlekkage, verhoogde albumine dichtheid 
en verbeterde daardoor de kracht van de lasnaden. De versterking van een adhesieve 
verbinding werd verkregen door het veranderen van de bestraling parameters, namelijk 
van dual-pass scanning tot single spot lasing. Naast het verkrijgen van meer controle 
over de bestraling per spot-gebied, single spot lasing, maakt warmteoverdracht naar het 
soldeer-weefsel interface mogelijk. De verbetering van de adhesieve verbinding verhoogde 
de stabiliteit van de lasnaad. De lange bestralingstijd resulteerde echter in uitgebreide 
thermische schade.

Met het oog op het lage smeltpunt van de PCL scaffold, die het smelten en krimpen van 
de scaffold veroorzaakt, vergeleken we in hoofdstuk 5 de PCL scaffold met een poly(lactic-
co-glycolic acid) (PLGA) scaffold, wat een hoger smeltpunt heeft. Tevens onderzochten we 
de technische vooruitgang van de verbetering van de stabiliteit van de lasnaden en de 
beperking van de thermische schade. Door het hoge smeltpunt, behield PLGA scaffold de 
weefsel integriteit tijdens het lassen, bij varkensaorta’s resulteerde dit in sterkere lasnaden 
dan de aorta’s die met PCL scaffold waren gelast. Ondanks de sterkere acute  lasnaden, 
vertoonde varkensaorta’s gelast met PLGA scaffold en halfvaste soldeer een verminderde 
kracht onder quasi-fysiologische condities. In tegenstelling tot de verminderde kracht na 
hydratie van de lasnaden in PLGA groep, waren varkensaorta’s gelast met de combinatie 
van PCL en halfvaste soldeer stabiel tot een hydratie van 14d in fysiologische buffer. Door 
het hydrofobe karakter van PCL bleek de PCL scaffold minder vatbaar voor door vocht 
geïnduceerde verweking van cohesieve en adhesieve verbindingen te zijn. We concludeerden 
dat de (intacte) PLGA vezels tot een sterkere cohesieve verbindingen leidden terwijl de 
(thermisch gedenatureerd) PCL scaffold stabielere lasnaden opleverde. De stabiliteit van 
PLGA lasnaden werd verbeterd door de toevoeging van een protein cross-linking agent, 
genipin. Genipin versterkte chemisch zowel de cohesieve als de adhesieve verbindingen en 
beschermde zo de PLGA ssLAVRed aorta’s tegen de door vocht geïnduceerde vermindering 
van de kracht van de lasnaden. Tenslotte, werd er door toepassing van single spot lasing 
met intermitterende bestraling aanzienlijke minder thermische schade bereikt.

In hoofdstuk 6, onderzochten wij na de optimalisatie van de ssLAVR modaliteit 
de haalbaarheid van hechtingsvrije end-to-end anastomoses bij varkenshalsslagaders. 
Deze studie vergeleek ook de geschiktheid van PCL en PLGA als versterkende materialen 
in scaffold- en soldeergeweekt LAVA (ssLAVA). Deze laatste studie bevestigde de 
verbetering van kracht van de lasnaden bij ssLAVA/R. De optimale thermodynamische 
omstandigheden (namelijk, homogene verdeling van de warmte), verkregen door middel 
van spot-overlappingen, was fundamenteel voor een succesvolle anastomose. Door 
zijn hogere smeltpunt verkregen de combinatie van een PLGA scaffold en een genipin-
bevattende halfvaste soldeer sterkere anastomosen dan de combinatie van een PCL en 
halfvaste soldeer. 80 procent van de PLGA ssLAVA slagaders waren intact tijdens de ex vivo 
pulsatiele-test die de normale hemodynamische toestand nabootst. Ongeacht de zwakke 
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anastomose door PCL scaffold geeft het soldeer/scaffold coagulum, die met de adventitia 
stevig bevestigd is, goede adhesieve verbindingen aan. Dus, met betrekking tot onze 
eerdere bevindingen in hoofdstuk 5 vertoonde PLGA superieure cohesieve verbindingen, 
terwijl PCL betere adhesieve verbinding capaciteit liet zien. Daarom veronderstelden wij 
dat een dubbellaagse scaffold, bestaande uit een PCL binnenlaag en een PLGA buitenlaag, 
een optimale scaffold voor ssLAVA/R zou kunnen vormen. Naast de toekomste toepassing 
van het primaire middel van anastomose toonde het laatste deel van dit hoofdstuk 
het potentiele voordeel van ssLAVR als intra-en extravasculaire lijm aan om de huidige 
chirurgische lijm te vervangen.

In hoofdstuk 7 wordt een gestructureerd overzicht gepresenteerd van de evolutie 
van LAVA bij microvasculaire anastomosen tot kleine en middelgrote vaten anastomosen. De 
toevoeging van een chromofoor-bevattende soldeer en een biodegradable polymeer scaffold 
voorkwamen gebrek aan kracht en hadden de behoefte aan steunhechtingen in LAVA/R 
van kleine en middelgrote vaten geëlimineerd. De toevoeging van een scaffold verhoogde 
de kracht van de lasnaden door het versterken van de albumine cohesieve verbindingen. 
De kwaliteit van de cohesieve verbindingen werd bepaald door de thermodynamica in 
het soldeer, de samenstelling van het soldeer en de thermsche, mechanische en fysische 
eigenschappen van de scaffold. Afgezien van cohesieve verbindingen, vereiste stabiele 
lasnaden stevige adhesieve verbindingen. Adhesieve verbindingen konden worden 
verbeterd door efficiënte warmteoverdracht aan het soldeer-weefselinterface, door de 
toevoeging van protein cross-linking agent en door de toepassing van de scaffold met een 
laag smeltpunt. De afgelopen jaren brachten de verbetering van anastomose en reparatie 
sterkte ssLAVA dichter bij een klinische toepassing, hoewel er nog behoefte is aan 
technische verbetering om de thermische beschadiging te verminderen. De belangrijkste 
doelstellingen van de toekomstige onderzoeken zijn: in ten eerste om de   uniforme soldeer 
coagulatie zonder thermische schade te bereiken en ten tweede om een brug te slaan  van 
de huidige modaliteit naar een techniek die geschikt is voor minimaal invasieve chirurgie.

Toekomstperspectief

Deze studie bevestigde de haalbaarheid van hechtingsvrije anastomose van 
middelgrote vaten. De optimale modaliteit van ssLAVA, namelijk de combinatie van een 
PLGA scaffold met een hoog smeltpunt met een genipine en chromofoor bevattende 
halfvaste albumine soldeer, weerstaat   de normophysiologische pulsatiele druktest en 
bezwijkt bij de supraphysiologische drukken. In overeenstemming met het hoofddoel 
van LAVA moeten toekomstige studies zich richten op de technische ontwikkelingen om 
de thermische schade te verminderen. Tevens moeten deze studies zich richten op de 
aanpassing van de huidige ssLAVA/R modaliteit naar een techniek met in vivo en klinische 
toepassen.

Een reductie van thermische schade kan worden verkregen door modificatie van de 
lasersonde, 2 door aanpassing van de bestralingsmethode,3-5 door inbedding van chromofoor 
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bij de scaffold6 of door toepassing van de op fotochemie gebaseerde vasculaire binding.7 Om 
thermische schade te minimaliseren zonder de anastomosekracht te verminderen moet de 
stralingsenergie tegelijk aan het gehele coaptatiegebied geleverd worden. Deze gelijktijdige 
bestraling kan worden verkregen met behulp van een laserprobe die een 360° interne 
of externe straling levert.3, 4 De combinatie van een externe toepassing van chromofoor 
bevattende soldeer en een intraluminale straling genereert warmte vanaf de binnenkant 
van de vaten en zorgt voor ontwikkeling van warmte in de soldeerweefselinterface zonder 
uitgebreide thermische schade aan de vaten.2 Deze modaliteit is echter beperkt tot micro 
en kleine vaten anastomosen. In tegenstelling tot intraluminale bestraling verwachten 
wij dat een 360° uitwendige bestraling, die meerdere laser beams bevat en bevestigt 
aan een clip probe, gelijktijdige en uniforme energie zouden kunnen uitstralen en op alle 
vaten van toepassing zouden kunnen zijn. Om de thermische schade te beperken moet de 
laser worden bediend als intermitterende bestraling (namelijk continue golfbestralingen 
met koelingintervallen) of als ultrasnelle bestraling van een pulsatiele laser.3, 5 Beide 
bestralingsmethodes voorkomen overmatige warmteopbouw in de diepere bloedvatwand. 
Meer controle op de warmteafzetting kan worden bereikt door de inbedding van de 
scaffold met chromofoor ingekapselde nanocapsules.6 De als zodanig ingebedde scaffold 
met chromofoor inkapgeselde nanocapsules vermindert het risico van thermische schade, 
die veroorzaakt wordt door lekkage van chromofoor bevattende soldeer.6 De absolute 
vermindering van thermische schade kan worden bereikt door gebruik te maken van de 
op fotochemie gebaseerde vasculaire verbinding. Fotochemische vasculaire verbindingen 
produceren waterdichte anastomoses via fotosensitizer geïnduceerde chemische reacties 
van de weefselmoleculen, zodat de temperatuur niet stijgt en hierdoor geen thermische 
schade ontstaat.7

Deze studie heeft aangetoond dat de combinatie van genipin en hoge concentratie van 
halfvaste albumine soldeer resulteert in een sterkere lasverbinding. Om afstotingsreacties 
van de xenograft te voorkomen moet bij toekomstige klinische toepassingen geconcentreerde 
autologe plasmaproteine gebruikt worden.8,9 De hoge denaturatietemperatuur van humaan 
serumalbumine vereist een hogere stralingsenergie, waardoor het risico van uitgebreide 
thermische schade verhoogd wordt.10 Ten opzichte van de denaturatietemperatuur is 
chitosan adhesief is een geschikte vervanger voor de albuminesoldeer.11 In vergelijking 
tot albumine coaguleert chitosan bij een temperatuur van circa 32°C. Als een lineair 
polysaccharide heeft chitosan bovendien een lager risico om een immunologische reactie 
te veroorzaken. De lijm heeft ook grotere elasticiteit en is stabieler onder fysiologische 
omstandigheden dan de albuminesoldeer.11

Tenslotte toonde deze studie ook aan dat een dubbellaagse scaffold, die een binnenlaag 
PCL en een buitenlaag PLGA heeft, de optimale scaffold voor ssLAVA is. De binnenste 
laag van de scaffold versmelt de gecoaguleerde soldeer met het weefselcollageen om de 
adhesieve verbindingen te versterken, terwijl de intacte vezels van de buitenste laag de 
cohesieve verbindingen ondersteunt. Voor de klinische toepassing kunnen wij overwegen 
om een op natuurlijk eiwit gebaseerde scaffold, zoals collageen en elastine, te gebruiken.12 
Ofschoon aanzienlijk duurder dan de synthetische polymeren is de natuurlijke eiwitscaffold 
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biocompatibel en produceert die geen zure bijproducten die kunnen interfereren met de 
angiogenese en de celgroei. Bovendien is de aanpassing van de scaffold naar een ”tube” 
of “T”-vormige scaffold goed bruikbaar voor end-to-end of end-to-side anastomoses. Deze 
scaffolds met een 3D structuur kunnen worden geproduceerd via een elektrospinningproces.

Toekomstige mogelijkheden met LAVA

De toename van de lekvrije anastomosekracht van ssLAVA en de mogelijkheid van 
hechtingvrije verbindingen bevestigde het potentiële voordeel van ssLAVA als voornaamste 
techniek voor minimaal invasieve kleine en middelgrote vaatanastomoses. Na de reductie 
van thermische schade kan ssLAVA toegepast worden bij de distale arteriële bypass in de 
onderste extremiteiten, coronairarterie bypass grafting en microvasculaire (herinplantatie 
en freeflap) chirurgie.1 Het genezingsproces bij ssLAVA, die nieuw collageen kan vormen, 
stelt de bloedvaten in staat om te groeien en daarom kan deze technologie wellicht 
toepasbaar zijn bij pediatrische chirurgie.13  

De lassterkte van PLGA ssLAVR die veel sterker is dan die van de conventionele 
chirurgische lijm, zorgt ervoor dat ssLAVR mogelijk compatibel is met normale en 
supranormale hemodynamische condities. Zowel ssLAVR als chirurgische lijm bieden 
een waterdichte anastomose, hoewel de lijm heeft de neiging om bij hoge bloeddruk en 
vochtige oppervlakken te bezwijken. De laskracht van de vaten die met ssLAVR behandeld 
zijn, hebben het potentiële voordeel van deze technologie aangetoond om de kloven 
tussen de clips in grote vatenanastomoses te dichten of om prothetische grafts te lassen. 
Een ander potentieel voordeel van ssLAVR kan zijn om tracheo-oesofageale fistels die bij 
slokdarmkankerpatienten kunnen ontstaan, te sluiten.14 

Afgezien van de toepassing op de vasculaire reparatie, is lasergeïnduceerde reparatie 
of anastomose ook toepasbaar op afsluiting in gastro-intestinale chirurgie en urologie. In 
vitro en in vivo studies zijn uitgevoerd bij lasergeïnduceerde darmherstel.11 In tegenstelling 
tot LAVA heeft een lasergeïnduceerde darmanastomose minder mechanische sterkte 
nodig. De uitdaging van het intestinale lassen ligt bij de elasticiteit en adhesieve capaciteit 
van de lasnaden om bij peristaltische bewegingen te toepassen. Bovendien kunnen 
laser geïnduceerde weefselverbindingen ook gunstig zijn bij huidflap urethroplastiek en 
hypospadie herstel.15, 16

De verbetering van de anastomosekracht en de mogelijkheid om de hechtingen weg 
te laten brachten ssLAVA/R dichter bij de klinische toepassing. Verdere aanpassingen van 
de laserparameters, de scaffoldproductie en de soldeereigenschappen zijn nodig om de 
werking van de modaliteit in kleine en middelgrote vaatanastomoses mogelijk te maken. 
De huidige omstandigheden stellen de toepassing van ssLAVA/R in staat om als intra-
en extravasculaire kit te fungeren. De parameters waarop optimale lasnaadkracht tijdens 
deze studie werd bereikt, zijn ook gunstig bij het lassen van andere weefsels. 

Conclusie: het onderzoek wat in dit proefschrift beschreven wordt, biedt een goede 
basis voor de volgende stap om de klinische toepassing van ssLAV/R voor te bereiden, 
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hetzij als een anastomosetechniek of hetzij als een lijm om bloedingen, darmvloeistof- of 
luchtlekkage te voorkomen.
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Makassar Cardiovascular Update, Makassar, Indonesia 2010 0.5

Makassar Cardiovascular Update, Makassar, Indonesia 2011 0.5
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