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Abstract

Laser-assisted vascular anastomosis (LAVA) is a technique to fuse blood vessels by using laser

energy with possible applications in almost all medical fields. This technique is based on the

energy absorption by a chromophore with subsequent heating of the underlying tissue. Generally,

this heat results in alteration of the molecular structure of the tissue which can then form bonds

with neighboring molecules. The application of a proteinaceous solder increases the strength of

the tissue fusion by forming additional bonds with the tissue and acts as a biological glue.

Even though LAVA has been studied for more than 50 years, it has not yet reached the stage

of clinical applicability. Main challenges include either too strong thermal damage or too low

bonding strengths, the tedious handling of the solder material during surgery, and the flow-off

of the solder from the tissue, leading to staining and heating of peripheral tissue.

The objective of this thesis was to improve LAVA by introducing a new soldering material,

by elaborating the soldering setup, and by investigating alternative temperature profiles. A two-

layer solder patch was produced by electrospinning, entrapping the chromophore indocyanine

green and the protein bovine serum albumin into polymer fibers. An intraluminal soldering

setup with a balloon catheter and a diffusor laser-fiber was used to characterize the behavior of

the patch during soldering. In vitro studies using rabbit aortas confirmed the feasibility of the

electrospun patch for sutureless LAVA. Applying the patch improved the handling during surgery

significantly and vanished the staining of the tissue, while ensuring strong bonding strengths.

The flow-off of indocyanine green was reduced due to its protection from aqueous environment

in polycaprolactone fibers. Preclinical experiments, involving pigs, demonstrated a sufficient

immediate bonding strength. However, occlusion of the anastomosis was observed after a few

days. Therefore, the temperature curve during soldering, using continuous and pulsed laser

irradiation, was analyzed in order to reduce thermal damage. By testing the patches in vitro,

it was demonstrated that endothelial and stem cells do not adhere to the laser-irradiated patch.

This thesis discusses the current challenges in the development of a new biomaterial and soldering

technique for sutureless LAVA and can guide future research.
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I. Introduction

The application of laser techniques for surgery provides an exciting and innovative research field,
especially for minimally invasive surgery. The fusion of two blood vessels is a vital step in
most surgical procedures. Conventional techniques to fuse blood vessels are sutures [1, 2] and
mechanical closure devices such as clips and staples [3, 4]. These techniques are well accepted,
inexpensive, reliable and applicable for many purposes. A huge drawback is the damage to the
tissue during the passage of the needle or staples, which can result in tissue inflammation, scar
formation, and stenosis. Foreign body reactions may occur due to the introduction of a foreign
material, namely the thread or clips. Moreover, sutures are not immediately watertight due
to the small holes that are created. Additionally, suture ligation is a time consuming and skill
intensive process especially in microsurgery [5, 6]. Other closure techniques such as glues made of
fibrin [7–9], albumin [10, 11], or cyanoacrylate [12, 13] are easy to apply. However, they require
stay sutures to achieve a reasonable bonding strength, and can lead to allergic reactions and
anaphylaxis [5, 9].

Laser-assisted vascular anastomosis
Laser-assisted vascular anastomosis (LAVA) was first reported by Yahr et al. in 1964, where
they fused arteries using a neodymium laser [14]. In 1979, Jain and Gorisch demonstrated the
application of a Nd:YAG laser for the anastomosis of rat arteries [15]. A few years later, early
attempts achieved stable tissue bonds with a CO2 laser [16, 17]. The CO2 wavelength in the
mid-infrared range is strongly absorbed by water, which leads to a strong absorption of the
laser energy in the outermost layers of the tissue. Hence, only a small area of the tissue is
heated and the underlying layers are not affected. As a consequence, anastomoses with a CO2
laser suffered from aneurisms, and low bonding strengths [18, 19]. Recent research with the
CO2 laser focuses on the bonding of superficial surgical incisions, such as the cornea [20], or
involves multi-wavelength systems [21]. The argon laser was used to produce more even tissue
heating, leading to stronger bonds. The absorption of typical argon laser wavelengths, 488.0
and 514.5 nm, is mainly mediated by hemoglobin, occurring in blood. Hence, variations in the
hemoglobin content lead to irreproducible results. Successful vascular anastomosis in dogs with
an argon laser was demonstrated by Chikamatsu [22] and Vlasak [23]. Chuck et al. used an argon
laser in combination with the dye fluorescein isothiocyanate for selective energy absorption for
the anastomosis of rabbit aorta [24], being the advent of dye-enhanced laser soldering. Nowadays,
most research towards LAVA focuses on the application of a diode laser in combination with the
chromophore dye indocyanine green (ICG) [25–29] or methylene blue [30]. By adding a dye, the
tissue is selectively heated, which could avoid heating of surrounding tissue. Both dyes are used
with laser in the near-infrared range, which minimizes thermal damage to the tissue, since the
tissue absorbs least in the so called “diagnostic window”.

LAVA can potentially overcome the limitations of mechanical closures. Yet, LAVA is still only
used experimentally. The clinical application of LAVA is mainly hampered by irreproducible
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temperature regimes, resulting in either strong thermal damage or in low bonding strengths.
Other challenges include difficult handling of the soldering material, and the flow-off of the
solder during surgery, causing the staining and unwanted heating of peripheral tissue. Blood
vessels require good control of the soldering procedure due to their thin and delicate tissue
layer, resulting in high risk of thermal damage across the whole vessel wall and therefore risk of
thrombosis and the occlusion of the blood vessel.

Interactions of laser light with tissue are scattering, absorption, and reflection and refraction,
with absorption being the most important in dye-enhanced LAVA. The absorption of laser light
by the dye results in heating of the dye, followed by heat diffusion and heating of underlying
tissue. Since the heating depends on the absorption coefficient of the dye, controlling the amount
of ICG during the soldering process is a prerequisite for ensuring reproducible temperatures and
bonding strengths. The first goal of this thesis is to bind ICG to a solder carrier material,
ensuring a constant spatial and temporal concentration of ICG during soldering.

The application of a solder, consisting of a protein substance, contributed to optimizing LAVA.
Heating results in the denaturation of proteins from both, the solder and the tissue, leading to
subsequent cross-linking [19, 31]. The first reported solders were blood [32], followed by fibrin
[33, 34], and albumin [31, 35, 36]. One problem of addition of liquid solder during surgery is its
hardly controllable amount, leading to irreproducible results. Over the last years, the reliability
of LAVA has been significantly improved by applying membranes or strips [27, 28, 35]. These
membranes/strips increase the overall area that is involved in the bonding and therefore the
strength of the weld. The second objective of this thesis was thus to incorporate albumin into
the solder carrier material.

Electrospinning

Electrospinning of nanofibers was first mentioned in a US patent by Formhals in 1934, where
cellulose acetate was used for preparing artificial threads [37]. Since then, publications on elec-
trospinning appeared only occasionally until the 1990s. Today, electrospinning-related research
raises great interest and is used in the fields of filters [38], wound healing [39–41], tissue engineer-
ing [42–44], and drug delivery [45–48], to name some examples. Electrospun fibers are prepared
by applying a high voltage between a polymeric solution and a metallic collector. The polymeric
solution, allowing macromolecular entanglement, is pumped through a metallic needle, using a
syringe pump, that ensures a constant flow. When the electric charges overcome the surface
tension of the solution, a fluid jet is released from the needle tip. The ejected liquid jet is then
drawn towards the collector and the fibers are deposited as non-wovens onto the collector. The
fiber formation is comprised of different physical phenomena, which are the droplet formation
at the needle tip, the development of a jet, the bending deformations, and the deposition of the
jet. The details of the physical process can be found in numerous articles [49–52].

Electrospinning can produce mechanically strong and elastic membranes [53, 54], and is a
versatile, relatively simple, and cheap technique. The variation of the solution and process
parameters allows tailoring of the fiber diameter and pore size, the modulation of the fiber surface,
and the uniformity of the fibers [55]. Furthermore, functional compounds, such as proteins [56–
61], growth factors [62, 63], drugs [48, 64], and chromophores [65–68], can be entrapped into the
fibers in relatively large quantities.

Setup of this thesis

The focus of this thesis is the development of an electrospun solder patch and the exploration of
the applicability of the patch for LAVA using medium-sized arteries (diameter 3.5 to 4.5mm).
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In this thesis, all chapters can be read independently. In chapter II, I present the development
of a solder patch by binding ICG in polycaprolactone (PCL) fibers using blend electrospinning.
This patch was soaked in liquid bovine serum albumin (BSA), and subsequently applied to end-
to-end LAVA, without the use of stay sutures. Chapter III evaluates auxiliary polymers for
electrospinning of the globular protein BSA, with a high BSA-concentration. The BSA-loaded
layer is directly electropsun onto the PCL/ICG-layer, producing a two-layer patch. The next
section, chapter IV, applies the two-layer electrospun patch to preclinical LAVA, involving a
muscle flap model in pigs. Chapter V investigates the adhesion of cells onto the solder patch
and its toxicology. The last section, chapter VI, focuses on the reduction of thermal damage by
applying different end-point temperatures during LAVA, as well as pulsed laser irradiation.
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II. Binding of indocyanine green in polycaprolac-
tone fibers using blend electrospinning for laser-
assisted vascular anastomosis

Abstract

Background and Objective: The clinical application of laser-assisted vascular anastomosis
is impeded by unreliable and low bonding strengths and tedious handling during microvascular
surgery. The challenge to be met arises from the flow-off of the chromophore during soldering
that changes the absorption coefficient and stains peripheral tissue, leading to an uncontrollable
thermal damage zone. In this study, we investigated the feasibility to produce an indocyanine
green (ICG)-loaded patch by electrospinning and tested its applicability to laser soldering.
Materials and Methods: A blend of polycaprolactone and ICG was electrospun to produce
a pliable patch. Prior to soldering, the patch was soaked in 40% (w/w) bovine serum albumin
solution. The solder patch was wrapped in vitro around blood vessel stumps of rabbit aortas.
An intraluminal balloon catheter enabled an easy alignment and held the setup in place. The
soldering energy was delivered via a diffusor fiber from the vessel lumen using a diode laser at
810 nm. During the procedure the surface temperature was monitored with an infrared camera.
Afterwards, samples were embedded in methylmethacrylate and in epon to study thermal dam-
age. The quality of the fusion was assessed by measuring the tensile strength. After in vitro
tests with rabbit aortas, 8 large white pigs were subjected to an acute in vivo experiment, and
the artery of the latissimus dorsi flap was anastomosed to the distal femoral artery.
Results: The indocyanine green-loaded patch, produced by electrospinning, has a thickness of
279±62 µm, a fiber diameter of 1.20±0.19 µm, and an attenuation coefficient of 1119±183 cm−1

at a wavelength of 790 nm. The patch was pliable and easy to handle during surgery. No leakage
of the chromophore was observed. Thermal damage was restricted to the Tunica adventitia and
Tunica media and the area of the vessel wall that was covered with the patch. Six pigs were
successfully treated, without any bleeding and with a continuous blood flow. The in vivo flap
model yielded a similar tensile strength compared to in vitro laser-assisted vascular anastomoses
(138±52mN/mm2 versus 117±30mN/mm2).
Conclusion: Our study demonstrated the applicability of the ICG-loaded patch for laser-
assisted vascular anastomosis. By using electrospinning, ICG could be bound to polymer fibers,
avoiding its flow-off and the staining of the peripheral tissue. This patch demonstrated several
advantages over liquid solder as it was easier to apply, ensured a high and reliable bonding
strength while maintaining a constant concentration of ICG concentration during the surgery.

The content of this chapter was accepted with revisions in “Lasers in Surgery and Medicine” in 2017 [1].
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II.1 Introduction

End-to-end anastomosis is a crucial procedure in microvascular surgery. Conventional anasto-
mosis by suture ligation is a time consuming and skill intensive process. Laser tissue soldering
is a promising alternative, where proteins of tissue and solder are denatured by thermal effect
and thus coagulate into seals that are strong enough to withstand the blood pressure [2–6].
Laser-assisted vascular anastomosis (LAVA) holds the perspective to reduce suture and needle
trauma and might decrease foreign body reactions and bleeding [7]. To become widely accepted
LAVA must prove to be reliable, safe, and applicable to a variety of vessel diameters. The usage
of a laser-based technique provides a remarkable advantage especially in the field of minimally
invasive surgery with applications such as free flap transfer and replantation [8], attachment of
arterial and venous grafts [9], and extracranial-intracranial bypass surgery [10].

LAVA has already been reported in 1964 by Yahr et. al. [11]. However, a clinical usage
has not yet been introduced. An important aspect is the lack of control on the temperature
reached during soldering. Previous studies have shown that the strength of the tissue connection
strongly correlates with the temperature profile [2, 12–14]. Dye-enhanced LAVA is based on
thermal heating involving localized absorption of laser light using chromophores. A promising
chromophore for LAVA is indocyanine green (ICG), that is commonly employed as a liquid
solution [3, 6, 15]. Dilution and flow-off of ICG lead to an uncontrollable heating behavior. An
additional challenge that is provoked by the flow-off of ICG is staining of circumferential tissue,
causing its unintended heating. Few approaches have been tested to face the problem of unfixed
absorber: ICG-infused chitosan patches [6], biodegradable polymer films [16], ICG-loaded nano-
shells that are integrated in the soldering scaffold made of solvent cast polycaprolactone (PCL)
[12, 15, 17], and the usage of absorbing gold nano-chromophores [18]. However, most of these
techniques still result in a flow-off of the solder or require the use of fixation sutures. Furthermore,
ICG has a poor optical stability in water. Therefore, suitable storage conditions in either dry
state or non-aqueous solvents such as methanol, dimethylformamide, or propanediol are required
[19].

It was shown that electrospun PCL added on top of a liquid solder [20] or soaked in a semi-
liquid solder [5], composed of bovine serum albumin (BSA), methyl cellulose, and methylene
blue enhances the soldering strength. The application of electrospun non-wovens is an emerging
strategy for addressing several medical problems [21, 22] related to drug delivery [23–26], tissue
engineering [27–29] and wound dressing [30–32]. The advantages are easy processing, cost ef-
fectiveness and various properties of these meshes. Electrospun fibers that have been prepared
from PCL are mechanically resistant, elastic and have a large surface area with defined pores
[33–35]. Electrospinning provides the possibility to entrap composites into fibers [36, 37], and
can be scaled up to an industrial process [38–40].

In this study we examined the feasibility of electrospinning a blend of PCL and ICG and thus
combining the chromophore directly with the polymer fibers. The fiber morphology and size
distribution was investigated to inspect the formation of fibers and to control the stability and
reproducibility of the electrospinning process. Thereafter, the applicability of the electrospun
ICG-loaded patches was tested in vitro using rabbit aortas. Accordingly, an intraluminal laser
light source in combination with the externally applied patch enabled a homogeneous irradiation
of the whole circumference of a defined area of the vessel [3]. A balloon catheter carrying the
laser fiber was inserted into the vessel lumen and placed at the side were the soldering had
to be performed. The ICG-loaded patch was then soaked in liquid BSA solution and applied
onto the vessel stumps. Finally, the vessels were irradiated using an 810 nm diode laser that
was coupled into a diffusor fiber producing a homogeneous 360◦ irradiation. The temperature
profile was measured with an infrared camera to control the procedure and thermal damage was
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assessed by using light microscopy. The quality of the soldered vessels was determined based
on tensile strength measurements and compared to conventionally sutured vessels. After testing
this technique in vitro, we demonstrated the clinical feasibility of this technique in an acute pig
trial with the objective to investigate the handling of the soldering setup and the patch.

II.2 Materials and Methods

II.2.1 Materials

Polycaprolactone (PCL, average Mn = 80000) and lyophilized bovine serum albumin (BSA,
lyophilized) were obtained from Sigma Aldrich (Saint Louis, MO). Methanol and chloroform
were used in analytical grade from Merck KGaA (Darmstadt, Germany). Indocyanine green
(ICG, IR-125) was obtained from Acros Organics (Geel, Belgium). All materials were used as
received.

II.2.2 Electrospinning of the soldering patch

Solution preparation

First, PCL was dissolved in chloroform and ICG in methanol. Both solutions were stirred
separately overnight to yield a homogenous solution. Then, they were combined to obtain a
blend of 9 % (w/w) PCL solution in chloroform/methanol (75/25 (v/v)) with an ICG:PCL ratio
of 1:10 (w/w). After addition of ICG, the solution was spun and processed in the dark as the
ICG tends to degrade with exposure to light [41].

Electrospinning setup and parameters

For electrospinning of the PCL/ICG blend, a custom-made setup with a single needle was used
(shown in figure II.1). The PCL/ICG solution was loaded into a 5mL syringe with a truncated
needle (0.812mm I.D., BD Microlance 3, Becton Dickinson S.A., Fraga, Spain) that was con-
nected with electrodes to a power supply (gamma series, brandenburg, Applied Kilovolts Ltd.,
UK). The electrospinning process parameters were varied in order to achieve stable electrospin-
ning. A flow rate of 30 µL/min, a gap distance of 15 cm between the needle tip and the grounded
collector plate, and an applied positive potential of 15 kV lead to a stable Taylor cone. The
deposited scaffold was visually homogeneous and without spots. The fibers were collected on a
rotating aluminum plate at 1 rpm with a diameter of 10 cm to ensure a homogeneous distribu-
tion of the fibers. The setup was placed in a chamber, in which temperature and humidity were
well controlled to be 22±1 ◦C and 30±5% RH. The resulting patch was stored in the dark in a
desiccator until further processing to ensure complete removal of the solvent [42].
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Figure II.1: Electrospinning setup. Left: High voltage was applied to a polymer solution to
induce the formation of a liquid jet. The jet underwent stretching and whipping processes
resulting in a long and thin fiber. During the flight, the solvent evaporated and the diameter
was significantly reduced from hundreds of micrometers to a few micrometers. Eventually the
jet was deposited on a grounded collector as a random, non-woven mat of fibers. Right: Setup
used in our lab. The setup was placed in a chamber, curtains were used to keep the setup in the
dark. Dry air was supplied via two nozzles and the RH/T sensor measured the humidity and
the temperature in the chamber. The motor was rotating the collector.

Figure II.2: Droplet shape at the needle tip. A: Immediately after the onset of electrospinning.
B: Branching of the droplet after 5min of electrospinning using a solution of 1:10 ICG:PCL. C:
Branching of the droplet continues and long glob is forming. Picture was taking after 15min of
electrospinning. Pictures were obtained with a Dragonfly Express Camera (Point Grey Research
Inc., Vancouver, BC, Canada) and a Minolta lens (f=58 mm, 1:1.2).

One difficulty was the reproducibility of the electrospinning process. Using a high concentra-
tion of ICG of 10% (w/w) in the patch, a long glob is forming from the needle tip, and hardens.
This drop was removed manually every 15min. When using ICG concentrations lower than 5%
(w/w), this effect was not observed. A photograph of the droplet shapes at the needle tip is
shown in figure II.2. The polymer glob is a regularly occurring phenomenon during electrospin-
ning [57, 58]. Furthermore, it was important to keep the relative humidity in the electrospinning
chamber at 30±5%, as otherwise the solution was dripping regularly. This effect was not ob-
served at low ICG concentrations. Laboratory electrospinning setups differ significantly from
industrial-scale systems [38], where the climate-control and the long drop will not be of concern.
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Analysis of the patch

To examine the fiber morphology and diameter, samples were sputter coated with a 10 nm layer
of gold and analyzed using a scanning electron microscope (SEM, Zeiss DSM982, Carl Zeiss AG,
Oberkochen, Germany) with an electron beam of 5.0 kV. For the determination of the thickness
of the patches, a patch was inserted between two microscope slides, followed by measuring the
displacement with a height gauge (Trimos V600+, Trimos SA, Renens, Switzerland).

For the determination of the attenuation coefficient of the ICG-loaded patch, thin layers with
varying electrospinning duration of 1 to 10min (step-size of 1min; 3 samples per duration) were
electrospun on a microscopy slide and the thickness of the layers was measured. The absorbance
was measured at a wavelength of 790 nm, the wavelength of maximum absorption, involving a
standard spectrometer (Lambda 750, Perkin Elmer, Waltham, MA, US). The absorbance times
the natural logarithm ln(10), divided by the thickness of the layers, equals the attenuation
coefficient that was calculated to be 1119±183 cm−1. Since these experiments do not provide a
differentiation between the scattering nor the absorption coefficient, the patches were irradiated
with a Gaussian beam at a wavelength of 785 nm and an image of the transmitted beam was
taken with a CMOS detector [43]. As there was hardly any background caused by scattering,
it can be assumed that scattering events are negligible, and therefore the attenuation coefficient
equals the absorption coefficient.

To estimate the aqueous- and photo-stability of ICG in the patch, the patches were cut to a
width of 10±1mm and a length of 20±1mm, weighted and immersed in 1ml of physiological solu-
tion (Dulbecco’s phosphate-buffered saline (DPBS), Gibco, Thermo Fisher Scientific, Waltham,
MA, US), see figure II.3. During immersion, the samples were stored at room temperature, ap-
plying gentle agitation, with and without exposure to daylight. The samples were stored for t=0,
1, 8, and 24 h. At timepoint t=0 h, the patch was only dipped in DPBS for 10 s. We additionally
added an untreated group, where the patch was not immersed in DPBS and directly processed
further. After immersion, the patches were removed from the extract. The removed patches were
dissolved in 1ml chloroform/methanol (75/25 v/v) and further diluted 1000-fold using the same
solvent. Thereafter, we measured the absorbance of the extracts and the dissolved patches using
a spectrometer at 790 nm (Lambda 750, Perkin Elmer, Waltham, MA, US). For each time-point
the samples were prepared 10-fold. The results of the optical measurements were compared to a
reference series with known ICG concentrations.

II.2.3 Soldering

Treatment of the patch

Prior to soldering, pieces with a length of 1 cm and a width of 2 cm were cut from the electrospun
mesh and immersed in BSA solution. The liquid protein solution was prepared by dissolving 40%
(w/w) BSA in MilliQ water at 37 ◦C under gentle stirring. The electrospun ICG-loaded patch
was soaked in this solution for 10 s and excess was removed by reversing the patch twice on a
Teflon plate. Highly concentrated and liquid 40% (w/w) BSA solution is sticky. Hence, the
patches were air-dried in the dark for 15min, resulting in a slightly humid patch. Due to drying,
the patches were less sticky but still pliable. The patches were then vacuum sealed in small
plastic bags, stored at 4 ◦C without light exposure and used within three days.

In vitro anastomoses: setup and parameters

The applicability of the patches to LAVA was first tested in an in vitro model, using an end-to-
end anastomosis with medium-sized rabbit aortas and an intraluminal soldering setup, that was
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Figure II.3: Scheme of testing the aqueous and photo-stability of ICG in the patch. Patches were
cut, immersed in DPBS, and removed from the immersion liquid. The patch was dissolved and
diluted in chloroform/methanol (75/25 v/v). The absorbance of the extract of the patch and the
dissolved patch was measured.

previously pre-clinically tested [3].
Rabbit aortas were harvested at a local slaughterhouse. Then, the aortas were frozen directly

and stored at -80 ◦C. Prior to use, they were slowly warmed up to room temperature. The
perivascular adipose tissue was carefully removed and the aortas were shortened to a length of
3 cm. Subsequently, the aortas were cut transversely and aligned to each other over a balloon
catheter (Armada 35 PTA catheter, 3.0mm balloon diameter, Abbott Laboratories, Illinois,
US). The catheter was inflated with a saline solution prior to inserting the laser fiber (Laser und
Medizintechnologie Berlin, Berlin, Germany), which was placed exactly at the site where the
anastomosis had to be performed. A HeNe-target laser, additionally coupled into the same fiber,
helped to align the fiber with respect to the vessel stumps. The laser fiber had a 400 µm quartz
core with a diffusor at its distal end, homogeneously illuminating the vessel over a length of
15mm (figure II.9A). A diode laser (Lina 30d, Intros, Heilbad Heiligenstadt, Germany) emitting
radiation in the near infrared at 810 nm was coupled into the fiber. Following, the patch with a
size of 2x1 cm was applied around the vessel. To ensure that the whole circumference of the vessel
was fully covered, and taking the shrinkage of the patch into account, we left a seam overlap of
approximately 2mm. If the patch extending the vessel too far, the patch was cut accordingly.
The patch was then irradiated with the laser operating at an average output power of 4W in the
continuous wave (cw) regime. The vessels used had a diameter of 3.9±0.3mm (n=30) and the
irradiated surface was estimated to be equal to 1.8 cm2, resulting in an irradiance of 2.2W/cm2.

The temperature at the surface of the patches was recorded and controlled during the laser
irradiation with a thermal camera (A655, FLIR Systems, Inc., Wilsonville, Oregon, US). The
camera was calibrated for a temperature range from -40 to 150 ◦C allowing an accuracy of ±2 ◦C.
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To reduce desiccation of the vessel wall and to stay in a clinically acceptable time we irradiated for
30 s after reaching 75 ◦C at the surface of the patch. The temperature was stabilized between 75
and 85 ◦C by manually switching the laser on and off. After soldering, the temperature data were
analyzed and processed using Matlab (version R2012b, MathWorks, Inc., Natick, Massachusetts,
US). The average temperature of a 6mm2 surface was calculated for each camera frame and
plotted versus the irradiation time. The surface was determined by a 2 times 3mm rectangle
centered over the hottest spot of the solder surface.

In vivo anastomoses: setup and parameters

The experiments were performed in the experimental surgery unit of the Insel-Hospital Bern on
3month old pigs weighing approximately 40 kg each. The protocol used for the animal experi-
ments were in accordance with the guidelines of the National Institutes of Health for the care and
use of experimental animals. The same team of surgeons performed all experiments. General
anesthesia was induced with 20mg/kg body weight ketamine (Vetoquiol AG, Ittigen, Switzer-
land) and 2mg/kg xylazine (Vetoquiol AG, Ittigen, Switzerland) given intramuscular. Ten min-
utes later, 0.5mg/kg midazolam and 0.05mg/kg atropine were administered by an intravenous
catheter placed in the ear vein. Anesthesia was maintained with 1–1.5 % (v/v) isoflurane and
25% oxygen in air.

A total of eight animals underwent laser assisted anastomoses in an acute trial. The M.
latissimus dorsi was harvested and the A. thoracodorsalis was isolated. After that the distal
A. femoralis and the A. saphenous were isolated and clipped with microsurgical vascular clips.
The A. femoralis was clamped proximal with a HD-D microsurgical clamp. The A. saphena
was then sectioned at about 5 cm from its bifurcation from the A. femoralis and the distal A.
femoralis was sectioned at about 2 cm from the bifurcation. Next, via the collateral branch, the
balloon catheter was inserted into the A. saphena and advanced to the transected extremity of
the distal A. femoralis. The stump of the flap’s artery was carefully adjusted over the balloon
catheter and kept in contact with the distal A. femoralis with another HD-D clamp. To keep
the soldering site away from surrounding tissue, a surgical gauze was placed underneath when
necessary. The balloon was inflated with saline solution and the laser fiber was inserted into
the working channel of the balloon catheter until it laid exactly at the site were the anastomosis
had to be performed. The ICG-loaded patch was wrapped around the coapted vessels (figure
II.4). The vessel diameter was 3.3±0.6mm (n=8), and therefore slightly smaller than the rabbit
aortas that we used in vitro. To ensure a similar irradiance as for in vitro experiments, the laser
output power was thus reduced to 3W instead of 4W. After soldering, the clamps, the balloon,
and the fiber were gently removed and the patency was determined by visual observation of
the blood flow at the venous end of the flap and by observation of the pulsatile signal distal
to LAVA. At the end of the observation period of 1min, the A. femoralis was clipped distal to
LAVA. The vascular segment was then excised and prepared for tensile strength measurement.
The pigs were alive during the whole operation and observation period and then euthanized by
intravenous application of 2mmol/kg potassium chloride.

II.2.4 Conventional suture anastomosis

The bonding strength of the LAVAs was compared to in vitro conventional suture anastomosis.
Therefore, five rabbit aortas were prepared by removing the adventitia over a length of 2 cm.
An Acland micro vascular clamp (Synovis micro companies alliance Inc., Birmingham, US) was
used to oppose the vessels to allow for a tension-free anastomosis. The vessels were then flushed
with saline water. 8 interrupted sutures were applied using 9-0 Nylon (Ethicon, Somerville,



26

Figure II.4: Intraoperative image of the vessel during soldering. The balloon catheter with the
laser fiber is inserted via the A. saphena. The patch is wrapped around the vessel, connecting
the A. femoralis and the A. thoracodorsalis. The microsurgical clamp holds the setup in place,
adapting the two artery stumps for laser soldering.

New Jersey, US) to perform the anastomosis under the magnification of an operating microscope
(Zeiss Surgical microscope, Carl Zeiss AG, Oberkochen, Germany).

II.2.5 Measurement of tensile strength

The tensile strength of in vitro and in vivo soldered and sutured vessels was evaluated using
a test stand with a fixed force gauge (BFG50, Mecmesin Limited, West Sussex, UK) (figure
II.5). Vessels were fixed 2mm from the end of the patch with two surgical clamps attached to a
moving table. The table was pulled with an electrically driven motor at a constant velocity of
30 mm/min. The tensile strength was calculated by dividing the maximum load at the rupture
time point by the cross-sectional area of the blood vessel. Therefore, the external diameter of
the vessel was measured with a caliper before soldering, and the surface area of the cross-section,
including the vessel wall and the lumen, was calculated. For comparison with our previous
studies, we reported both, the tensile strength as well as the maximum load. The measurement
was done within 1min after soldering to avoid any desiccation of the sample. The in vivo vessels
had, however, to be transported and were thus stored on gauze imbued in PBS until the tensile
strength measurement. The time from excising the vessel until measurement was within 1.5 hours.

II.2.6 Histological assessment

Laser-induced thermal damage was assessed using light microscopy. For histological assessment
we used freshly obtained rabbit aortas, in contrast to the tensile strength measurements, where we
used frozen rabbit aorta. Immediately after in vitro soldering, the tissue samples were fixed in 4%
formaldehyde (G256, Dr. Grogg Chemie AG, Stettlen, Switzerland). The biopsies were processed
for the production of undecalcified ground sections. The specimens were rinsed under running
tap water, dehydrated in ascending ethanol concentrations, and embedded in methylmethacrylate
(MMA). The embedded tissue blocks were cut into approximately 600 µm-thick sections using a
slow-speed diamond saw with copious water cooling (Varicut VC-50, Leco, Munich, Germany).
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Figure II.5: Tensile strength measurement setup.

After mounting the sections onto acrylic glass slabs, they were ground and polished to a final
thickness of about 200 µm (Knuth-Rotor-3; Struers, Rødovre/Copenhagen, Denmark) and surface
stained with toluidine blue and basic fuchsin [44]. Light microscopic recording was performed
using a motorized Zeiss Axio Imager M2 microscope (Carl Zeiss AG, Oberkochen, Germany)
with scan table and a high-resolution AxioCam digital camera (Carl Zeiss AG, Oberkochen,
Germany).

For detailed study of the structures we used embedding in epon resin, where the tissue samples
were fixed for 24 h at 4 ◦C by immersion in 1% glutaraldehyde, 1% formaldehyde buffered with
0.08M sodium cacodylate (pH 7.4). Then the samples were extensively washed in 0.1M sodium
cacodylate buffer containing 5% sucrose, pH 7.3, and postfixed with potassium-ferrocyanide-
reduced osmium tetroxide. Osmicated samples were processed for embedding in Taab 812 epoxy
resin (Merck, Dietikon, Switzerland). Sections measuring 1 µm in thickness were cut with glass
and diamond knives on a Reichert Ultracut E microtome (Leica Microsystems, Glattbrugg,
Switzerland), stained with toluidine blue and basic fuchsin, and observed in a Zeiss Axio Imager
M2 microscope (Carl Zeiss AG, Oberkochen, Germany) with scan table and a high-resolution
AxioCam digital camera (Carl Zeiss AG, Oberkochen, Germany).

II.2.7 Statistical data evaluation

Values are reported as mean ± standard deviation. The non-parametric Wilcoxon rank test was
used to compare the experimental groups and was performed with R 3.3.1 (R Foundation for
Statistical Computing, Vienna, Austria). A p-value < 0.05 was considered significant in this
study.
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II.3 Results

In this study, we characterized electrospun ICG-loaded patches and tested the applicability of
these patches to LAVA in vitro and under pre-clinical conditions.

As can be seen in figure II.6A, the electrospun ICG-loaded patch with a concentration of 10%
(w/w) ICG consisted of randomly oriented fibers with an average diameter of 1.20±0.19 µm (6
patches with 90 fiber measurements each, maximum diameter 2138 nm, minimum 143 nm). We
observed a similar fiber distribution when using lower ICG concentrations or no ICG (data not
shown). Concentrations above 5% (w/w) ICG lead to dripping of the solution from the needle
tip and to more droplets landing on the collector.

The thickness of the patch was adjusted by the duration of electrospinning. The spherical
collector with a diameter of 10 cm was fully covered with fibers after electrospinning for at least
60min. After electrospinning for 60, 75, 90 and 120min the patch thickness was 212±12, 279±62,
351±52 and 473±61 µm, respectively (n=5 patches, for 75min: n=10), being an almost linear
dependence on the duration. Whereas the patches with an electrospinning duration of 60min
were thin and thus difficult to handle, the patches spun for 90min and longer were too thick and
therefore difficult to wrap around blood vessels. Thus, the further investigations were continued
with the patch spun for 75min. The applied amount of BSA is a governing factor for LAVA
[2, 45], therefore the native and the soaked patches were weighed to determine the effective BSA
amount to be 38.1±7.9mg.

Figure II.6: Scanning electron micrographs. A: The fiber morphology of the ICG-loaded patch
after electrospinning and before soaking in BSA solution. B: Surface of the patch after in vitro
LAVA using rabbit aorta. The fibers melt to a smooth surface.

II.3.1 Aqueous and photo-stability of ICG in the patch

The ICG-loaded patch was intended to reduce the flow-off of ICG during laser-tissue soldering,
ensuring stable optical properties and to avoid staining of the surrounding tissue. To evaluate
the leaking behavior of the patch we analyzed the release of ICG in physiological solution for
24 hours. We measured the amount of ICG remaining in the patch after immersion and the
amount of ICG in the extract (figure II.7). The calculated amount of ICG of a 10mg-patch after
electrospinning was 910 µg. The amount of ICG in the patches decreased to 798±117 µg after
immersion, without significant changes over the immersion duration or exposure to daylight. To
further investigate the leakage and photo-degradation of ICG, the absorbance of the extracts was
measured. The ICG content ranged from 5±4 µg for samples immersed for 10 s to 57±14 µg for
the samples stored in the dark for 8 and 24 hours. Interestingly, the extracts that were stored at
daylight did not show changes of absorption over time, with the amount of absorbing ICG being
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25±6 µg. We noticed no changes in the visual appearance and the soldering behavior of patches
that were stored for several months in the dark, compared to freshly prepared ones.

Figure II.7: Testing of ICG-leakage from the ICG-loaded patches. The solid short lines represent
the means of the samples stored in the dark, while the dashed short lines show the means of
the samples kept at daylight. A: Amount of absorbing ICG per 10mg patch after immersion in
PBS. The long-dashed line shows the theoretical amount of ICG per patch, being 910 µg, which is
calculated from the ratio of PCL and ICG in the electrospinning blend. B: Amount of absorbing
ICG found in the extract, normalized per 10mg patch. These results show that ICG bleached
after storage at daylight in aqueous solution.

II.3.2 In vitro anastomosis

The average surface temperature curve for 30 independent experiments is shown in figure II.8B.
This curve shows that the temperature at the surface of the patch was always between minimum
70 ◦C and maximum 85 ◦C. Due to the fast heat diffusion across the patch and taking into
account the efficient cooling of the water filled balloon catheter we can assume that the vessel
wall did not reach a temperature far above 75 ◦C. Such a temperature was reported to ensure
good tissue fusion [12]. During soldering, the color of the patch did not change and no staining
at the edges of the outer border of the patch was observed (compare figure II.9B and II.9C).
This observation is confirmed using the thermal camera, where there is a strong temperature
gradient at the vessel edges, indicating that there is only few ICG leaking towards the edges,
see figure II.8A. Neverthelesss, this figure demonstrates lateral heat diffusion after 15 s of laser
irradiation that results in some heating of surrounding tissue. The ICG-loaded patch started to
melt at temperatures >60 ◦C, leading to a smooth surface of the patch (see figure II.6B). The
patch was shrinking during irradiation. Therefore, it was important that the patch covered the
incision lengthwise by 10mm prior to irradiation, which ensured that the lateral shrinkage during
soldering did not cause leakage, even if the patch was not perfectly centered.
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Figure II.8: A: Typical temperature distribution after 15 s of laser irradiation. The ICG-loaded
patch is irradiated by using an intraluminal laser light source and hence heated homogeneously.
A rectangle with an area of 6mm2 is centered over the hottest spot of the solder surface to de-
termine the average surface temperature. B: Solder-surface temperature of in vitro experiments.
The graph shows the mean temperature of 30 experiments during laser irradiation. After first
measuring 75 ◦C at the patch surface, we irradiated for further 30 s at a temperature range of 75
to 85 ◦C. The error bars show the standard deviation.

Figure II.9: A: Intraluminal balloon catheter with inserted diffusor fiber. A HeNe target laser
was coupled into the laser fiber. B: In vitro experiment showing the aligned vessel stumps with
the balloon catheter and the patch that was wrapped around the vessel before irradiation. C: In
vitro experiment after irradiation. The patch was melting around the vessel, giving additional
stability, and was shrinking in lateral direction.

The total irradiation time for the vessels was 46±8 s. The maximal load before vessel rupture
was 1451±337mN, and the tensile strength was 117±30mN/mm2 (n=30) for the laser-soldered-
anastomosis. During tensile strength testing, the rupture took consistently place at the interface
between the patch and the vessel wall. This tensile strength was significantly lower (p=0.0094)
compared to sutured rabbit aortas where we obtained 171±29 mN/mm2 (maximum load was
2042±112 mN, n=5).

Figure II.10 shows the histological assessment of the rabbit aorta after LAVA in vitro. Com-
paring the native arterial wall and the laser-treated wall, it is evident that thermal damage
occurred in the Tunica adventitia and the Tunica media. The Tunica interna with its endothe-
lium remained intact, which is important to prevent pathological vascular changes [46]. No
vacuoles were present in the arterial wall. The thermal damage of the Tunica media, indicated
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by the shrinkage of this layer, was restricted to the area that was covered by the patch. The
Tunica adventitia was interfused with liquid BSA and seemed to be damaged. This damage
can be further seen in some distance from the area beyond the patch, which is probably due to
heat diffusion, as mentioned above. The soldered patch was interfused with small to mid-sized
bubbles.

Figure II.10: Histological Analysis. Light micrographs of arterial walls immediately after in vitro
LAVA . A: Longitudinal whole-mount section after MMA embedding shows the patch closely
adhering to the blood vessel and the position were the anastomosis was performed. B: Overview
after embedding in epon resin demonstrating the arterial wall after LAVA and showing the
position of the detail views. N: The native arterial wall (N) is shown with the Tunica interna (i)
and the Tunica media (m), that is formed by smooth muscle cells and loosely arranged collagen
fibers. The Tunica adventitia (a) blends with the connective tissue that surrounds the artery.
C1, C2: After LAVA thermal damage is noticed. The collagen fibers of the Tunica media appear
compact and accurately arranged, and in C1 the Tunica media is clearly compressed. The Tunica
interna with its endothelium (arrow) remained intact.

II.3.3 In vivo anastomosis

We performed in vivo LAVA using eight pigs. The slightly sticky patch simplifies the positioning
of the patch, the coaptation of the vessels stumps and holds the stumps together. Furthermore,
the patch was stable and did not tear apart. Therefore, the ICG-loaded patch had advantages
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Figure II.11: Tensile strength measurements after soldering using rabbit aorta (in vitro) and pig
arteries (in vivo) compared to conventionally sutured rabbit aorta (in vitro). The boxes indicate
the median and the interquartile range, the vertical lines depict the ranges (upper/lower quartile
± 1.5*interquartile range).

compared to liquid solder regarding clinical handling. We observed no dripping of the solder and
the surrounding tissue was not stained by the green chromophore. Bonding was obtained after
an average time of total laser irradiation of 58±8 s.

After LAVA, we observed no blood leakage in six of eight experiments. The pulse rate was vis-
ible distal to the soldering site and a blood flow through the venous end of the flap demonstrated
the patency of the vessels for blood. The maximum load and the tensile strength, determined for
four of the patent anastomoses, was 1058±265mN and 138±52mN/mm2, respectively (see figure
II.11). To test the clinical outcome of a lower irradiance leading to lower temperatures and hence
lower tensile strengths, we irradiated one vessel with 1.6W/cm2. Here, the required temperature
of 80 ◦C to achieve strong tissue bonding was not reached, leading to a tensile strength of only
23mN/mm2. Even in this case the fusion was patent for blood and no leakage occurred, even
after touching and slightly pulling the vessel. In two experiments we observed a blood leakage, as
the patch was not overlapping due to defective approximation of the vessels and the laser fiber.

II.4 Discussion

The aim of our study was to develop and characterize a patch suitable for LAVA that is easy-
to-handle, pliable, biodegradable and that can be adjusted to different shapes and sizes to meet
specific surgical needs. The patch should be ready-to-use without further modification in the
surgery room. Since it is necessary to ensure a reliable and reproducible anastomosis, a well-
defined concentration of the chromophore in the patch is required during the procedure.

Matrix polymers, that have led to promising results for laser tissue soldering, include PCL
[15, 20], poly(lactic-co-glycolic acid) (PLGA) [5], and chitosan [6]. We used PCL as a matrix
material for laser tissue soldering, since it is biodegradable and biocompatible and approved
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by the Food and Drug Administration (FDA) [47]. A further advantage is its low melting
point at around 60 ◦C [48] which, during LAVA, promotes a strong polymer-tissue-interaction
by solidifying the polymer at the surface [5]. Additionally, we have chosen PCL over PLGA
due to its lower degradation rate leading to a lower inflammatory response [49]. Besides, PCL
is an intensively studied polymer with regard to electrospinning. Since PCL is hydrophobic
and a linear semi crystalline polymer it is soluble in organic solvents such as chloroform, acetic
acid, formic acid and tetrahydrofuran [33, 47]. It is reported that electrospinning of PCL in
chloroform as single solvent produces randomly oriented and smooth fibers [33, 42, 50, 51]. By
using a binary system with chloroform and a solvent with a high dielectric constant, such as
methanol or dimethylformamide, the electrospinnability was enhanced and more uniform fibers
with regards to its size distribution were reported [33, 50]. A further reason to use the binary
system of chloroform and methanol was the high solubility and the good stability of ICG in
methanol compared to aqueous fluids [19].

In this study we present the possibility to fix ICG in various concentrations in polymer fibers
by using electrospinning and hence to control the absorption coefficient of the patch. For LAVA
we are aiming at a high absorption coefficient [2, 12]. In this study, a 1:10 ratio of ICG:PCL
was used as this leads to a higher attenuation coefficient of 1119±183 cm−1 compared to former
approaches with soaked ICG or ICG-loaded nanoshells [15, 45], which was reported to be 96
to 288 cm−1 and 145±5 cm−1, respectively. The high absorption coefficient leads to an energy
absorption in the first few micrometers of the patch, which results in a strong accumulation
of heat at the interface of the patch and the artery. The strong heat accumulation at the
patch-vessel interface together with the water-filled balloon catheter in the lumen result in a
steep temperature gradient across the vessel wall. This gradient could be made steeper, when a
balloon catheter flushed with a cooling medium, is applied [52]. Due to the temperature gradient
a strong tissue bonding is achieved at the patch-tissue interface while keeping the temperature
at the Tunica interna low.

Our hypothesis was that embedding ICG into micro-fibers would avoid its flow-off and ensure
that peripheral tissue is not stained and hence not heated. The data of the aqueous- and photo-
stability experiments show that the amount of absorbing ICG in the patch is reduced by 10%
after immersion in physiological solution after exposure to sunlight. We suggest three factors
accounting for the reduction of ICG: (1) the leakage of ICG into the surrounding physiological
solution, (2) the photo-degradation of ICG and (3) the instability of ICG in aqueous solution.
The leakage of ICG was investigated by measuring the amount of ICG that was released into the
extract. A release decreasing with time, as expected, of ICG into physiological solution during
the first 8 hours was observed. After this, no further release of ICG was observed. This stagnation
could be an evidence for entrapment of the ICG in the PCL fibers, with the initial burst release
due to ICG that was not entrapped but loosely attached to the surface of the fibers. A burst
release was observed for other molecules entrapped in PCL fibers, such as BSA [53, 54]. The
absorbance of the extracts from patches exposed to daylight showed a significantly lower ICG
concentration than the samples stored in the dark. This could be due to an effect of photobleach-
ing since ICG is shown to possess poor photo-stability and photo-bleaching in aqueous solution
[55]. There was no effect of the exposure to daylight on ICG absorbance measured directly from
the subsequently dissolved patches. This could be due to the protection of ICG in PCL-fibers,
an effect that was previously observed in silica-polycaprolactone grafted nanocomposites [17].
The degradation of ICG due to storage in aqueous solution was not observed, probably because
of the short observation period of 24 hours [41].

Laser tissue soldering is achieved by irreversibly damaging the solder protein and structural
proteins of the tissue [2, 7, 56]. Previously, we applied ambiguous end points, such as the change
of color, desiccation and the shrinkage of the patch that defined whether the laser irradiation had
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to be stopped. The usage of a thermal camera during the soldering process allows to optically
observe the temperature and hence to control the applied laser energy. The infrared-camera
based approach is easy to apply, however, it has a major drawback: we are mostly interested in
the temperature at the vessel-patch-interface, but we are measuring at the outer surface of the
solder patch. Additionally, we are just measuring at upper side of the vessel. The lower side
might have a different temperature due to the formation of a water droplet. Due to naturally
varying parameters, such as the water content of the tissue, tissue type, and tissue thickness,
the thermal conduction towards the solder-tissue-interface and the T. interna is affected. Due
to the high attenuation coefficient the target temperature of 75 to 85 ◦C is reached much faster,
which reduces the overall irradiation time. Previous studies [12, 15] showed that the soldering
time should be maximum 30 s to avoid desiccation and to stay in a clinically acceptable time.
Therefore, we decided to keep the duration at the end-point temperature of 75 to 85 ◦C constant
for 30 s. Additional experiments displayed (data not shown), that a longer duration of up to
60 s did not increase the tensile strength. A shorter duration decreased, however, the tensile
strength significantly. During tensile strength testing, all anastomoses broke at the patch/tissue-
interface, which indicates that the bond is mainly created by adhesive bonding. The histological
assessment demonstrated, that the patch is in close contact with the vessel wall over its full lateral
length, ensuring a high bonding strength (figure II.10). Thermal damage of the vessel wall was
evident, however, the Tunica interna appeared structurally intact. The target temperature of
75–85 ◦C in in vitro soldering was reached after 16±8 s whereas for in vivo soldering the target
temperature was reached after 28±8 s. This can be explained by the fact that in the clinical
setup the humidity of the vessels and the patch was higher due to wound liquid and the wetting
of the preparation site to avoid desiccation of the site of incision. This leads to a higher heat
diffusion during the in vivo situation, and therefore to a stronger thermal damage. The standard
deviation of ± 10 ◦C of the temperature reached during soldering is low compared to previous
methods with liquid solder [45]. This low deviation results from the fixation of indocyanine
green in the polycaprolactone scaffold and a result of the manual control of the laser power. The
reproducibility of the temperature curve was improved by applying an ICG-loaded electrospun
patch.

Due to the shrinkage of the patch during soldering, complete wrapping with an overlap has to
be ensured during surgery. Therefore, the width of the patch needs to be sufficiently large, but at
the same time small enough to avoid a large thermal damage zone. Furthermore, the shrinkage
results in formation of a clump, which could be problematic during the healing process. Another
challenge might be a tension onto the blood vessels. During our experiments, we did not observe
such a tension, but this possible effect should be further investigated.

The time required for the whole surgery, beginning from introducing the balloon catheter
until the removal of the balloon catheter lasted 10min and hence underlines the fast and easy
soldering procedure using the patch. The resulting tensile strength of the in vitro and in vivo
experiments was similar, demonstrating the potential of the electrospun patches in a realistic
environment. The tensile strength of sutured anastomoses was significantly higher. However,
all in vivo tests were free of leakage during the observation period, demonstrating that the
technique was able to provide water-tight anastomosis. This finding shows that the reported
tensile strengths withstand the physiological blood pressure immediately after the anastomosis.
The maximum loads at the vessel rupture point were in the same range as our previously reported
results [15, 45]. Throughout this thesis, the maximum load was divided by the external diameter
of the blood vessel, including the lumen and the vessel wall, and named as "tensile strength".
This is certainly not a physically correct measure, but allowed to normalize the impact of the
different vessel size of rabbit aorta and pig arteries. Nevertheless, measuring the immediate
tensile strength as a quality attribute of LAVA assesses the integrity of the bonding after laser
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soldering, and is related to the effect of the laser irradiation, however it provides no information
about the patency of the vessels, nor about the immediate tightness. Therefore it is important
to assess the leaking point pressure, and the bonding strength after wound healing in a future
study.

II.5 Conclusion

In conclusion, we demonstrated the feasibility and applicability of an electrospun ICG-loaded
patch for LAVA. Our approach, to embed ICG into fibers and thus to enable quantitative control
during the surgery, was confirmed by in vitro and in vivo experiments. The main advantage
of this patch is the entrapment of the chromophore in microfibers and thus the prevention of
optical degradation and the staining of peripheral tissue. LAVA by means of the electrospun
ICG-loaded patch resulted in an immediate and effective in vivo microvascular anastomosis,
thus demonstrating the clinical feasibility of this approach and the successful handling of the
patch under operative conditions. In terms of outlook, the focus will lay on the application of a
layered electrospun patch, where albumin is embedded into polymer fibers. In addition, the mesh
could be further loaded with functional molecules and drugs such as anti-inflammatory agents,
and antibiotics to promote wound healing, considering their resistance to heat during soldering.
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III. Electrospinning of highly concentrated albu-
min patches by using auxiliary polymers for
laser-assisted vascular anastomosis

Abstract

Background and Objective: Electrospun meshes have been extensively investigated for tissue
engineering and drug delivery. The application of this technology is of interest for laser-assisted
vascular anastomosis (LAVA) due to the possibility to bind and stabilize macromolecules in
fibers.
Materials and Methods: We prepared bovine serum albumin (BSA) blend microfibers from
the auxiliary proteins polyethylene oxide (PEO), polycaprolactone (PCL), polyvinyl alcohol
(PVA) and gelatin. The thickness and weight of the resulting patches were measured and the
morphological characteristics were observed by scanning electron microscopy. The effect of the
material composition of the electrospun patches on the bonding strength after LAVA was deter-
mined.
Results: The bonding strength of the tissue fusion increased by using higher BSA amounts in
the patch. By using PEO, a ratio of 85/15 (w/w) of BSA/PEO was stable during electrospin-
ning, leading to a tensile strength that was similar to patches that were soaked in liquid BSA
(102±18mN/mm2 and 117±30mN/mm2, respectively).
Conclusion: This study investigated the maximum amount of BSA possible in electrospun
polymer fibers made from PEO, PCL, PVA and gelatin. The process of electrospinning of a
BSA/PEO blend was stable for hours, making them a promising material for LAVA.

III.1 Introduction

Laser-assisted vascular anastomosis (LAVA) has potential to enable secure, rapid and easy fusion
of blood vessels and might reduce suture and needle trauma, foreign body reactions and bleeding
[2–4]. LAVA is based on the inauguration of a thermal effect driven by the absorption of laser
light, inducing denaturation and coagulation of proteins. Solder that commonly consists of
chromophore indocyanine green (ICG) and protein bovine serum albumin (BSA), is applied onto
the soldering site by either dripping [4–6] or by soaking a patch in BSA/ICG solution [7–9].
However, the usage of a liquid solder solution has disadvantages: (1) Dripping of the liquid
solution before and during soldering lead to an uncontrollable amount of both, the chromophore
and the protein. (2) The difficult localized deposition of the liquid solder and the flow-off of the

The content of this chapter was submitted to “Biomedical Materials” in 2016 [1].
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solder, results in staining the surrounding tissue and hence heating and thermal damage. (3)
Applying solder solution, containing highly concentrated BSA, is a tedious process, due to the
stickiness of the solution. (4) The short shelf-life of highly concentrated BSA solution necessitates
its fresh preparation prior to surgery to avoid protein degradation and aggregation [10]. A patch,
that is soaked in liquid BSA/ICG solution, followed by application to blood vessels, possesses the
same disadvantages with regard to liquid highly concentrated BSA solutions, but significantly
increases the bonding strength. The increased bonding strength is a result of the larger surface
area that is involved in the bonding due to the fusion of the solder patch along the sides of the
tissue and not only at the edges of the tissue to be fused, as for liquid solder [7–9]. Our aim is
thus to develop and characterize a pliable and tear-proof patch that already encapsulates both
ICG and BSA and is ready-to-use without additional modifications in the surgery room.

Electrospinning is a well-studied technique to produce fibers with diameters in the nano- and
micrometer range [11]. Electrospun materials can be prepared from a large variety of synthetic
or natural polymers, enabling a wide field of applications such as in filtering [12], sensors [13] and
textiles [14]. Powerful progress has been achieved in using electrospinning for tissue engineering
[15–18], wound dressing [19–21], and the encapsulation of drugs [22–26] and cells [27, 28].
The application of an electrospun scaffold made of ICG-loaded polycaprolactone (PCL) fibers
that was soaked in liquid BSA has been shown to improve tissue fusion due to binding of ICG,
avoiding its flow-off, and due to easier handling during surgery [29]. To obtain strong tissue
fusion during LAVA, the amount of BSA must be high and the BSA layer needs to have direct
contact with the underlying tissue ensuring the denaturation and subsequent entanglement of
the protein chains [5, 30]. We present a double-layer patch, with the BSA-loaded layer touching
the tissue and with the PCL/ICG-absorber layer above. As stated in the literature, the protein
BSA does not form fibers during electrospinning, due to its globular structure. To overcome this
limitation, blend [31–34], coaxial [35, 36] and emulsion [37–39] electrospinning have been shown
to incorporate biomolecules into fibers.

The present study addresses the development of scaffolds with a high BSA-load via blend
electrospinning together with an auxiliary polymer. BSA-loaded layers from four different aux-
iliary polymers and with different weight ratios were prepared and investigated with regard to
weight, thickness and fiber morphology. The following biocompatible polymers were tested:
polyethylene oxide (PEO), polyvinyl alcohol (PVA), gelatin and PCL. PEO is a biocompatible
polymer, water-soluble and known for its good electrospinnability [31, 41, 44]. Protein-loaded
PVA nanofibers have been investigated for application in biosensors [33], tissue engineering [47],
and protein delivery systems [48, 49]. Gelatin is the irreversibly hydrolized form of collagen,
which is a naturally abundant polymer. Gelatin was frequently used in tissue engineering to
serve as a matrix material to provide support for cells [50–53], and could therefore be a potential
candidate for LAVA. PCL is shown to be suitable as a matrix polymer for the ICG-loaded layer
and was therefore investigated as an auxiliary polymer for BSA-electrospinning, see chapter II.
The solution and electrospinning parameters were optimized in order to ensure an electrospin-
ning process without dripping of the solution or clogging of the needle tip and to ensure the
production of smooth membranes. The applicability of the layered solder patches to LAVA was
tested in vitro using rabbit aortas by measuring the tensile strength of the anastomoses.

III.2 Materials and Methods

III.2.1 Materials
Polycaprolactone (PCL, Mn = 70000 to 90000), polyethylene oxide (PEO, average Mn =400000),
polyvinyl alcohol (PVA, Mn =205000), gelatin (from porcine connective tissue, bloom 175G),
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acetic acid (p.a.), formic acid (p.a.), and lyophilized bovine serum albumin (BSA) were obtained
from Sigma Aldrich (Saint Louis, MO). Methanol and chloroform were used in analytical grade
from Merck KGaA (Darmstadt, Germany). Indocyanine green (ICG, IR-125) was obtained from
Acros Organics (Geel, Belgium). All materials were used as received.

III.2.2 Preparation of patches

Electrospinning of BSA-loaded patches

The electrospinning solutions were prepared by simultaneously adding specific amounts of the
polymer and BSA to the solvent mixture, see table III.1. The solutions were stirred overnight at
37 ◦C. Polymer and BSA concentrations are expressed in % (w/w) relative to the solution.

For electrospinning, the prepared solution was placed in a 5ml syringe that was connected
with Teflon tubings to a truncated needle (21G, 0.812mm I.D.). A flow rate of 10–30 µl/min, a
collector distance of 10-30 cm and a positive potential of 5–25 kV were employed, depending on
the stability of the electrospinning process. The fibers were collected on a rotating aluminum
plate to aid even distribution of the deposited fibers. The humidity and the temperature were
fixed at 30±5% RH and 22±1 ◦C.

Electrospinning of ICG-loaded layer

The preparation of the indocyanine-green loaded layer is described in chapter II. A 9% (w/w)
PCL solution with ICG at a ratio of 1:10 (w/w) ICG:PCL was prepared in chloroform/methanol
(75/25 (v/v)). The blend was electrospun for 75min using a positive potential of 15 kV, 15 cm
collector distance and a flow rate of 30 µl/min.

III.2.3 Analysis of the patches

Scanning electron microscopy (SEM)

To examine the fiber morphology, the patches were cut into small pieces, sputter coated with a
10 nm layer of gold and analyzed using scanning electron microscopy. The fiber diameters were
analyzed using FIJI (ImageJ 1.51a) [40]. The average fiber diameter and standard deviation
were determined by preparing 3 patches and measuring the cross section of 60 fibers per image
(n=180).

Weight and thickness

After determining the solution and process parameters that lead to stable electrospinning, the
BSA/polymer blend was electrospun directly on a ICG-loaded layer to produce a solder patch.
From each blend two solder scaffolds with a diameter of 10 cm were electrospun, from which 5
solder patches were cut and used for the thickness, weight, and tensile strength measurements
(n=10). After electrospinning, the solder patches were cut to a width of 10±1mm and a length
of 20±1mm and weighed. The weight of the ICG-loaded layer was determined to be 9.1±2.3mg
(n=50 ICG-layers) and subtracted from the weight of the layered solder patch. For the de-
termination of the thickness of the layers, a layer was inserted between two microscope slides,
followed by measuring the displacement with a height gauge (Trimos V600+, Trimos SA, Renens,
Switzerland).
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In vitro laser-assisted vascular anastomosis

The applicability of the different solder patches was tested using the LAVA technique shown in
figure III.3. Rabbit aortic arteries from a local slaughterhouse were liberated from surrounding
fatty tissue, cut transversal and placed onto a water-filled balloon catheter (Armada 35 PTA
catheter, Abbott, Illinos). A diffusor laser fiber with a 15mm active zone (Laser und Medizin-
technologie Berlin, Germany) was inserted into the catheter. An 810 nm diode laser (Lina 30d,
Intros, Heilbad Heiligenstadt, Germany) was coupled into the laser fiber. The solder patches
were wrapped around the blood vessel, with an overlap of 2mm, and with the BSA-loaded layer
in direct contact with the vessel wall. Subsequently, the vessel was irradiated using an average
output power of 3W, in the continuous wave (cw) regime, as opposed to chapter II, where 4W
were used due to more humid vessels and therefore a slower temperature increase. The vessel
diameter was measured to be 3.9±0.3mm (n=30), thus the irradiated surface was 1.8±0.1 cm2,
resulting in an irradiance of 2.2±0.2W/cm2. During soldering, the temperature was measured
with a thermal camera (A655, FLIR systems, Oregon, USA) and manually controlled by switch-
ing the laser on and off. After 75 ◦C were reached, we irradiated for 30 s at a temperature range
between 75 and 85 ◦C.

Measuring tensile strength

The quality of the fusion was assessed by measuring the tensile strength. A test stand with a
fixed force gauge (BFG50, Mecmesin Limited, West Sussex, United Kingdom) was employed to
measure the maximum load onto the vessels. The vessels were fixed with two surgical clamps
2mm from the ends of the patches. The clamps were fixed to a moving table, which was pulled
with an electrically driven motor at a constant velocity of 30mm/min. The maximum load on
the probe was recorded and divided by the cross section of the vessel, including the lumen and
the vessel wall, giving the tensile strength inmN/mm2. Similarly, the tensile strength of the
electrospun layers before soldering was measured, where the maximum load was divided by the
thickness times the width of the layer (n=5 layers).

III.3 Results

III.3.1 Optimization of solution and electrospinning parameters
Table III.1 lists the BSA/polymer ratios and the process parameters used in the further course
of this study.

Polyethylene oxide (PEO)

As a starting point, a blend of 7.4% (w/w) BSA and 1.3% (w/w) PEO was used as published
by Kowalczyk et al. [31]. Stable electrospinning of this blend was achieved by applying a gap
distance of 15 cm, a feed rate of 15 µl/min and an applied voltage of 15 kV. The solution did
neither drip nor clog at the needle tip, and spinning for hours was possible without any adjust-
ment. The appearance of the resulting patch was homogeneous, without any clumping. With
the BSA/PEO ratio being 85/15 (w/w), the amount of BSA in the final layer was 10.1±1.6mg.
Experiments involving different BSA amounts, revealed that the tensile strength of the tissue fu-
sion increased with increasing BSA amount. A BSA amount of 10.1±1.6mg in the patch was the
highest obtained during BSA-blend electrospinning. Figure III.1 shows the morphology of the
electrospun fibers made from the different polymer/albumin blends. The electrospun nanofibers
made from BSA/PEO (85/15 (w/w)) resembled a string of beads. Electrospinning with a lower
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Table III.1: Solution and process parameters used for electrospinning of the BSA/polymer blends
and the appearance of the process and the patch.
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PEO 7.4 1.3 water 15 15 15 stable homogeneous, no flaws
4.4 4.4 15 15 15 stable homogeneous, no flaws

PVA 7 7 water 20 15 20 rarely dripping homogeneous, few droplets
Gelatin 10 20 formic acid 15 15 10 stable homogeneous, no flaws

PCL 6 10 formic/acetic 22 15 15 dripping homogeneous, no flaws
20 3.5 acid 70/30 v/v 22 15 15 dripping homogeneous, few droplets

BSA and higher PEO concentration (4.4% (w/w)/4.4% (w/w)) resulted in a solution of higher
viscosity and in fibers. However, no effect on LAVA due to the beaded morphology was observed,
shown in chapter III.3.3. Scaffolds made from PVA, gelatin and PCL show random fibers with
a narrow diameter distribution.

Polyvinyl alcohol (PVA)

By using different BSA/PVA ratios with water as a solvent, BSA/PVA fibers were only obtained
at PVA concentrations of 7% (w/w). At lower concentrations, a consistent jet could not be
produced, and the solutions were constantly dripping. Using a blend of 7% (w/w) BSA and 7%
(w/w) PVA, a homogeneous layer, with a few droplets, was obtained. However, after varying
the gap distance, voltage and feed rate, rarely dripping of the solution from the needle tip could
not be avoided. By further increasing the BSA ratio, BSA and PVA did not dissolve to a
homogeneous blend.

Gelatin

We tested various BSA/gelatin ratios in order to receive a homogeneous layer with a high amount
of BSA. BSA/gelatin blends in formic acid produced homogeneous scaffolds at 20 and 10% (w/w),
respectively, and the jet formed during electrospinning was uniform and consistent. Application
of higher BSA amounts lead to clogging of the needle tip.

Polycaprolactone (PCL)

For the ICG-loaded layer, PCL was diluted in chloroform/methanol, which lead to stable elec-
trospinning. For blend electrospinning with BSA, another solvent than chloroform was required,
as BSA denatured in this solvent. Roozbahani et al. [54] demonstrated electrospinning of PCL
and BSA in a formic acid and acetic acid solvent system. In our study, a homogeneous layer was
achieved by using a blend made of 10% (w/w) PCL and 6% (w/w) BSA, with some droplets
falling from the needle tip. By decreasing the polymer concentration to 3.5% (w/w), the BSA
concentration could be increased to 20% (w/w), with the same electrospinning behavior as the
blend above.
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Figure III.1: Fiber morphology of the electrospun polymer and albumin blends. BSA/PEO fibers
(7.4/1.3% (w/w)) display a beads-on-a-string morphology. All other polymer/BSA solutions pro-
duced random, straight fibers, with the following fiber diameters: BSA/PEO (4.4/4.4% (w/w))
315±62 nm; BSA/PVA (7/7% (w/w)) 412±75 nm; BSA/gelatin (10/20% (w/w)) 494±48 nm;
BSA/PCL (6/10% (w/w)) 396±147 nm; BSA/PCL (20/3.5% (w/w)) 153±63 nm.

III.3.2 Preparation of patches: electrospinning duration, thickness,
weight, and tensile strength

Layered BSA- and ICG-loaded patches were prepared by electrospinning a blend of PCL/ICG,
followed by a second layer of the blend made from BSA/polymer. To result in a pliable patch
with a high amount of protein, we are aiming at a thickness of 200 to 300 µm for the BSA-loaded
layer. The required spinning duration, thicknesses and weights of the BSA-layers are shown in
table III.2. After electrospinning the BSA/PEO-blend (7.4% (w/w)/1.3% (w/w)) for 3 hours, a
layer with a thickness of 271±43 µm and a weight of 11.8±1.6mg was measured. The constant
dripping of the blends with PVA and PCL resulted in loss of solution, and therefore a longer
electrospinning duration was required, being 5 hours. Still, the weight of the layer was lower
compared with the BSA/PEO layer, being in the range of 6.7 to 8.6mg. The BSA/gelatin blend
was electrospun for 5 hours, due to the lower feed rate of 10 µl/min compared to BSA/PEO with
15 µl/min. All layers were flexible and the macroscopic appearance was smooth. The BSA-layers
adhered well to the ICG-layer, except for BSA/gelatin, where we could easily pull the BSA-layer
off. The removal of the BSA-layer is an unwanted effect, since this complicates the handling of



Electrospinning of highly concentrated albumin patches 47

Table III.2: Properties and results of the BSA-loaded layer of the electrospun patches used for
in vitro tissue soldering using rabbit aorta. tens=tensile strength
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20 3.5 85/15 5 8.6±2.5 7.3±2.2 37 ± 19 2895±357 13±4

the patch during in vivo surgery. The tensile strength of the layers varies significantly with the
PCL/BSA layer tearing at 2895±357mN/mm2 and the BSA/PEO (ratio 85/15 (w/w)) layer at
97±25mN/mm2. Interestingly, layers from BSA/PEO 50/50 (w/w) were much stronger than the
85/15 (w/w)-layers with 709±122mN/mm2 which is probably due to its straight fiber morphology
instead of beaded fibers that are connected by thin fibers (see figure III.1). The tensile strength
of the supporting PCL/ICG layer was 3297±414mN/mm2, and the tensile strength of the layered
patch was specified by this layer and not further affected by the BSA-loaded layer.

III.3.3 Tensile strength after laser-assisted vascular anastomosis

For LAVA, the original polymer concentrations in the solvent are irrelevant; instead we report the
weight ratios between BSA and each respective auxiliary polymer in the final layer. Figure III.2
depicts the tensile strengths measured after soldering with the different BSA/polymer patches
and soldering with a patch soaked in liquid BSA solution. In LAVAs with BSA-loaded patches
made from PVA, PCL, and gelatin low mean tensile strengths, ranging from 10 to 21mN/mm2,
were measured. LAVAs with the polymer PEO at a ratio of 85/15 (w/w). and a spinning
duration of 3 hours, exhibit a significantly higher tensile strength of 102±18mN/mm2. These
values were compared to LAVA with liquid BSA solutions, where we immersed the ICG-loaded
layer in BSA dissolved in water at different concentrations. The tensile strengths for the 10, 25
and 40% (w/w) BSA solutions were 2±2, 60±26 and 103±23mN/mm2, respectively.

Using PEO as a polymer allowed us to incorporate 10.1±1.6mg of BSA in the patch after
a spinning duration of 3 hours. A lower electrospinning duration of 1 hour reduced the amount
of deposited fibers and the weight of the BSA-loaded layer was measured to be 3.8±0.8mg.
The BSA amount was therefore calculated to be 3.3±0.7mg. With this patch we obtained a
tensile strength after LAVA of 23±11mN/mm2. A low tensile strength of 19±11mN/mm2 was
obtained when the ratio of BSA/PEO was altered to 50/50 (w/w), where the amount of BSA
was 4.9±1.9mg. Soldering with a soaked patch using a 10% (w/w) BSA solution with an amount
of 8.3±3.0mg BSA, resulted in a lower tensile strength of 2±2mN/mm2. Patches made from
PVA and gelatin, yielded low BSA amounts being 4.2 ± 0.6 and 3.3± 0.3mg, respectively. We
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Figure III.2: Tensile strengths received after LAVA for the examined layered patches and ICG-
layers soaked in liquid BSA solutions. The native ICG-loaded layer without BSA is depicted as
a negative control. The median is represented by the line in the boxes, the fences of the boxes
show the lower and upper interquartile range (IQR). The whiskers have the length of 1.5*IQR.
The number above the whiskers depicts the mean weight of the BSA amount in the patches in
mg.

could not bind higher BSA amounts to PVA or gelatin, since lower concentrations of the polymer
did not produce fibers, whereas higher BSA concentrations did not dissolve to a homogeneous
solution or led to clogging of the needle tip.

Figure III.3 shows the layered patch made of BSA/PEO before (B) and after LAVA (C).
The color of the patch changed from light-green to dark-green and the patch shrank during laser
irradiation. The lateral shrinkage was reduced in comparison with the patch soaked in liquid
BSA (compare figure II.9, chapter II).

III.3.4 Histological analysis

Applying a blend of BSA/PEO led to a high tensile strength of the anastomosis after LAVA.
Histological slides from rabbit aorta after LAVA were prepared using a layered solder patch,
composed of a BSA/PEO layer and a PCL/ICG layer, and compared to a PCL/ICG layer soaked
in liquid BSA. The micrographs are shown in figure III.4. The preparation of the histologies is
described in chapter II. By comparing the native arterial wall and the laser-treated wall, it is
evident, that thermal damage occurs using both patch types. Interestingly, the thermal damage
is restricted to the area that is covered by the patch, which is probably due to the absence of
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Figure III.3: A: Schematic of the LAVA setup (adapted from Ott et al. [4]). B: Experimental
setup showing the aligned vessel stumps in vitro with the balloon catheter and the patch that
was wrapped around the vessel before irradiation. C: LAVA after irradiation. A color change
towards dark-green and radial shrinkage was observed.

staining of peripheral tissue. The extent of the thermal damage is similar using both patches,
due to same soldering procedure, involving heating at 75 to 85 ◦C for 30 s. No vacuoles are
present in the arterial wall, being one characteristic for overheating. Using the soaked patch,
however, more shrinking in lateral direction was observed as by using the layered patch, leading
to a thicker patch and therefore a bigger glob. Additionally, the soaked patch is slightly more
interfused with small to mid-sized bubbles than the layered patch, that could lead to worse heat
conduction due to the insulation by air.

III.4 Discussion

In the first part of this study, the solution and process parameters to achieve stable electrospin-
ning of the BSA/polymer blends were determined. Here "stable" refers to a jet that is uniform,
consistent, and not oscillating, the absence of dripping and clogging of the needle tip, and the
build-up of a regular, homogeneous scaffold. The electrospinning process is susceptible to many
parameters. This includes the constitution of the electrospinning solution regarding the con-
centration of the polymer and protein, the molecular weight, the viscoelasticity, the dielectric
properties, and the surface tension. The electric potential, gap distance between needle and col-
lector, the feed rate and the temperature and humidity are referred to as "process parameters"
that influence the outcome of electrospinning [41]. Although some attempts are made to simu-
late and hence to accelerate the optimization process, it remains a "trial-and-error" procedure
[42, 43]. Fiber morphologies, namely straight fibers and beaded fibers, have been correlated with
different polymer concentrations and low molecular weights, where no chain entanglements were
formed [45, 46]. This was confirmed by our results, were we obtained straight or beaded fibers
depending on the concentration and ratio of BSA/PEO.

LAVAs with a higher liquid BSA concentration exhibited a higher tensile strength than those
with a lower concentration, which is in agreement with the literature [5, 30]. By involving PCL
as an auxiliary polymer, it was possible to bind 7.3±2.2mg of BSA in the patch. Theoreti-
cally this should enable reasonable tensile strengths. However, the tensile strength measured
was low, being 13±4mN/mm2. This effect can be explained by the entrapment of BSA inside
the hydrophilic PCL fibers, which shields BSA from contacting the tissue. For laser-tissue sol-
dering the direct contact of the BSA with the underlying tissue is a prerequisite. Long release
durations were reported by Valmikinathan et al. [39], who stated the continuous and sustained
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release of BSA from PCL/BSA fibers over 28 days. Furthermore, an initial burst of BSA from
BSA/PCL/Chitosan fibers followed by a gradual release until 14 days was demonstrated [54]. In
contrary, PEO, PVA and gelatin are water-soluble polymers where we observe that the BSA-layer
dissolves immediately after wrapping them around the blood vessel, enabling direct contact of
BSA with the tissue.

Soldering using the layered patch with BSA/PEO (85/15 (w/w)) showed the same results
as soldering with the PCL/ICG layer soaked in liquid 40% (w/w) BSA, with tensile strengths
of 102±18mN/mm2 and 103±23mN/mm2, respectively. This is remarkable, as the amount of
BSA is still four times lower in the BSA/PEO patch. One explanation for this is the easier
positioning of the electrospun BSA/PEO patch versus the soaked BSA patch. The electrospun
patch dissolves and becomes slightly sticky as soon as it gets in contact with water. Due to the
stickiness, the two vessel stumps hold together enabling a better contact with the tissue. The
same behavior is observed for BSA-loaded patches made from PVA and gelatin. In contrary, the
patch soaked in liquid BSA is sticky from the beginning, and therefore more difficult to handle.

Pre-clinical trials, where we tested the handling of the layered BSA/PEO patch in a realistic
setup, demonstrated the advantages of this patch compared to a patch that was soaked in liquid
BSA. Due to the dry state of the patch, storage and transport is uncomplicated and does not
require continuous cooling. During surgery, the patch can be easily cut to the required size. The
patch is pliable, mechanically stable, and can be handled easily. An additional advantage may
be the improvement of the chemical stability of BSA by PEO, an effect that is used for drug
delivery [55]. The performance of the BSA-loaded patch during surgery, the long-term effects
after LAVA and the shelf-life of the patch have to be further tested.

III.5 Conclusion

Electrospinning is a relatively simple technique and enables the entrapment of proteins in polymer
fibers. In this study, BSA was successfully encapsulated in microfibers with PEO, PCL, PVA
and gelatin using a blending electrospinning technique. By using a BSA/PEO (ratio 85/15
(w/w)) blend, high protein-loading was possible, leading to a tensile strength after LAVA, which
is similar to LAVA with application of a patch soaked in liquid albumin solution. Additionally,
the BSA/PEO blend was outstanding regarding the stability of the electrospinning process and
the patch enabled an easy handling during surgery. In comparison, fibers from PVA, PCL, and
gelatin were limited in BSA content, to which a stable electrospinning process is still possible,
which in turn leads to a lower bonding strength after LAVA. Our findings support the potential
of electrospun scaffolds with protein loading in biomedical applications.
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IV. In vivo laser-assisted vascular anastomosis us-
ing an electrospun layered solder patch: A pi-
lot study

Abstract

Background and Objective: In this study we investigated the feasibility and efficacy of the
layered electrospun patch to laser-assisted vascular anastomosis in vivo using pigs.
Materials and Methods: A blend of polycaprolactone and indocyanine green was electrospun,
followed by electrospinning of albumin and polyethylene oxide to produce a pliable patch. The
left rectus abdominis muscle was dissected and the artery of this flap was prepared for microsur-
gical anastomosis with the right cranial epigastric artery. The solder patch was wrapped around
the blood vessel stumps; an intraluminal balloon catheter enabled an easy alignment and held
the setup in place. The soldering energy was delivered via a diffusor fiber from the vessel lumen
using a diode laser at 810 nm. After surgery, the pigs were observed for one week, followed by
euthanasia and assessment of the viability of the flap.
Results: 4 pigs were treated. All anastomoses were patent after the surgery, no bleeding was
observed. The animals behaved normal throughout the observation period, there were no com-
plications. After the observation period of 6 to 8 days, however, the flap was devitalized and
swollen, there was no perfusion of the flap for all animals. After opening, the site of the anasto-
mosis was stuck to hard tissue and the vessel stumps looked grayish. In 3 of 4 experiments, the
distal vessel end slipped easily out of the patch, and the stumps were occluded.
Conclusion: This study shows that the strength of the anastomosis was withstanding the blood
flow and the blood pressure as no rupture or leakage was found. The handling of the layered
patch was easy and straight forward. However, the flaps did not survive during the observation
period, the vessels were not patent but occluded, showing denaturation in the Tunica media
of the vascular wall. The thermal denaturation of the vascular wall has therefore to be lim-
ited by future optimized thermal modulation during the soldering procedure. Additionally, the
cytotoxicology of the patches should be investigated.

IV.1 Motivation

Chapter III describes the development of a layered electrospun patch for LAVA. The aim of this
pre-clinical study is to evaluate the handling of the newly developed patch during surgery, the
patency of the anastomosis and the short-term success-rate of the new technique.

Previous in vivo studies in our group [1] investigated the applicability of a new solder carrier
material [2], by performing LAVA on the saphenous artery. They described the superior handling
properties of a 200 µm thin solder material possessing a good flexibility and pliability. It was
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suggested, that the total irradiation time should be standardized and the thermal damage has
to be investigated in order to improve the reproducibility of LAVA.

In this report, LAVA was performed using a flap model in pigs [Leckenby et al., manuscript
in preparation]. This model was chosen because it enabled a direct evaluation of the vitality
of the flap during the follow-up period. Furthermore, it allowed to observe the patency of the
LAVA for blood immediately after surgery, as the flap should turn pink after the removal of the
vessel clamps. Importantly, the position of the flap was easy to reach and unproblematic during
recovery. For LAVA, no stay sutures were used, and an intraluminal setup was applied [3]. The
follow-up time was 6 to 8 days for each of the 4 animals.

IV.2 Materials and Methods

IV.2.1 Materials

Polycaprolactone (PCL, average Mn = 80000), bovine serum albumin (BSA, lyophilized), and
polyethylene oxide (PEO, average Mn = 400000)) were obtained from Sigma Aldrich (Saint Louis,
MO). Methanol and chloroform were used in analytical grade from Merck KGaA (Darmstadt,
Germany). Indocyanine green (ICG, IR-125) was obtained from Acros Organics (Geel, Belgium).
All materials were used as received.

IV.2.2 Solder patches

For this in vivo study we used electrospun layered protein- and chromophore loaded patches. A
ICG:PCL solution with a ratio of 1:10 was electrospun for 75min. A 8.7% (w/w) BSA/PEO
(85/15 (w/w)) solution was directly spun onto the PCL/ICG layer for 180min. The patch was
cut into pieces of 10x20mm and stored in the dark at room temperature, and used for in vivo
experiments within one week.

For scanning electron microscopy (SEM), both layers were separately sputter coated with a
10 nm layer of gold and analyzed with the SEM (Zeiss, DSM982) (see chapter II and III). The
micrographs are shown in figure IV.1. The total thickness of the patches was 550± 43 µm (n=10
patches), with the PCL/ICG-layer being 279±62µm and the BSA/PEO-layer being 271±43µm.
The weight of the patch was 18.1±3.3mg (n=70 patches), the PCL/ICG layer weight 9.2±2.4mg
and the BSA/PEO-layer 8.9±3.3mg. The amount of BSA in the patch was thus calculated to
be 7.5±2.8mg.

Figure IV.1: Scanning electron micrographs of electrospun fibers. Left: ICG-doped PCL fibers.
Right: The albumin-doped PEO layer is directly electrospun onto the PCL/ICG layer.
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IV.2.3 Surgical Protocol
This subsection was adapted from an original surgical protocol by Zacharia Mbaïdjol Kabra.

All animal experimentation were performed with the approval of the Animal Care Committee
of the Canton of Bern, Switzerland BE137/14 and in accordance with the guidelines for the care
and use of experimental animals of the National Institutes of Health. Four white female adult pigs
with a weight of approximately 40 kg each were used for this study. They were transported 4 days
prior to surgery from the breeder to the Animal hospital in Bern were they underwent a physical
examination by the veterinary from the Experimental Research Unit (ESI, Insel Hospital, Bern).
They were housed in a controlled environment, fed a standard diet until 12 hours prior to surgery
and given an unrestricted access to water. All surgical procedures were performed under general
anesthesia.

The animals were sedated intramuscularly with 20mg/kg ketamine (Vetoquiol AG, Ittigen,
Switzerland) and 2mg/kg xylazine (Vetoquiol AG, Ittigen, Switzerland), followed by tracheal
intubation 10 min later and intravenous administration of 0.5mg/kg midazolam (University
Hospital Bern, Switzerland) and 0.05mg/kg atropine (University Hospital Bern, Switzerland).
The animals were closely monitored during the operation and general anesthesia was maintained
with halothane and 79% nitrous oxide in oxygen. Ventilation was maintained with oxygen/air
1:3 and isoflurane (University Hospital Bern, Switzerland) 1–1.5% vol. The intubated pigs were
placed in a supine position and prepped and draped in a sterile manner. The same team of
surgeons performed all the operations in a standardized way.

A left para-median incision was made extending from the junction of the costal margin and
xiphoid process, down to approximately 5 cm inferior to the umbilicus with a 5x10 cm skin
island. The external and internal oblique muscles were divided and the anterior rectus sheath
was exposed. The sheath was opened to expose the rectus abdominis muscle. The cranial
epigastric vessels emerged from the notch between the costal margin and xiphoid process and is
accompanied by two veins. The arteries were ligated using medium Ligaclips (Ethicon US. LLC,
Ohio, US). The muscle was then dissected in a proximal to distal fashion, ligating the medial
and lateral rows of perforators given off at each of the multiple tendinous intersections. The
distal rectus abdominis sheath was also opened on the distal part of the flap exposing the distal
extremity of the flap’s pedicle. The two veins were isolated and left intact while the artery was
sectioned. The musculocutaneous flap, including the external and internal oblique muscles, were
finally elevated off the rectus sheath. Arterial flow measurements were recorded at 7 cm from
the xiphoid notch on the left and 7 cm from the distal left end (perivascular flow module, TS420,
Transonic Systems Inc., Ithaca NY).

A second incision on the contra-lateral side was made extending inferiorly from the right
xiphoid notch for 10 cm to expose the right cranial epigastric vessels. The vessels were then laid
in a way that the distal end was level with the proximal extremity of the flap and were ligated
using Ligaclips. A subcutaneous tunnel was then created inferior to the xiphoid process and the
right cranial epigastric artery was passed to the left side. The left cranial epigastric artery was
prepared for microsurgical anastomosis to the right cranial epigastric artery. The anastomosis
was performed using intraluminal LAVA [3].

IV.2.4 Laser-assisted vascular anastomosis
A balloon catheter (Fox Plus, PTA Catheter, max dia = 3mm, AP12003, Abbott, ALVE Ltd
Beringen, Switzerland) was introduced in the distal end of the cranial epigastric artery and was
retrogradely advanced through the whole flap, while flushing with saline water. The tip of the
catheter was positioned in the proximal part of the right cranial epigastric artery. The right
and left stumps were then carefully adjusted over the balloon catheter and held in place with
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ST microsurgical clamps (Synovis, Birmingham, AL, USA). The diffusor laser fiber (400 µm
core diameter, Laser und Medizintechnologie, Berlin, Germany) was introduced into the working
channel of the balloon catheter advanced to the repair site. The solder patch with a size of
10x20mm was wrapped around the vessel, sticking by itself, with an overlap of approximately
2mm. The perfect alignment of the fiber is mandatory to melt the patch homogeneously over
its whole length. The solder was then irradiated with the laser operating at an average output
power of 3W (continuous wave). The temperature was recorded on the surface of the patches
and controlled during the laser irradiation with a thermal camera (A655, FLIR Systems, Inc.,
Wilsonville, Oregon). Therefore, a 6mm2 rectangle was positioned over the anastomosis, in
which the temperature was averaged in real-time. After reaching an average surface temperature
of 75 ◦C we continued irradiating the vessel for 30 s. To avoid that the temperature exceeded
85 ◦C during the soldering process, the irradiation was controlled by manually switching the laser
on and off. The irradiation duration and the temperature were standardized, being 30 s at 75 to
85 ◦C. The total irradiation duration was in a narrow range between 50 and 58 s, ensuring that
all vessels were equally treated. This technique enabled an equal endpoint for all anastomoses,
and was independent from the surgeon. After soldering, the laser fiber and the balloon catheter
were removed and the distal cranial epigastric artery clipped (figure IV.2). 5,000U Heparin were
given just prior to the removal of vessel clamps. Patency of the anastomosis and viability of
the flap were assessed and arterial flow was again recorded 25mm proximal and distal to the
anastomosis. Laser Doppler images were obtained prior to the removal of the clamps and directly
after. Finally, the wound was closed by stitching of 3 layers and Opsite spray (Smith and Nephew
GmbH, Hamburg, Germany) was applied on the skin. After complete recovery from sedation,
the pigs were discharged to the veterinary hospital for surveillance.

Figure IV.2: Anastomosis after LAVA. Left side: Overview. The rectus abdominis muscle was
exposed, with the two veins distal to the muscle still attached. LAVA of the right and left cranial
epigastric artery was performed. Right side: Zoomed picture with the green solder patch.

IV.2.5 Euthanasia and follow-up

6 to 8 days later, the pigs were re-operated. First, Laser Doppler images (EasyLDI, Aïmago, SA,
Lausanne, Switzerland) were taken. Thereafter, access to the anastomosis was gained by opening
the flap through the previous stitches. The viability of the flap was assessed and the vessel was
harvested for histology and stored in 4% formaldehyde solution (G256, Dr. Grogg Chemie AG,
Stettlen, Switzerland). The pigs were euthanized by intravenous perfusion of 40mmol potassium
chloride (University Hospital Bern, Switzerland) given during deep anesthesia. The 1-week time-
point for the follow-up was chosen because initial wound healing should be finished by then.
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IV.2.6 Temperature curve

After surgery, the temperature data were analyzed and processed using Matlab (version R2012b,
MathWorks, Inc., Natick, Massachusetts, US). The average temperature of a 6mm2 surface was
calculated for each camera frame and plotted versus the irradiation time. The surface was
determined by a 2 times 3mm rectangle centered over the hottest spot of the solder surface.

IV.2.7 Histological assessment

After fixation and storage in formaldehyde, the specimens were embedded in epon resins, sec-
tioned, and stained with toluidine-blue and basic fuchsin. The detailed procedure is described
in chapter II.

IV.3 Results

The patch was flexible and pliable and could easily be applied to blood vessels, which can reduce
the operation time. If kept dry, the patch was not sticky and could be easily manipulated with
forceps. As soon as the albumin layer got in contact with liquids, it became slightly sticky. This
effect helped to align the patch and the vessels stumps and hold them together. Additionally,
the patch could be easily cut and adapted to different vessel sizes during surgery. The patch
can be sterilized by using methods such as ethylene oxide or UV radiation [6]. The handling of
the solder patch was improved, as compared to liquid solder [3] or a patch soaked in liquid BSA
[4, 5].

Immediately after LAVA the arteries of all experiments were intact, tight, and patent for
blood. The flaps appeared pink, demonstrating blood perfusion. Flow measurements revealed
a flow through the anastomosis and the 2 veins (see figure IV.1). Laser Doppler images showed
the perfusion of the flaps (figure IV.3A). The whole operation, starting with the first incision
and ending with the closure of the wound, took 3 h 15min to 4 h 10min. Laser tissue soldering,
starting and ending with the insertion/removal of the balloon catheter, lasted 12 to 20min.
The surgeons were satisfied with the presented LAVA technique, the handling of the patch, and
awaited a positive outcome of the surgery.

Figure IV.3: Doppler Images. A: Immediately after LAVA. B: During follow-up after 1week.
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Table IV.1: Flow measurements before and directly after LAVA. Before LAVA, the flow was
recorded at the right cranial epigastric artery (proximal) and the left cranial epigastric artery
(distal). Measurements at the left cranial epigastric artery were performed without clipping the
left epigastric artery distal to the flap, except for pig 1, where we thus measured a reduced flow.
Additionally, the flow of the left cranial epigastric artery distal to the flap was determined. After
LAVA, we measured the cranial epigastric artery distal and proximal to the anastomosis, and
the two veins distal to the flap. For pig 1 only one vein was measured, due to a mistake.

proximal
to anastomosis
[ml/min]

distal
to anastomosis
[ml/min]

distal
to flap
[ml/min]

veins,
distal to flap
[ml/min]

pig 1 before LAVA 17.1 5.6 (artery clipped) n.a. -

after LAVA 4.7 3.7 - 2.7

pig 2 before LAVA 10.9 19.7 13.8 -

after LAVA 3.4 3.5 - (1) 1.3 and (2) 0.5

pig 3 before LAVA 8.8 13.0 3.5 -

after LAVA 2.9 2.9 - (1) 0.8 and (2) 0.4

pig 4 before LAVA 11.2 21.3 3.6 -

after LAVA 7.8 7.9 - (1) 3.9 and (2) 0.1

All four pigs survived the procedure and the observation period. During the first days, the
pigs behaved normal and there were no complications. After 4 to 6 days, the flap started to
appear violet. After 6 to 8 days the animals were euthanized, as intended. The flaps looked
macroscopically devitalized, swollen and violet (figure IV.6). The patches were stuck to hard
tissue and the position of the anastomosis was difficult to find. No vessel rupture has been
observed, but the distal vessel stumps slipped easily out of the patch sleeve for 3 out of 4 cases.
All vessels were thrombotic and the flap was not perfused with blood.

The temperature curve during soldering is shown in figure IV.4. The temperature increased
fast, the target temperature of 75 ◦C for all pigs was reached after approx. 5 s. During in vitro
experiments the increase was slower, see chapter VI, figure VI.1. Furthermore, the irradiation
duration at the target temperature was longer than expected, ranging from 35 to 43 s.

Figure IV.5 shows a scheme of the soldering setup with the vessel wall and the layered patch.
Histological assessment after follow-up (see figure IV.7) revealed well-maintained structures of
the Tunica adventitia, media and interna across the anastomotic site. The T. interna with its
endothelium seemed to be intact and the patch adhered closely to the T. adventitia. The T. me-
dia, however, was compressed and shrunk. The blood vessels were occluded and an amalgam-like
structure, including cells, was visible. These histologies were compared to an acute experiment,
where the artery was dissected directly after LAVA (see figure IV.8). Again, the patch adhered
closely to the T. adventitia. Alterations of the arterial wall are clearly visible when comparing
them to native arteries. As can be seen in figures IV.7 and IV.8, the part of the arterial wall
that was covered with the patch was compressed and appears very dense over its full cross sec-
tion. On the contrary, loosely arranged collagen fibers were visible in the uncovered tissue. The
endothelium appeared structurally intact by the treatment.
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Figure IV.4: Typical average surface temperature of the patch surface during soldering.

Figure IV.5: Scheme of soldering setup with the blood vessel wall, the layered patch, and the
laser diffusor fiber. The thicknesses are illustrated to scale. The length of the patch is 10mm
and the length of the diffusor fiber is 15mm.

IV.4 Discussion

Chapter II and III demonstrated the potential of electrospun patches for LAVA in in vitro
experiments using rabbit aortas. In this in vivo study, involving pigs, we have shown that soldered
blood vessels withstand the blood pressure immediately after laser anastomosis. Furthermore,
we observed that after a few days the thermally damaged vessels occluded in the area of thermal
exposure and that the flap was not perfused with blood. The future development of the LAVA
technique will thus have to focus on an optimized thermal modulation during the soldering
procedure to limit vascular wall denaturation and subsequent clotting. Alternative measures
would include higher oral or intravenous anticoagulation dosages in the protocol. A sutured
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Figure IV.6: Follow up after 1 week. Left side: The flap appeared devitalized, swollen and violet.
Right side: The site of anastomosis and the patch were surrounded by necrotic tissue.

control group was not yet included in this study according to the animal approval to reduce the
number of sacrificed animals and due to a large number of reports in the literature describing
patency rates of over 90%. However, a control group is vital to investigate and understand the
causes for vessel occlusion.

No leakage of the chromophore during soldering was observed, demonstrating the great ad-
vantage of ICG-loaded fibers. This ensures that peripheral tissue was not stained and remained
unheated, as histologies have demonstrated.

Currently an infrared camera on a tripod was used to observe the surface temperature of
the patch during soldering. This method was not very efficient due to the limited space near
the operating table. While setting up the thermal camera, a rectangle of 6mm2 is positioned
at the place the anastomosis. According to this area, the average temperature during soldering
is monitored in real-time to assess the target temperature and the temperature range of 75
to 85 ◦C and thus to start the timer and to manually control the laser. This setup is simple
and straightforward during in vitro testing, however, in vivo this process is problematic. One
reason is the smaller field of view due to the farther positioning of the thermal camera. Another
difficulty is the continuous respiratory movement of the pig, that displaces the 6mm2 rectangle.
Therefore, the temperature of the patch surface during soldering was underestimated and the
soldering duration was too long. Another serious drawback of the temperature evaluation was
that we were mainly interested in the temperature at the T. interna, but measuring at the surface
of the patch. Thermocouples that are placed within the tissue could be helpful, however, the
steel needle probe might lead to photon absorption. Hence, the patch-surface-temperature would
lower than the actual measurement result. Moreover, the contact with the steel needle probe
might conduct the heat during soldering, leading to unwanted cooling. A potential alternative
are infrared fibers to monitor the temperature in real-time [7–9].

Although the surgery itself apparantly went very well, the patch was surrounded be necrotic,
hard tissue for all 4 experiments after one week of recovery time. This could be due to the
compression and alteration of the collagen wall, as histologies showed. Sharon Thomsen et al.
demonstrated that laser-induced effects lead to different tissue damages, including non-lethal and
lethal cellular damage. The repair and healing processes are not specific to laser irradiation and
depend on the extent of damage and the sort of damage, i.e. photothermal, photochemical, or
photomechanical. Typical healing processes are DNA and protein synthesis, resolution of tissue
edema, thrombosis, hemorrhage and wound healing with scar tissue formation [10]. A reduction
of the temperature during soldering might be required and is investigated in chapter V.

The importance of an intact endothelium to prevent pathological vascular changes has been
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Figure IV.7: Histological assessment during the follow up at 1week, using epon embedding. A:
Longitudinal whole-mount sections show the patch (asterisks) closely adhering to the vessel wall
(marked with v). The lumen of the vessel was occluded, and cells were visible in the amalgam-
like structure (marked with o). B: Detailed view of the arterial wall after thermal treatment.
Structural alterations were observed, after comparing to untreated arterial wall (C). The collagen
fibers of the thermally treated vessel appear dense and well sorted, whereas the collagen fibers
of untreated vessel wall are loosely arranged. The T. interna with its endothelium (arrow) was
intact after LAVA.

stated elsewhere [11–13]. Shaw et al. suggested, that damages of the endothelial cell layer leads
to the activation of platelets and fibrin and erythrocyte activation that produce an organized,
occlusive thrombus [14]. However, in all histologies, the T. interna with its endothelium was
clearly visible and seemed to be structurally unaffected by the heat treatment. Another study
reports damage of endothelial layer solely by inflation with a balloon catheter [15]. Hence,
a control, that is not soldered, but treated with the balloon catheter, should be included in
upcoming in vivo studies.

Another major reason for the formation of scar tissue could be responses to foreign material or
to non-sterility of the patch. Thus, the patch should be sterilized before surgery. The cytotoxicity
of the patch is investigated and discussed in the following chapter.

IV.5 Conclusion

This study serves as a pre-clinical step towards the application of LAVA and shows the potential
of the layered electrospun patch. All vessels were patent directly after LAVA, demonstrating an
adequate bonding strength. After a few days, however, all vessels were occluded and the flaps
were not perfused with blood. Possible reasons for this are thermal damage and toxicity of the
patch. These two problems will be addressed in the following chapters.
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V. Adhesion and toxicity assay: Reactions of hu-
man primary cells on the electrospun, laser-
soldered patch

Abstract
Background and Objectives: Chromophore- and protein-loaded electrospun patches may
have potential application for laser-assisted vascular anastomosis. Here, I addressed the adhe-
sion of cells at the patch and the cytotoxicity of the patch.
Materials and Methods: A solder patch, with a layer of polycaprolactone and indocyanine
green and a second layer of polyethylene oxide and bovine serum albumin, was produced by
electrospinning. The patches were irradiated with a diode laser, followed by ethylene-oxide ster-
ilization. Human dermal microvascular endothelial cells and mesenchymal cells from liposuction
tissue were seeded onto the patches to investigate the adhesion of cells. Additionally, these cells
were incubated with extracts from patches for toxicology studies.
Results: The MTS assay and the vitality stain showed that no cells adhered to the patches.
The cells exposed to the patch extracts showed severe changes in their morphology, indicating
cytotoxicity.
Conclusion: A procedure for the measure of cell adhesion and cytotoxicity for the electrospun,
laser soldered patch was developed. All materials of the patch, as well as potential ethylene oxide
residues, should be tested towards cytotoxicity. A reduction of the indocyanine green amount
might be required.

V.1 Motivation

We developed an electrospun patch that is composed of two layers. The first layer is made of a
blend of the polymer polycaprolactone (PCL) together with the chromophore indocyanine green
(ICG), see chapter II and the second layer is electrospun on top, consisting of bovine serum
albumin (BSA) and the polymer polyethylene oxide (PEO), see chapter III. All materials are
bio-compatible and FDA-approved. This pliable patch resulted in high and reproducible bonding
strengths during in vitro experiments and ensured a constant concentration of the chromophore
during soldering.

Little is known about the adhesion of cells at the surface of the laser-treated patch. The goal
was thus to test the adhesion and proliferation of human primary cells on the laser-treated patch.
Blood vessels consist of three layers which are built up by the following main cell types: The
Tunica interna with endothelial cells, the T. media made of smooth muscle cells and the T. adven-
titia consisting of connective tissue with fibroblasts [1]. Preliminary tests were made with human
dermal microvascular endothelial cells (HDMEC) and human mesenchymal stem or stromal cells
from processed lipoaspirat (adipose tissue derived mesenchymal stromal cells/adMSC).

69
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V.2 Materials and Methods

V.2.1 Preparation and laser-irradiation of the layered patch

Materials

Polycaprolactone (PCL, average Mn = 80000), polyethylene oxide (PEO, average Mn =400000),
and bovine serum albumin (BSA, lyophilized) were obtained from Sigma Aldrich (Saint Louis,
MO). Methanol and chloroform were used in analytical grade from Merck KGaA (Darmstadt,
Germany). Indocyanine green (ICG, IR-125) was obtained from Acros Organics (Geel, Belgium).
All materials were used as received.

Electrospinning

A blend 9% (w/w) PCL and ICG at a ratio of 1:10 based on PCL in chloroform/methanol
(75/25 (v/v)) was used to produce the first layer of the patch by electrospinning. Subsequently,
a second layer of fibers was added made from 8.7% (w/w) PEO and BSA (85/15 (w/w)) in
water. More details about the preparation can be found in chapters II and III.

Laser treatment

The patches were fixed with pins on a Teflon plate. 3 ml of sterile PBS solution (Dulbecco’s
phosphate-buffered saline (DPBS), Gibco, Thermo Fisher Scientific, Waltham, MA, US) was
added onto the patches to mimic the humid environment during in vivo soldering. Subsequently,
the patches were irradiated using a diode laser at 810 nm with an irradiance of 2.5W/cm2. The
temperature was observed with a thermal camera and controlled to be in the range of 75 to
85 ◦C with a manual switch. The irradiation was stopped after 45 s and the patches were allowed
to dry overnight in the dark. The next day they were punched to a diameter of 14mm. For
sterilization the patches were treated with ethylene oxide (Institute for virology and immunology,
Mittelhäusern, Switzerland), followed by keeping them in the dark for minimum 3weeks, in order
to aerate the patches and to get rid of ethylene oxide residues.

V.2.2 Cell culture

Culturing of cells

HDMEC and PLA cells were isolated by the team of the stem cell biology group and stored at
passage 2 (P2) in liquid nitrogen. The cells were cultured in 75 cm2 flasks (Greiner Bio-One
GmbH, Frickenhausen, Germany) in cell culture medium at 37 ◦C in a humidified atmosphere
with 5% CO2. Cell culture medium for HDMEC cells was endothelial cell medium MV2 (Pro-
mocell, Heidelberg, Germany), containing 5% fetal calf serum, supplements and 1% penicillin,
streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, US). For PLA cells we used Dul-
becco’s modified Eagle medium (DMEM, Invitrogen, Carlsbad, US) with 10% fetal calf serum
(PAN-Biotech, Aidenbach, Germany), and 1% penicillin, streptomycin (Gibco). Generally, cells
were plated at passage 4 (P4), HDMEC cells with a density of 32000 cells per cm2 and PLA cells
were seeded using 20000 cells per cm2.
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Figure V.1: Scheme of the adhesion assay. The irradiated patch was fixed into a 48-well plate
using CellCrown inserts. Previously cultivated cells were added onto the patches and as a control
directly onto wells. Cells were then incubated, followed by the transfer of the patches to fresh
wells. The control, the patch, and the well bottom were analyzed using MTS assay and vitality
stain.

Adhesion assay

Figure V.1 schematically shows the experiments performed to investigate the adhesion of cells
onto the patch. The laser-treated patches were fixed in 48-well culture plates (Greiner) with
CellCrown inserts (Scaffdex Oy, Tampere, Finland). The beforehand cultivated cells were washed
twice with DPBS (PAN-Biotech GmbH, Aidenbach, Germany) and trypsinated at 37 ◦C for 4 to
5 min. Trypsination was stopped by adding cell culture media, followed by the centrifugation of
the cells. Cells were re-suspended in 1ml media and counted by using the Cellometer (Nexcelom
Bioscience LLC, Lawrence, MA, USA). Cells were then seeded onto the patches and onto the
48-well plate directly as control with a seeding volume of 500 µl, using the cell density as written
above. The cells were cultured for a period ranging from 6hours to 7 days. The cell culture
medium was exchanged with fresh medium after 24 hours, and then every other day. After
cultivation, the patch with the insert was removed from the well and transferred into a fresh
well, followed by addition of fresh media. Subsequently, the control, the patch and the well
bottom were analyzed using MTS assay and vitality stain. The MTS and staining solution
were added directly onto the patch, therefore enabling to observe the metabolic activity and the
morphology of cells adhering to the patch.
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Figure V.2: Scheme of the toxicity assay. Previously cultivated cells were seeded onto a 48-well
plate and incubated. Meanwhile, extracts of the patch were prepared by incubating patches in cell
culture medium. As a control, cell culture medium without patches was incubated as well. Then,
both extracts were added onto the seeded cells. An additional control was added, being fresh cell
culture media. Furthermore, patches were added onto seeded cells, named as indirect contact
test. A blank, being fresh media only, was included to explore potential contaminants. The cells
with the extracts/media/patches were incubated for further 24 hours, followed by analysis using
MTS assay and vitality stain.

Toxicity assay

A scheme of the toxicity assay can be seen in figure V.2. Cells were seeded into 48-well plates
(Greiner) with a seeding volume of 500 µl and cultured for 24 hours to receive approx. 80%
confluence. In parallel, extracts of the patch in cell culture media were prepared by adding
1 patch to 500 µl medium and incubation at 37 ◦C without agitation for 24 hours. Cell culture
medium without patches was used as a control and incubated as well. In addition, patches were
fixed into CellCrown inserts and carefully added onto the seeded cells for indirect contact tests,
followed by addition of fresh cell culture medium. After cultivation of cells and preparation of all
extracts, the cell medium was exchanged with the extracts. Cells were incubated with extracts
and patches for further 24 hours and then analyzed.

V.2.3 Analysis

MTS assay for cell metabolic activity

The MTS assay with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS) was used to determine the metabolic activity of the cells, which
could be related to the number of viable cells. MTS is converted into soluble formazan with de-
hydrogenase enzymes and is directly proportional to the number of cells, if the metabolic activity
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of the cells remains unchanged.
For this assay, the depleted cell culture medium was removed and fresh medium was added.

20 µl per 100 µl medium MTS solution (CellTiter 96 Aqueous non-radioactive cell proliferation
assay, Promocell, Heidelberg, Germany) was added and incubated with the cells for 1 or 2 hours
at 37 ◦C. 100 µl of this solution were added to 96-well-plates (Greiner) and absorption was
measured at 400 nm with background reduction at 620 nm using a microplate reader (Anthos
2010, Anthos Mikrosysteme GmbH, Krefeld, Germany).

Vitality stain and morphology

A staining solution was prepared as follows: Hoechst 33342 (1:2000, PanReac AppliChem GmbH,
Darmstadt, Germany), Calcein AM (1:3000, AAT Bioquest, Inc., Sunnyvale, CA, US) and Pro-
pidiumiodid (PI, 1:50, Invitrogen, Carlsbad, US) were added to fresh media. The media of the
cells was exchanged with the staining solution and incubated for 7min (HDMEC) or 15min
(PLA). Then, the staining solution was removed from the wells and fresh media was added. The
cells were observed with a laser scanning microscope (LSM780, Zeiss, Jena, Germany). A 20x
objective with a numerical aperture of 0.5 and a working distance of 2.0mm without immersion
was used (EC Plan-Neofluar, Zeiss, Jena, Germany). Image size was usually 512 x 512 pixels, and
2 times averaging was used. Excitation wavelengths were 405 nm (diode laser, Hoechst 33342),
488 nm (argon laser, Calcein AM), and 514 nm (argon laser, PI).

V.3 Results

V.3.1 Adhesion assay

In general, no bacterial contamination of the wells was observed and the control cells grew
without complications or abnormalities. The viability of the HDMEC after 6 and 24 hours and
3 and 7 days and adMSCs after 24 hours of seeding on the soldered patches is shown in table
V.1. The viability was compared to cells cultured on the same well plate, which is made of
tissue culture polystyrene (TCPS). For both cells types, no or a very low MTS conversion was
found on the incubated patches. Reduced MTS conversion was measured at the bottoms of the
wells where the patches were previously positioned. Due to the brittleness of the patches after
laser irradiation, cracks in the patches could not be avoided when placing the patches into the
cell culture inserts. The cells could therefore migrate through the patches and grow on the well
bottom. In consequence of the usage of CellCrown inserts, a migration of cells around the patch
can be excluded.

Microscopic analysis by LSM revealed a few, strongly vacuolized cells on the patches, see figure
V.4 and V.3. On the well bottoms, where the patch was previously positioned, some cells could
be detected, ranging from vacuolic cells (see figure V.4) to long and stretched cells (figure V.3).
Thus, the phenotype of both cell types differed strongly from the TCPS controls. The intensity
of the cell cores and the cytoplasm varies with the cell types, due to slight concentration changes
of the staining solution. Additionally, the duration from the removal of the staining solution
until taking the micrograph varies, which could be a reason for different intensities.

Additionally, I tested the behavior of the adMSC and HDMEC on the layered, non-irradiated
patch and the non-irradiated PCL/ICG-layer (data not shown, no ethylene-oxide sterilization).
Again, we found no cells on the surface of the patch. As for the irradiated patches, some intact
cells on the well bottoms were detected.
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Table V.1: Adhesion assay after incubation with MTS: Absorbance after incubation of HDMEC
01/16 and adMSC with MTS for 1 hour, and HDMEC 07/15 for 2 hours. Blank measurements
being fresh media with MTS were subtracted and data represent 3 measurements each. AdMSC
were measured in passage P3 and P4, both from the same donor.

cell type/donor time point control well bottom patch

HDMEC 07/15

6 h 0.236±0.013 0.121±0.023 0.018±0.009
24 h 0.320±0.008 0.004±0.003 -0.019±0.023
3 d 0.299±0.007 0.014±0.003 -0.003±0.007
7 d 0.491±0.031 0.052±0.117 -0.013±0.008

HDMEC 01/16 24 h 0.153±0.004 0.030±0.016 0.004±0.008
adMSC 14/16 P3 24 h 0.240±0.005 0.126±0.025 0.030±0.021
adMSC 14/16 P4 24 h 0.106±0.003 0.081±0.034 0.011±0.007

Figure V.3: Typical confocal microscope images of the adhesion tests for HDMEC 01/16. Cell
nuclei were stained blue, cytoplasm were stained green, dead cells appear red. Intact cells found
in the well bottom of the soldered patch showed long and stretched cytoplasm. Scale bar is
50 µm.
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Figure V.4: Typical confocal microscope images of the adhesion tests for HDMEC 07/15. Cell
nuclei were stained blue, cytoplasm was stained green, dead cells appear red. Some micrographs
were not recorded due to time constraints. After 3 days of incubation the control cells were 100%
confluent and showed the typical microvascular endothelial morphology. Scale bar is 50 µm.
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V.3.2 Toxicity assay

Due to the results of cell adhesion tests, toxicity tests were performed to evaluate whether the
patch is cytotoxic. The control and the extract control showed the same absorbance amongst
each cell type (table V.2). The metabolic activity after exposure to the patch extracts was de-
creased to approximately 60% for HDMEC, for the adMSC it had no influence. After exposure
with the patches (indirect contact test), the metabolic activity was decreased to approx. 75%
for both HDMEC and adMSC. After observation of these cells with the phase contrast micro-
scope (no images taken) and the LSM (figure V.5), the differences between the controls and the
extracts/indirect tests are more obvious. Fewer cells were observed for the HDMEC. However,
the cytoskeleton was affected. The cells appeared vacuolic, and the cell membranes were less
pronounced. Additionally, the cells were much smaller and the shape of the cells became spher-
ical. After exposure to patch extract, the amount of cells was unchanged for the adMSC in
comparison with the control. Although from the same donor, the adMSC P3 were intact after
exposure to the patch extract, whereas the adMSC P4 were smaller and spherical. This effect
cannot yet be explained, yet longer incubation with the extracts could lead to more significant
results.

Table V.2: Toxicity assay after incubation with MTS: Absorbance after incubation of HDMEC
and adMSC with MTS for 1 hour. AdMSC P3 and P4 were from the same donor. Blank
measurements with fresh media and MTS with and without patch were subtracted and data
represent 3 measurements each. In one case a methodical problem evolved. Therefore the result
might be of limited value.
cell type/donor time point control extract control extract patch indirect contact
HDMEC 01/16 24 h 0.267±0.005 0.280±0.028 0.165±0.032 0.221±0.062
adMSC 14/16 P3 24 h 0.204±0.013 0.191±0.009 0.226±0.021 (0.085±0.034)
adMSC 14/16 P4 24 h 0.124±0.009 0.108±0.008 0.102±0.002 0.087±0.009

V.4 Discussion

In this study, preliminary in vitro tests were performed to evaluate the adhesion and growth of
cells on the soldered patch.

It was difficult to handle the soldered patches during cell culture. The patch bent in the cell
culture medium and floated up to the surface. Special care had to be taken during the media
changes, where the patch was attracted by the pipette tips. A solution to these problems was
the usage of cell culture inserts [2], which immobilized the patch between two rings and enabled
easy media exchange.

A further challenge was the sterilization of the electrospun patches. Common sterilization
methods used are ethylene oxide, UV radiation, and soaking in ethanol [3]. Soaking in ethanol was
not suitable, as the BSA/PEO layer dissolved in ethanol. We avoided the use of UV radiation, as
it could potentially lead to the degradation of PCL [4]. Therefore, we chose to sterilize the patches
using ethylene oxide. Due to the aeration of more than 3weeks, we assumed that no ethylene
oxide contaminants were left in the patches. However, the complete removal of ethylene oxide
has to be thoroughly tested [5]. Furthermore, potential influence on the chemical or mechanical
properties of ethylene oxide on the patch should be investigated.

Electrospun fibers elicited interest in tissue engineering, because the fiber structure can re-
semble the structure of the extracellular matrix and provides a 3-D framework for the attachment
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Figure V.5: Typical confocal microscope images of the toxicity tests. Cell nuclei were stained
blue, cytoplasm was stained green, dead cells appear red. HDMEC and adMSC images were
obtained with the same parameters, however the adMSC P4 images had to be contrast-enhanced.
Due to a methodical problem with adMSC P3 with the indirect contact test no image was taken.
Scale bar is 50 µm.
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of cells [6, 7]. Additionally, the thickness of the fibers, the surface structure, and the porosity
of the fibers are tunable, which are desirable features for tissue engineering [8]. However, the
two polymers PCL and PEO, used for the solder patch, have melting points at 60 and 65 ◦C,
respectively [9]. Due to melting, the soldered patches in this study are not composed of fibers,
but possess a smooth surface (chapter II). The adhesion of cells on surfaces underlies a complex
regulation and depends on many factors [10]. Furthermore, the success of biomaterials after
implantation depends on many complex processes, such as repair processes, neo-vascularization,
and inflammation [11].

Based on the results, no cells could adhere to the soldered patches and the patch is potentially
cytotoxic. Interestingly, the MTS assay alone did not indicate a toxic reaction in the toxicity
assay, which could be due to the short incubation period of 24 hours. Even though all used
materials are biocompatible, more experiments have to be performed to systematically test the
single electrospun materials for cell toxicity, before further experiments about cell adhesion should
be conducted. Concerning ICG, a dose-depended ICG-related toxicity after staining the retina
was reported [12–14]. Additionally, toxicity of ICG was observed in mitochondria of rat liver
[15]. In our study, the cells were exposed to an ICG concentration of 1.3±0.2mg/ml. An effect
on the toxicity after reduction of the ICG concentration in the patches should be investigated.

The BSA/PEO layer dissolves after in contact with liquids, it is therefore assumed that this
layer has only minor impact on cell attachment. On the contrary, PCL is hydrophobic and a
slowly degrading polymer [16]. PCL fibers have been extensively studied for applications as
biomaterials and for tissue engineering. However, due to its hydrophobic properties, it lacks cell
attachment and requires modification [3]. One possibility is its usage in blended fibers [8, 17, 18],
another possibility is surface modification [19–21].

Numerous challenges have been investigated for reconstructive arterial surgery, among these
are inflammatory processes that lead to thrombus formation, poor patency rates, tissue ingrowth,
the polymer degradation, and the elasticity of the grafts [22, 23]. As a consequence, additional
cell-based tests and in vivo experiments are required in order to optimize the properties of the
patch used for LAVA.

V.5 Conclusion

In this study I tested the behavior of two human primary cell types on the laser-soldered patch.
MTS assays were performed to measure the metabolic activity and the morphology of the cells
was observed with fluorescence microscopy. No intact cells adhered on the surface of the patch.
A toxicity assay with patch extracts and an indirect contact test was performed to evaluate the
toxicity of the patch. It could be demonstrated, that the patch leads to smaller, vacuolic and
round-shaped cells, indicating toxic effects. Based on these preliminary results, residues after
ethylene oxide sterilization should be investigated first. Next, all materials have to be tested
towards cytotoxicity and a reduction of the ICG-content might be required.
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VI. Influence of continuous versus pulsed temper-
ature profiles on laser-assisted vascular anas-
tomosis with an electrospun chromophore- and
protein-loaded patch

Abstract

Background and Objectives: Laser-assisted vascular anastomosis using the chromophore in-
docyanine green (ICG) and the protein albumin (BSA) is an effective technique for the bonding
of tissues. The objective of this study was to investigate the influence of different temperature
profiles on the immediate bonding strength and to examine the thermal damage.
Materials and Methods: Rabbit aortas were subjected to in vitro LAVA, using an electro-
spun ICG-and BSA-loaded patch. The solder surface temperature was observed with an infrared
camera, serving as a feedback to manually control the laser irradiation. Continuous temperature
profiles with surface endpoint temperatures at 60, 70, 80, and 90 ◦C were explored, followed by
tensile strength measurement. Arteries were embedded in MMA and epon and cut perpendicular
to study thermal damage. Additionally, the influence of pulsed laser irradiation on the temper-
ature profile and the tensile strength was explored.
Results: The endpoint temperatures, ranging from 60 to 90 ◦C using the continuous temperature
profile led to tensile strengths from 69±32 to 153±23mN/mm2. The analysis of the histologies
demonstrated similar thermal damage across these temperature ranges. Using pulsed laser irra-
diation, tensile strengths ranging from 47±9 to 79±32mN/mm2 were obtained.
Conclusions: The endpoint temperature during LAVA has a significant influence on the tensile
strength and the thermal damage. Effective and reproducible LAVA might be achieved at end-
point temperatures from 60 to 70 ◦C. Pulsed energy deposition has potential to reduce thermal
damage while achieving good tissue bonding, but requires a feed-back system to ensure repro-
ducible results during surgery.

VI.1 Introduction

Tissue bonding of incisions is an important step in most surgical procedures. Conventional
methods, namely sutures and staples, possess serious drawbacks, such as additional tissue injury,
foreign body reactions, and difficult and tedious execution. Laser-tissue-soldering (LTS) can be
faster, easier to apply, and less traumatic [1–3]. In LTS, laser energy is used to heat a solder that
is applied to the approximated tissue edges. The tissue is subsequently heated by heat diffusion,
leading to the alteration of the molecular structure. The tissue molecules can form bonds leading
to tissue fusion.
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The application of a solder consisting of the chromophore indocyanine green (ICG) and the
protein albumin (BSA, from bovine serum) has been shown to be an effective tissue sealant
[4, 5]. ICG selectively absorbs the laser wavelength, with a maximum of absorption at 800 nm,
and converts the laser energy to heat, while BSA enhances the tissue fusion. A previous study (see
chapter IV), involving laser-assisted vascular anastomosis (LAVA) of pig arteries, has shown, that
the immediate bonding strength of this technique was withstanding the blood pressure. However,
histological assessment revealed, that the tissue was thermally damaged, leading to the necrosis
of the vessels and finally the occlusion of the arteries.

The endpoint of laser irradiation during LAVA is still ambiguous. Solder color change [6, 7] is
one determinant for stopping laser irradiation, however by using this technique, the temperature
profile is unknown, leading to thermal damage or low bonding strengths. This results in a
low reproducibility of the tissue bonding and requires an experienced surgeon. Another common
attempt is the application of a specific laser power and irradiation duration [8, 9]. This technique,
though, ignores different tissue structures and thicknesses and different hydration states of the
tissue. Another possibility is the usage of thermocameras, thermocouplers or infrared fibers to
control the temperature by controlling the laser irradiance [10–12]. This approach is promising,
but it requires prior knowledge about temperature curves that lead to a high bonding strength
but at the same time minimally damaging the tissue. Bregy et al. demonstrated that there is
only a narrow temperature range were LTS is effective. Low temperature lead to a weak bonding
strength, whereas high temperatures lead to thermal damage [13].

During in vivo experiments we used an infrared camera to control the temperature during
LAVA. The temperature at the solder surface was observed with the infrared camera, and hence
the laser irradiation was manually controlled to keep the temperature between 75 and 85 ◦C
for 30 s. Bogni et al. has introduced a thermal model to optimize the laser parameters and to
understand the temperature distribution inside tissue during LAVA. Their simulations suggest the
application of a pulsed irradiation with a high laser power, short pulses, and a highly absorbing
solder, allowing repetitively heating the solder/vessel interface while remaining a physiological
temperature at the endothelium [14].

The objective of this study is to investigate the influence of different end-point temperatures
on the bonding strength and to assess thermal damage by using histology. Additionally, the
feasibility of a pulsed energy deposition is investigated and the resulting temperature profiles are
shown.

VI.2 Materials and Methods

VI.2.1 Materials

Polycaprolactone (PCL, average Mn = 80000), bovine serum albumin (BSA, lyophilized), and
polyethylene oxide (PEO, average Mn = 400000)) were obtained from Sigma Aldrich (Saint Louis,
MO). Methanol and chloroform were used in analytical grade from Merck KGaA (Darmstadt,
Germany). Indocyanine green (ICG, IR-125) was obtained from Acros Organics (Geel, Belgium).
All materials were used as received.

VI.2.2 Electrospinning of the layered patches

A 9% (w/w) PCL solution in chloroform/methanol (75/25 (v/v)) with ICG at a ratio of 1:10
(w/w) ICG:PCL and a 8.7% (w/w) BSA/PEO (85/15 (w/w)) solution in water was prepared.
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Both solutions were stored in the dark, the PCL/ICG solution was kept at room temperature
and the BSA/PEO solution was stored in the fridge at 4 ◦C.

For electrospinning, both blends were loaded into 5ml syringes with a truncated needle
(0.812mm I.D.) that was connected with electrodes to a power supply. For the PCL/ICG blend
a flow rate of 30 µL/min, a gap distance of 15 cm between the needle tip and the grounded collec-
tor plate, and an applied positive potential of 15 kV were employed and electrospun for 75min.
The BSA/PEO blend was electrospun subsequently and directly onto the PCL/ICG layer, by
applying the following settings: flow rate of 30 µL/min, a gap distance of 15 cm, and a positive
potential of 15 kV, with a duration of 180min. The fibers were collected on a rotating aluminum
plate at 1 rpm with a diameter of 10 cm to ensure a homogeneous distribution of the fibers. The
whole setup was placed in a chamber, where the temperature and the humidity were well con-
trolled to be 22±1 ◦C and 30±5% RH. The resulting patches were stored in the dark at room
temperature, and used for in vitro experiments within one month.

VI.2.3 Ex vivo laser soldering technique

The setup for LAVA, including treatment of the rabbit aortas, is described in detail in chapter
II.

The patch was cut in pieces of 2x1 cm and topically applied over the position where the
anastomosis has to be performed, with the PEO/BSA layer in direct contact with the artery.
For the experiments with a continuous temperature profile, the laser was operated with an
output power of 3W in the continuous wave regime. Soldering was observed by involving an
infrared camera (A655, FLIR Systems, Inc., Wilsonville, Oregon) and according to the surface
temperature the laser was switched on and off manually to stabilize the desired temperature.
End-point temperatures were 60, 70, 80 and 90 ◦C, and the irradiation was stopped after 45 s.
For each trial ten measurements were made. The arteries used in this study had a diameter of
4.0±0.2mm (n=70 vessels), thus the irradiated surface was equal to 1.9±0.1 cm2 resulting in an
irradiance of 1.6±0.1W/cm2.

Different pulse lengths from 5 to 125ms and frequency rates ranging from 0.25 to 10Hz
were applied for pulsed laser irradiation, while the output peak power was kept at 30W, the
highest power possible using the laser system Lina-30D (Intros Lasertechnologie GmbH, Heilbad
Heiligenstadt, Germany).

VI.2.4 Evaluation of the temperature profile

During LAVA, the temperature on the surface of the patch was recorded. The camera was
calibrated for a temperature range from -40 to 150 ◦C allowing an accuracy of ± 2 ◦C. The
temperature was recorded with a frequency of 25Hz. After soldering, the temperature data were
analyzed and processed using Matlab (version R2014a, MathWorks, Inc., Natick, Massachusetts,
USA ). The average temperature of a 6mm2 surface was calculated for each camera frame and
plotted versus the irradiation time. The surface was determined by a 2 times 3mm rectangle
centered over the hottest spot of the solder surface.

VI.2.5 Measurement of the tensile strength

The tensile strength of the soldered vessels was evaluated using a test stand with a fixed force
gauge (BFG50, Mecmesin Limited, West Sussex, United Kingdom). The measurement was done
1min after soldering, to avoid any desiccation of the sample. The vessel was fixed 2mm from the
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end of the patch with two surgical clamps that were attached to a moving table. The table was
pulled with an electrically driven motor at a constant velocity of 30 mm/min. The maximum load
on the specimen was recorded. The tensile strength was calculated by dividing the maximum
load at the rupture time point by the cross-sectional area of the blood vessel, including the lumen
and the vessel wall. Therefore, the external diameter of the vessel was measured with a caliper
before LAVA.

VI.2.6 Histological assessment

The laser-induced thermal damage was assessed using histology with light microscopy. For
histological assessment, rabbit aortas were obtained from the slaughterhouse, transported on
ice, and processed within 4 hours. Immediately after soldering, the tissue samples were fixed in
4% formaldehyde (G256, Dr. Grogg Chemie AG, Stettlen, Switzerland) and routinely processed
in methylmethacrylate (MMA). Therefore, the samples were rinsed in water, dehydrated in
ascending ethanol fractions, infiltrated and embedded in MMA. The embedded blocks were
serially cut into 500 µm thick sections using a diamond saw. Subsequently, the specimens were
mounted onto acrylic glass slides, and the sections were ground to a final thickness of 80 µm and
stained superficially with toluidine blue combined with basic fuchsin.

For epon embedding, the specimen were subdivided into smaller samples and embedded in
epon resin (Fluka, Buchs, Switzerland). Sections were cut and stained with toluidine blue and
basic fuchsin, and studied using a Zeiss Axioplan microscope (Carl Zeiss GmbH, Jena, Germany).
To assess the extent of thermal damage, rabbit aortas that were subjected to LAVA were fixed
in formalin, followed by embedding in methyl methacrylate (MMA) or Epon. The evaluation of
the embedding technique was not trivial. Paraffin embedding of tissues is a standard technique,
however, paraffin could not infiltrate the electrospun patch and the aorta. Sectioning of paraffing
embedded samples was therefore impossible, as the patch was very brittle and teared off the
tissue. Additionally, it required washes with xylene, being a solvent for PCL. On the other hand,
MMA is very hard and used for embedding of undecalcified bone [15]. Using MMA, the whole
rabbit aorta could be sectioned, giving a overview about the tissue-patch interface. Additionally,
embedding in epon was performed, which allowed thinner sectioning than was possible with
MMA, and therefore enabled detailed evaluation of the structural characteristics of the arterial
wall.

VI.3 Results

For both, the continuous and the pulsed temperature profile, the irradiation time was identical,
being 45 s, to keep the duration in a clinically acceptable time and to avoid desiccation, while
ensuring a good bonding strength. Temperatures above 100 ◦C were avoided, to circumvent too
strong thermal damage, as well as the melting of the laser fiber and the balloon catheter.

VI.3.1 Continuous temperature profile: tensile strength and thermal
damage

The results show that the temperature profile is an important parameter during LAVA. The
continuous temperature profiles with endpoint temperatures ranging from 60 to 90 ◦C are shown
in figure VI.1. The standard deviation for endpoint temperatures of 60 to 80 ◦C were in the
range of ± 5 ◦C, whereas the standard deviation at 90 ◦C was higher with ± 10 ◦C. While lower
endpoint temperatures from 60 to 80 were easy to control, the 90 samples were harder to control.
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Figure VI.1: Solder-surface temperature of in vitro experiments. The graph shows the average
temperature of a 6mm2 surface of the patch during laser irradiation for endpoint temperatures
between 60 and 90 ◦C (n=10 experiments per end-point temperature). The error bars show the
standard deviation.

This was because the temperature increase and decrease was steeper and thus more difficult to
adjust. The immediate tensile strengths were 69±32, 99±29, 128±30, and 153±23mN/mm2 at
an endpoint temperature of 60, 70, 80, and 90 ◦C, respectively. For all endpoint temperatures,
the color of the patch changed from light-green to dark-green, and was shrinking radially. The
lateral shrinkage was negligible. No bubbles were visible during the irradiation.

Figure VI.2: Tensile strength after laser soldering with continuous temperature curve at different
end-point temperatures.

By comparing the native arterial wall of rabbit aorta and the laser-treated wall (see figure
VI.3), it was evident, that thermal damage occurred across all temperature ranges. No vacuoles
were present in the arterial wall that would indicate overheating. The T. interna with its en-
dothelium appeared structurally intact in all samples. Especially for the samples treated with an
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Figure VI.3: Histological analysis of the arterial wall after in vitro LAVA using rabbit aorta. A:
Longitudinal whole-mount sections after MMA embedding show the patch (asterisks) closely ad-
hering to the T. adventitia and the position were the anastomosis was performed. The end-point
temperatures using continuous laser soldering were 60, 80 and 90 ◦C (1A, 2A, 3A, respectively).
After irradiation at 80 and 90 ◦C the patch was completely molten, while the two-layer structure
of the patch was clearly visible in the 60 ◦C-sample (1A, with b being the BSA layer and i being
the ICG layer). The patch shown in 2A was significantly thicker. A reason might be, that the
specimen was cut in a way where the overlap was present. All other micrographs show embed-
ding in epon resin demonstrating the alterations of the arterial wall after LAVA. The native
arterial wall (1N, 3N) consists of the T. interna with its endothelium (arrow), the T. media,
and the T. adventitia that blends with the connective tissue that surrounds the artery. After
LAVA (1B, 2B, 2C and 3B) thermal damage was evident. The T. media was compressed,
while the collagen fibers appeared compact and accurately arranged. For samples treated with
60 and 90 ◦C, a gradient of thermal damage was observable, showing compressed tissue close to
the T. adventitia, and lower compression at the site of the vessel lumen.
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end-point temperature of 60 ◦C, a gradient of the thermal damage was visible. The T. adventitia
and the underlying layers of the T. media appeared compressed, while the deeper layers of the
T. media were loosely connected by collagen fibers. This effect is not observed at an end-point
temperature of 80 ◦C. On the contrary, applying a continuous end-point temperature of 90 ◦C,
the layers of the T. media that are close to the vessel lumen appear intact.

It seems that the patch was not homogeneously molten after irradiation to 60 ◦C, as the two-
layer-structure is still visible. We did not observe this effect at temperatures above 70 ◦C. For
all samples, the patch adhered well to the vessel over its whole length, however, some interspace
was visible.

VI.3.2 Pulsed laser soldering: temperature curves and tensile strengths

Preliminary experiments have shown, that the average laser power for pulsed irradiation should
be in the range of 0.7 to 1.5W to ensure a temperature at the solder surface between 50 and
100 ◦C. Two parameters were varied: the average power and the pulse length. Therefore, the
frequency rate of the pulses had to be adjusted, as the output peak power was kept constant
at 30W for all experiments. An overview of the parameters and the resulting tensile strength
is given in table VI.1. For all experiments, the color of the patch changed from light to dark
green and the patch was shrinking in lateral direction and therefore melting around the blood
vessel, as for continuous laser soldering. The color change was faster with increasing average
laser power. Figure VI.4 shows the development of the surface temperature during pulsed laser
irradiation over time. By using a pulse length of 5ms, the temperature increase was slow, after
approximately 30 s, 50 ◦C were reached. Due to the low pulse energy of 0.15 J the temperature
increase after each pulse was flat. The frequency rate was relatively high, resulting in a short time
without irradiation were the tissue was allowed to cool. Hence, no temperature decrease after the
pulses was observed and the temperature curve looks similar to the curve with a continuous laser
irradiation, see figure VI.1. With a ten-fold increase of the pulse length to 50ms, the laser pulses
were visible in the temperature curves. A pulse energy of 1.5 J, results in a steep temperature
increase. Furthermore, a frequency rate of 0.5 to 1Hz, allows a temperature relaxation. Still,
these frequencies allow only a low temperature relaxation, resulting in a temperature difference
between the peak and the baseline of 10 to 20 ◦C. By using a pulse length of 100ms and a
frequency rate of 0.25 to 0.5Hz, the peaks were more distinct and the height of the peaks was
approximately 30 ◦C.

The tensile strengths reached after pulsed laser soldering is in the range of 47 to 79mN/mm2.
A high average laser power, and therefore a higher temperature course, resulted in a higher tensile
strength. The effect of the pulse length on the tensile strength is minor. Compared to continuous
soldering, the tensile strengths were lower, however, soldering by using an pulse length of 100ms
and a frequency of 0.5Hz, results in a similar tensile strength as continuous soldering with an
end-point temperature of 60 ◦C, and could potentially reduce thermal damage.
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Table VI.1: Overview of the parameters and the resulting tensile strength for pulsed laser sol-
dering. The tensile strength displays the mean and the standard deviation of three samples.
Average power [W] Pulse length [ms] Frequency [Hz] Duty cycle [%] tensile strength [mN/mm2]
0.75 5 5

2.5
47±9

0.75 50 0.5 57±15
0.75 100 0.25 76±7
1.2 5 8

4
64±4

1.2 50 0.8 52±26
1.2 100 0.4 52±11
1.5 5 10

5
79±32

1.5 50 1 76±31
1.5 100 0.5 75±23

Figure VI.4: Typical solder-surface temperature of in vitro experiments with pulsed laser irra-
diation. The pulse length was varied between 5 and 100ms, and the average power was kept
constant between 0.75 and 1.5W, therefore adjusting the frequency of the laser pulses. The
graphs demonstrate the average temperature of a 6mm2 surface of the patch during laser irra-
diation.
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VI.4 Discussion

In this study, the influence of different heating profiles during LAVA on the tensile strength was
investigated. The tensile strength after continuous irradiation with an end-point temperature
of 90 ◦C was twice as high than after irradiation to a temperature of 60 ◦C, which is in agree-
ment with literature [10]. Histological assessment has shown, that the internal elastic lamina is
structurally intact across all temperature ranges. The integrity of the endothelial cell layer is
indispensable, as it facilitates the blood flow, keeps the tone of the blood vessels, and hinders the
aggregation of platelets, therefore avoiding the occurrence of thrombosis [16]. Notwithstanding,
cell-vitality should be investigated using fresh aorta directly after harvesting from the animals.
During LAVA, the temperature at the T. interna should stay as low as possible, to avoid thermal
damage of the vascular endothelial cell layer. Still, high enough temperatures are required to
ensure the denaturation of BSA and the proteins of the blood vessel in order to achieve good
bonding strength. A solution to this contradiction is a temperature gradient across the vessel
wall, ensuring a high temperature at the T. adventitia and a low temperature at the T. interna.
This gradient is visible in the histologies, applying 60 and 90 ◦C, however, we could not observe it
using an end-point temperature of 80 ◦C. A study that involves a higher number of experiments
is therefore required to ensure the reproducibility of the experiments.

A scheme of the soldering setup and the temperature distribution is shown in figure VI.5.
Since the attenuation coefficient of the ICG-layer is 1119±183 cm−1, 99% of the laser energy is
absorbed within a layer of approx. 15 µm [4]. The heating of the BSA-layer and the underlying
tissue of the blood vessel is thus the result of heat diffusion.

Figure VI.5: Left: Scheme of soldering setup with the blood vessel wall, the layered patch, and
the laser diffusor fiber. The thicknesses are illustrated to scale. The length of the patch is 10mm
and the length of the diffusor fiber is 15mm. Right: Most of the laser energy is absorbed in the
first µm’s of the PCL/ICG layer, thus the temperature is assumed to be maximal at this position.
After heat deposition, the heat diffuses towards the surface of the patch, as well as towards the
BSA-layer and the vessel wall. The temperature durring soldering is, however, observed at the
surface of the patch.

In this experimental study, the application of pulsed laser irradiation with a peak energy larger
than 1.5 J leads to a fast temperature increase. The heat is then diffusing into the surrounding
tissue, followed by the next laser pulse. It is important that the pulse energy, and thus the
pulse length, is sufficiently high, as otherwise the temperature increase is very small, and the
temperature profile is similar to a continuous temperature profile (compare figure VI.1 and
VI.4 (5ms)). Due to the low thermal relaxation time of tissue [17], long pulse intervals are
required, to allow a complete dissipation of the heat. However, our diode laser is limited to a
frequency of minimum 0.3Hz, leading to a built-up of the heat (see temperature curves, figure
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VI.4). Furthermore, a low frequency requires too long total irradiation to reach reasonable tensile
strengths, and might therefore not be applicable for surgeries.

For LAVA, we are mainly interested in the temperature at the patch-tissue-interface and the
T. interna of the blood vessel. However, as we chose a non-contact measurement involving an
infrared camera, the temperature at the surface of the patches is measured. Since the ICG-
layer and the BSA-layer are similarly humid, I assume that the heat conductivity and heat
capacity are in the same order of magnitude. As the thickness of both layers is similar, the heat
conducted to the air-ICG-layer interface and the tissue-BSA-layer interface should be roughly
equal. The temperature measured at the tissue-BSA-layer interface will however be lower than
the temperature at the air-ICG-layer interface due to a higher thermal conductivity of tissue
than air. Thus, the tissue-BSA-layer interface will be cooled more efficiently. The histologies
(figure VI.3) confirm that most of the thermal damage occurs at the interface of the BSA-layer
and the vessel while the deeper layers of the vessel undergoes reduced thermal damage.

By using a pulse length of 100ms and an average power of 1.2 to 1.5W/cm2 a similar baseline
of the temperature curve is observed as for continuous soldering at 60 ◦C, but with additional
peaks that could lead to a better bonding strength. Thus, I assume, that thermal damage in both
cases is in the same range, but with an improved tensile strength. The tensile strength using
pulsed soldering is slightly higher in this case, being 75±23 and 69±32mN/mm2, respectively.
More experiments have to be performed to investigate a statistical significance. Due to time
constraints, a histological assessment of the thermal damage after pulsed laser irradiation was
not yet feasible.

A drawback of pulsed soldering with high pulse energies might be the introduction of bubbles
in the solder patch and the tissue due to an explosive temperature rise. Rabi et al. [10] suggests
a gradual heating procedure that in a first step solidifies the albumin solder and afterwards heats
the solder to higher temperatures in a second step. This procedure would avoid the deformation
of the tissue or the swelling of the tissue. Such a procedure would nevertheless elongate the
irradiation duration, possibly leading to desiccation of the tissue.

The intraluminal soldering setup used in this study ensures an easy positioning of the vessel
stumps and the inflation of the blood vessel ends. By applying the balloon catheter, the vessel
lumen is filled with water, which supports the cooling of the T. interna. However, the balloon
used is only partially filled with water, as air bubbles in the balloon are hardly to avoid due to
thin tubings. Moreover, during the positioning of the balloon, the fiber, the blood vessels and
the solder patch, the water will heat up to body temperature. A continuous flow of cold water
would be beneficial, but is hard to achieve [14].

A previous in vivo study has shown, that an anastomosis with a tensile strength of 23mN/mm2

was withstanding the blood pressure immediately after surgery (chapter II). Therefore, I assume
that the bonding strength reached after continuous irradiation to 60◦C as well as after pulsed
laser irradiation is stable enough for LAVA. The measurement of the leaking point pressure or pul-
satile bursting pressure, as described in [2] and [18], is required to investigate the water-tightness
of the anastomosis.

The electrospun layered patch can easily be wrapped around the blood vessels. Due to the
humidity of the vessel, the patch becomes slightly sticky after contact with the blood vessel
and therefore holds the vessel stumps together. Furthermore, the patch can be applied to the
vessels without the appearance of interstices, and no bubbles were observed during soldering for
all temperature curves. Using a patch soaked in liquid BSA [4], small interstices were recorded
after applying the patch. Interstices and bubbles however, are filled with gas, which has a low
thermal conductivity and can therefore lead to an insulating layer between the patch and the
vessel [19]. We therefore assume that the heat conduction is improved by using the electrospun
layered patch.
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By applying the intraluminal LAVA-setup [3], I chose a model that is mimicking in vivo
surgery, in order to realistically investigate the influence and feasibility of the temperature curve.
Although great care was taken to ensure good reproducibility of the experiments, the standard
deviation of the tensile strength is high. This is probably due to the following reasons: the rabbit
aortas are differing in circumference, wall thickness, humidity and tissue composition. Thus,
different temperature curves will be observed for the same laser irradiation. Pulsed irradiation
without a direct temperature feedback will therefore always lead to different temperatures, to
different protein denaturation and therefore to more or less thermal damage and to varying tensile
strengths. A direct feedback that controls the laser irradiation is inevitable for reproducible LAVA
[10, 12, 20]. Another cause for the high standard deviation is the tensile strength measurement
itself. Main uncertainties are the measurement of the cross section of the vessels, the alignment of
the vessel stumps and the shape and the location of the rupture. In the pulsed irradiation group
only three experiments were performed for each combination of parameters. More experiments
should be conducted in order to improve the significance of the resulting tensile strength.

VI.5 Conclusion

The objective of LAVA is to create a rapid and immediate leakage-free bonding with little thermal
damage. It was demonstrated in this work that the bonding strength increases with higher end-
point temperatures, but at the same time the thermal damage increases. The tensile strength
after soldering with an end-point temperature of 60 ◦C could be sufficiently high and has to be
tested in vivo. LTS using pulsed irradiation is feasible and achieves reasonable tensile strengths.
A probable reduction of thermal damage of the tissue has to be investigated. However, a feed-
back control of the temperature and the laser irradiation will be indispensable for reproducible
results. These findings support the further development of LAVA with a solder patch.
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VII. Summary

Summary and Discussion

The focus of this thesis was the development of an electrospun solder patch and the exploration of
the applicability of the patch for LAVA using medium-sized arteries. Generally, an ideal vascular
anastomosis is one that reproduces the continuity of the vessel, causing the least disruption of
blood and one that retains the endothelial lining of the vessel without inducing a foreign body
or immune reaction. This thesis aimed at achieving an ideal anastomosis by introducing a new
solder material.

In chapter II, an ICG-loaded electrospun patch was developed. Due to binding the chro-
mophore ICG in PCL fibers, leakage of ICG was prevented, and the concentration of ICG during
soldering was stabilized ensuring a reproducible temperature course. Preliminary in vivo experi-
ments demonstrated successful handling of the patch under operative conditions and resulted in
an effective microvascular anastomosis. However, soaking the ICG-loaded patch in liquid BSA
before soldering was tedious and not very practical.

Chapter III showed the development of a second electrospun layer, where the protein
BSA was embedded into microfibers using polymers PEO, PCL, PVA, and gelatin. By using a
BSA/PEO blend, electrospinning was stable and a high protein-load was achieved. The solder
patch was now made of two electrospun layers - an absorbing layer made of PCL and ICG, and a
protein layer made of BSA and PEO. The production of this patch was easy, quick, reproducible,
and cheap, and more importantly, could be scaled up for industrial processing. In vitro LAVA
using the layered patch lead to efficient bonding, and the tensile strength reached was in the
same range as for patches soaked in liquid BSA, being 102±18mN/mm2 and 117±30mN/mm2,
respectively.

In chapter IV, we investigated the feasibility of the newly developed layered electrospun
patch for in vivo LAVA. Using the patch during surgery was comfortable, thanks to its pliability
and tear-resistance. The patch became slightly sticky after contact with liquids, which helps for
coaptation of the vessel ends. A perfect alignment of the vessel ends it still indispensable, to
ensure strong bonding and to retain a smooth endothelial lining. During laser irradiation, the
patch does neither drip, and therefore not stain peripheral tissue, nor shrink in lateral direction.
Due to the relatively low melting points of PCL and PEO at 60 ◦C, the polymers melt during
soldering and adapt to the vessel walls, without interstices or bubbles. The surgery itself was
successful, the immediate bonding strength was strong enough to withstand the blood pressure
and all pigs survived. However, the vessels occluded after a few days, which was not acceptable.

The occlusion of the arteries can have many reasons. One could be the damage of the arteries
during surgery due to desiccation or damage with the balloon catheter. A second reason might
be insufficient alignment of the vessel walls, leading to turbulence of the blood stream. The
histological examinations demonstrated, that a perfect alignment was not achieved, although
great care was taken. A third possibility is the toxicology of the patches, that was investigated
in chapter V. Cell culture experiments showed a cytotoxicity of the layered patch, which is most
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probably because of a high ICG concentration. Thus, a reduction of the ICG amount might be
required, which would, after all, change the absorption coefficient and thus the heating behavior.
Additionally, all materials and possible residues from sterilization should be investigated.

In chapter VI I tried to reduce the most relevant reason for the vessel occlusion: Thermal
damage. Histologies revealed a shrinkage and morphological alteration of the blood vessel wall at
end-point temperatures at the patch-surface higher than 70 ◦C. A reduction of the temperature
to 60 ◦C significantly reduced the tensile strength of the bonding. However, it might withstand
physiological blood pressure. Furthermore, pulsed laser irradiation has potential to minimize
thermal damage at the inner vessel wall, while ensuring strong tissue bonding. In both cases an
automated feed-back control of the temperature profile and the laser irradiation during LAVA
is required. Additionally, active cooling of the lumen of the vessel might be indispensable. The
measurement of the leakage point pressure instead of tensile strength will be a more realistic
measure to assess the quality of the tissue bonding.

Outlook
Tissue repair is an important step in most surgical procedures. The application of the lay-
ered electrospun patch for laser tissue soldering has enormous potential in medical fields, such
as wound closure, pyeloplasty, natural orifice transluminal endoscopic surgery, vasovasostomy,
fallopian tubes reconstruction, and nerve reconnection.

The electrospun chromophore-and protein-loaded patch improved LAVA and might be a valu-
able material for other biomedical fields. An alternative application of electrospun PCL/ICG
scaffolds are biosensors, due to changing physiochemical characteristics of ICG at different pH
values or after binding to proteins and lipoproteins [1, 2]. Another application might be a
PCL/ICG-coating of medical devices, such as stents, gastric tubes and implants, followed by
real-time fluorescence imaging, to allow tracking and correct placement. Electrospun BSA/PEO
layers can be used in numerous applications, including dressings for wound healing, substrates
for tissue engineering, and biosensors. A BSA-coating of medical implants could improve their
biocompatibility. These coatings could be further functionalized with bioactive molecules, such
as growth factors, antifungals, and vasodilators.

Conclusion
This thesis demonstrates the whole development process of a soldering material for LAVA—
starting with the idea of a two-layer electrospun patch all the way to pre-clinical experiments.
This patch includes all required substances for LAVA and results in an immediate and effective
tissue bonding. Still, there is a long way to go for LAVA to become clinically applied, and this
thesis presents a stepstone on that path.
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