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Chapter 1
Scope of the thesis

This chapter gives a short introduction to the background and aims of this thesis as well as

an overview over the content of the particular chapters.




Chapter 1 Scope of the thesis

Intraperitoneal adhesions are fibrous tissue bands that connect usually separated tissues.
These adhesions form as a consequence of trauma, inflammation or surgical interventions.!
Since up to 93 % of the patients undergoing one or multiple operations develop intra-
abdominal adhesions,®™ adhesion formation constitutes a huge postoperative problem.
Most of the occurring adhesions are asymptomatic, however, the evolving problems for the
few concerned patients are severe. The consequences include chronic abdominal and pelvic
pain, small bowel obstructions as well as infertility in women and an increased risk of ectopic
pregnancy. Moreover, surgical re-entries are aggravated by adhesions even if they cause no
obstructions or other symptoms in the patient. Besides, due to the high incidence of
adhesions, the costs for adhesiolysis are enormous emphasizing the need for potent and
ideally cost-effective strategies for adhesion prevention. The most important factor in
adhesion reduction is a neat surgical technique. A reduction of trauma and inflammation can
be achieved by avoiding desiccation, minimizing tissue handling, reducing foreign material
and using hemostatic agents. Therapeutic approaches include pharmacological therapy as
well as barrier devices which physically separate the affected tissues. While until now the
success of the application of pharmacological active substances has been limited, the
implantation of physical barriers seems more promising. However, despite a broad variety of
materials (natural and synthetic), material compositions and device morphologies on the

market or under investigation, the ideal barrier device still has not yet been found.>*®

The scope of this thesis was the development of a synthetic barrier device made of modified
poly(lactide) [PLA]. Solid PLA films (SurgiWrap®) are already successfully in clinical use due to
the good biocompatibility and the biodegradability of the material resulting in non-toxic
degradation products since lactic acid is naturally part of the metabolic circles of the human
body. Considering the brittleness and stiffness of the films, the long degradation time of
several months as well as the need for suturing, it gets clear that there is still the demand for
optimization concerning handling by the surgeon and performance within the patient's body,
though. Through a copolymerization with the biocompatible poly(ethylene glycol) [PEG], an
improvement of the mechanical properties as well as the adjustment of the degradation to a
more appropriate time frame was intended. Since PEG acts as plasticizer for PLA, softer and

more flexible films should be obtained and the hydrophilicity of PEG should lead to a higher
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water uptake and consequently shorter degradation times. Not only linear PLA-PEG-PLA
triblock copolymers but also copolymers with branched PEG cores were synthesized since
especially star-shaped block copolymers appear promising materials to tailor the barrier
properties due to a supposed better anchorage of PEG resulting from more connecting
points and consequently less washout effect, which potentially leads to a slower change of
their properties during degradation.’ Apart from investigations on solid films, PLA and the
synthesized PEG-PLA copolymers were also processed via solution electrospinning. The
resulting meshes were examined regarding effects of polymer architecture and composition
on their properties as well. While the general advantage of the massive films towards
meshes might lie in an easier handling for the surgeon, for solution electrospun meshes less
polymer is required and consequently implanted into the patient than for films of similar
thickness. Moreover, their erosion results in softer fragments potentially causing less tissue
irritations and inflammation. In addition, the porous morphology could be further beneficial
regarding permeability for relevant molecules since penetration of nutrients to and waste
removal from the affected locations is important for wound healing.'® Cell proliferation and
cell adhesion tests were performed to evaluate the influence of material composition and
morphology on the behavior of cells. With the intention to combine the prevention strategy
barrier device with the approach of pharmacological treatment and to reduce infections and
consequently inflammation, electrospun meshes and solvent cast films were loaded with the
antibacterial drug triclosan and drug release as well as antibacterial efficacy was
investigated. Since most of the currently available anti-adhesion barriers need to be fixed by
suturing which additionally induces adhesion formation,*! a further requirement on an ideal
barrier is to stay in place without fixation. To achieve this, bilateral membranes with

mucoadhesive alginate on one side were prepared and investigated.

Chapter 2 gives an overview over the pathomechanisms and consequences of adhesion
formation as well as over prevention strategies. Furthermore, an introduction to the
theoretical background of the used polymers, their properties and their processability to
films and electrospun meshes is provided. The materials used for the conducted experiments
and a precise description of the implementation of the experimental methods can be found

in Chapter 3. In Chapter 4, the synthesized PEG-PLA copolymers as well as the also used PLA
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(Resomer® LR708) are characterized. Chapter 5 summarizes the results of the experiments
with solid polymer films. Thereby, the outcomes of contact angle measurements, swelling
and degradation studies, mechanical tests as well as of an in vitro release study and an agar
diffusion test with triclosan loaded films are shown and discussed. The establishment of an
appropriate solution electrospinning process for the investigated polymers, the results of the
experiments with the established meshes and a comparison of the obtained mesh properties
with those of the films regarding surface properties, swelling, degradation, mechanical
testing and drug release are presented in Chapter 6. Moreover, the outcomes of cell
proliferation and cell adhesion tests with meshes and films are discussed. In Chapter 7, the
potential benefit of solution electrospun meshes as cohesion promoter for bilateral
membranes with one smooth PLA side and one bioadhesive alginate side is outlined. The
results of the investigations concerning the processability, cohesion and bioadhesion of
bilayered and trilayered bilateral membranes are summarized and discussed. Finally,
Chapter 8 gives a brief summary of the outcomes of this work and an outlook on future

perspectives.




Chapter 2
Theoretical background

In this chapter, the pathomechanisms as well as the consequences of the formation of
intraperitoneal adhesions are outlined and general strategies for their prevention are
presented. Furthermore, the theoretical background to the polymers used in this work, their

processing to films as well as electrospun meshes and further modifications is given.




Chapter 2 Theoretical background

2.1 Intraperitoneal adhesions

2.1.1 Peritoneal wound healing and adhesion formation

Adhesions are abnormal fibrous connections between tissue surfaces which are usually
separated. The formation of peritoneal adhesions (Figure 2.1) can have various origins, for
example be congenital or caused by inflammation. In most cases, however, adhesions are
induced by tissue trauma through surgical interventions and actually occur in up to 93 % of
the patients who underwent one or multiple operations as found in a post—mortem2 andina
prospective study.® Until now, the pathomechanism is not known in detail yet. Generally, it is
believed that adhesions develop due to a reduced fibrinolytic activity in the peritoneal cavity
compared to normal wound healing so that an undesired fibrin clot persists and further on

leads to the various possible complications.

Figure 2.1 Vascularized abdominal wall adhesions. (Reprinted from
lit.”> with permission from Elsevier)

The intact peritoneum is a serous membrane which covers the organs and walls of the
abdominal and pelvic cavity and which is composed of a monolayer of mesothelial cells on a
basal membrane and an underlying vascularized loose connective tissue. The mesothelial
cells on top are responsible for the secretion of peritoneal liquid to ensure unrestricted
gliding of adjacent tissues within the peritoneal cavity and for the transport of molecules

1,513

between the peritoneal cavity and the blood circulation. When the peritoneum
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experiences damage these functions are no longer guaranteed and the mechanisms of
wound healing come into effect. In contrast to wound healing of the skin, which starts from
the edge of the wound™ and thus the healing time depends on the size of the injury, wound
healing of the peritoneum starts from several places all over the wound area and
consequently results in a newly formed mesothelial cell layer within five to ten days

13717 A damage of the peritoneum generally leads to

regardless of the initial size of the injury.
an inflammatory reaction as well as to the initiation of the coagulation cascade resulting in
fibrin deposition® (Figure 2.2). The fibrin together with leukocytes, erythrocytes, platelets,
clotting and growth factors forms a temporary fibrin gel matrix”** which provisorily closes
the wound. Under normal conditions, the fibrin gel matrix is degraded and removed within
72 hours by the fibrinolytic activity of the peritoneum, which is mainly driven by the activity
of tissue plasminogen activator [tPA]. At the same time the repair of the damaged
peritoneum to a durable intact cellular state occurs mainly under the influence of
macrophages without an ensuing development of adhesions.”® In case of ischaemia or
larger damage like after surgery, the fibrinolytic activity of the peritoneum is reduced and
the fibrin matrix remains in place. The persisting fibrin gel matrix can then result in sticky
linkages between adjacent tissues. The migration of various cells like fibroblasts into the
fibrous clot entailing the building of a collagenous matrix, vascularization and innervation
finally leads to highly organized mature adhesions,”** which can only be lysed by surgical
dissection. According to studies in animals and humans, the reduced fibrinolytic activity in
affected patients can be attributed to less tPA on the affected sites due to a reduced
secretion and additionally to an enhanced activity of plasminogen activator inhibitors [PAI]

which inhibit tPA and urokinase-like plasminogen activator [uPA] by binding.20
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Figure 2.2 Peritoneal wound healing and adhesion formation.

PAI-1: plasminogen activator inhibitors group 1; tPA: tissue plasminogen activator; uPA: urokinase-like
plasminogen activator.

(Reprinted from lit.”°. © Canadian Medical Association (2007). This work is protected by copyright and the
making of this copy was with the permission of the Canadian Medical Association Journal (www.cmaj.ca) and
Access Copyright. Any alteration of its content or further copying in any form whatsoever is strictly prohibited
unless otherwise permitted by law)
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2.1.2 Adhesion-related consequences
Most occurring adhesions are asymptomatic, however, the few people experiencing
consequences suffer from severe problems. In fact, it was found that adhesions are the most

7222 The obstructions arise both from

frequent cause of small bowel obstructions.
adhesions connecting the small bowel with the small bowel itself and from adhesions
between the small bowel and other adjacent peritoneal tissues.> Adhesions are also
responsible for complications in the reproductive tract of women such as ectopic pregnancy
and 15 % to 20 % of the cases of female infertility. Peritubal and intratubal adhesions can
reduce the motility of the fallopian tube and the transportability of the ovum to the uterus.*
Moreover, intrauterine adhesions can lead to obstructions of the tubal ostia of the uterine
cavity and also reduce the endometrium necessary for the nidation of the embryo.8 The role
of adhesions as a cause of chronic abdominal and pelvic pain is controversially discussed
since studies could not supply unambiguous results yet. Surgical adhesiolysis was found to
relieve pain, however, not necessarily more than diagnostic surgery alone. In addition, no
relationship between the severity of adhesions and the intensity of pain could be

d.8%*?7 Kresch et al.”® suggested that adhesions which reduce the motility of pelvic

foun
organs rather result in pelvic pain than adhesions without that effect. The impact both on
the patients’ health with increased morbidity and on the amount of work for surgeons and
healthcare providers was demonstrated by several clinical studies which investigated

hospital readmissions related to adhesions.”*

In the Surgical and Clinical Adhesion
Research [SCAR] study®*=° hospital readmissions within ten years following open abdominal
or pelvic operations were examined showing that more than 5 % of the readmissions were
directly related to adhesions. Regarding only the open gynecological procedures in
8849 women,® the highest readmission risk was assessed after surgery on the ovary (7 %).
The SCAR-3 study®’ revealed a 5% adhesion-related risk of readmission after lower
abdominal surgery (excluding appendicectomy) within five years after surgical intervention.
Thereby, the highest readmission risk was found for patients who underwent
panproctocolectomy (15.4 %) or ileostomy surgery (10.6 %). Moreover, patients younger
than 60 years showed a higher readmission risk than older patients. Even if the present

adhesions from previous surgery do not cause pain or result in other symptoms, they still

increase the surgical workload when it comes to surgical reentries. A required adhesiolysis
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prior to the actual surgical procedure is time consuming and significantly prolongs the

operation time by a median of 18 minutes.*®

The economic consequences of the adhesion-related hospital stays were put into figures for
different countries. Ray et al.** calculated the total financial burden of hospitalization and
surgeon charges for adhesiolysis in the USA in the year 1994 with $ 1.3 billion, which was
less than in the year 1988 (S 1.44 billion in total, thereof alone S 1.2 billion for adhesiolysis in
the lower abdomen). The difference cannot be attributed to a decrease of the
hospitalization rate, though, but to a shorter average time of the hospital stays in 1994.
Tingstedt et al.*® estimated expenses of € 39.9 million to €59.5 million per year for
adhesion-related treatments in Sweden. This estimation was based on an extrapolation of
the costs for selected patients with adhesion-related small bowel obstructions in the Lund
University Hospital to the whole of Sweden. The calculated expenses thereby included the
costs for anesthesia, surgery, ward, radiology and outpatient care. A study at Colchester
General Hospital (Colchester) and Joyce Green Hospital (Dartford) in the UK from
Menzie et al.*® revealed average expenses of £ 4677.41 per operative treatment and
f 1606.15 per non-operative treatment per patient with adhesion-related small bowel
obstruction. Moreover, they noted that roughly 2 % of the annual total bed occupancy of an
average district general hospital could be ascribed to these adhesion-related cases. More
recent numbers are lacking, however, both these financial calculations and the impairments
to the patients’ health, which the formation of adhesions bring along, make clear the
importance to find potent strategies for the prevention of postsurgical adhesions, especially

in high-risk patients as well as for complicated surgical procedures.

10
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2.1.3 Strategies for the prevention of postsurgical adhesions

2.1.3.1 Surgical technique

A neat surgical technique, which keeps the inflicted trauma to the peritoneum to a
minimum, is essential to reduce the formation of adhesions. Minimizing trauma can be
achieved by careful tissue handling, the avoidance of desiccation and, in consideration of the
above-described theory of adhesion formation, a best possible limitation of factors leading
to or enhancing the activation of the coagulation cascade and an inflammatory reaction.’
Thus, it is highly recommended to avoid blood and ischemia in the peritoneal cavity by
putting surgical tools (clamps, retractors, forceps) only on locations intended for later
dissection, by non-closure of the peritoneum as well as by the implementation of adequate

hemostasis.*® Moreover, exposure to foreign bodies like glove powder,3’7_38

suture materials,
gauze lint or substances from the digestive tract should be minimized to reduce
inflammation and consequently adhesion formation.*® The question if laparascopy results in
less adhesion formation compared to open surgery is not fully resolved yet because there is
no standardized system to score adhesions, which aggravates the evaluation and
comparison of studies. Theoretically, and also supported by several studies,*** laparoscopic
procedures should be advantageous compared to open surgery due to reduced trauma by
smaller incisions and more gentle tissue handling and due to reduced foreign body exposure
and less desiccation owing to a closed abdominal cavity.** However, it was also shown that
the pneumoperitoneum generated during laparoscopy can lead to a damage of the

peritoneum promoting adhesion formation.**™

2.1.3.2 Pharmacological treatment
Pharmacological treatment is one of the main research approaches with regard to adhesion
prevention. Based on the underlying pathomechanism of adhesion formation, investigations

are mainly directed to anti-inflammatory drugs, fibrinolytics and anticoagulants. As anti-

46-48

inflammatory drugs, corticosteroids as well as different classical non-steroidal anti-

49-51 52-53

inflammatory drugs [NSAID] and selective cyclooxygenase-2 [COX-2] inhibitors were
tested. These agents showed some efficacy in animals, however, their clinical use is
restricted due to the increased risk of bleeding related to NSAIDs and the property of

corticosteroids to also diminish wound healing.® Fibrinolytics such as the plasminogen

11



Chapter 2 Theoretical background

activators streptokinase, urokinase and alteplase successfully reduced adhesion formation in

animals and hemorrhages occurred only in rare cases.>*®

Although there have been done
some promising trials in humans, further research and controlled clinical trials are necessary
to assess the pharmacokinetics of these agents after intraperitoneal application and their

influence on postoperative bleeding and wound healing.so_61

Heparin and low molecular
weight heparin [LMWH] were also under investigation since their anticoagulant effect
prevents the formation of fibrin clots and consequently should theoretically also prevent the
formation of adhesions. Some preventive effects could be observed in animal studies,®*®
however, the few human trials with heparin solutions did not result in a reduction of
adhesion formation in comparison to the control group.®® Moreover, the application of
anticoagulants is always accompanied by an increased risk of intra-abdominal bIeeding.63
Apart from drugs directly associated with the pathways of adhesion formation, various other
agents like growth factors and growth factor inhibitors were investigated with regard to
wound healing and modulation of inflammation or fibrotic processes. Antibiotics were
administered systemically as well as locally with varying success to reduce peritoneal
inflammation due to bacterial contaminations associated with the surgical entry or the

reason of the surgical procedure.®>®®

The generally quite limited efficacy of antibiotics but
also of other pharmacological active agents may be partly attributed to the mainly
conducted way of drug application. Not only systemic but also the local intraperitoneal
delivery of saline drug solutions results in an only short duration of effectiveness at the
intended site of action and relatively high drug amounts within the rest of the body. The
relatively high permeability of the peritoneum to water and small molecules quickly leads to
an elimination of the drugs into the blood stream® so that the drugs’ mechanisms of action
also come into effect on unintended locations. A more controlled drug delivery at the target
location by an advanced drug delivery system other than a saline solution should
significantly enhance the efficacy of the drugs on adhesion formation and decrease the
systemic side effects.®> Hence, to date no satisfyingly effective and safe pharmacologic

treatment exists to reduce postoperative adhesions and further extensive research and

randomized controlled clinical trials are required.

12
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2.1.3.3 Physical barrier devices

Currently, a more successful strategy for the prevention of postsurgical adhesions is the
application of several differently constructed barrier devices. The purpose of such devices is
to physically separate the wound site from the adjacent tissues and organs or from the
abdominal wall temporarily during the time of wound healing to prevent adhesion formation
by avoidance of contact between the susceptible surfaces. Although the general concept is

simple, there are several nontrivial requirements an ideal barrier should fulfill (Table 2.1). It

Table 2.1 Requirements for barrier devices.

Requirements for an ideal barrier device for the prevention of postsurgical adhesions

® biocompatibility

o effective separation of the affected tissues throughout the critical time of peritoneal healing
® biodegradability

® appropriate mechanical properties for surgical handling and in vivo performance

¢ self-adhesiveness without the need for fixation

® permeability for nutrients and waste dispatch

e cost-effectiveness

should be biocompatible provoking as little foreign body reactions and inflammation with all
the already mentioned consequences as possible. Ideally, the barrier material is also
biodegradable so that it can be completely absorbed by the body requiring no further
surgical intervention to remove it. As the device has to efficiently separate the affected
tissues and completely cover the site of injury over the time of wound healing, its
fragmentation should not start until peritoneal wound healing is completed.! Moreover, the
barrier should possess appropriate mechanical properties. While the mechanical stability of
constructs intended for tissue engineering for example has to be oriented on the properties
of the natural structures which they are supposed to substitute,”®’? in case of an application
as physical barrier for the prevention of post-surgical adhesions it is redundant for the
device to mimic any anatomical structure, but important to guarantee an appropriate
stability both for an uncomplicated handling and insertion by the surgeon during open as

well as laparoscopic surgery with enough strength to withstand suturing and for a

satisfactory performance inside the patient’s body during the subsequent wound healing

13
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phase. The application thereby ideally should be possible without the need for fixation with
sutures since suturing additionally promotes adhesion formation.' Further beneficial for
peritoneal healing within the patient’s body is a certain molecular permeability to allow the
sustenance with nutrients and waste dispatch.'® In addition, an optimal barrier device should
be cost-effective and not exceed a certain price. Wilson et al.”*"* calculated the cost-
effectiveness of anti-adhesion products in 2002 and again in 2007 based on the readmission
costs of 2006. According to these calculations, the application of a € 130 product in the UK
clearly saves costs over a 10-year period compared to readmission expenditures whereas a

more expensive product of € 300 would not pay off.

Since the ideal barrier device has not yet been found and the ideal physicochemical
properties of barriers for highest efficiency within the peritoneum are not known exactly yet,
various materials and morphologies of devices have been investigated or brought to market.
Thus, both nature-derived and synthetic polymers have been used. The investigated nature-
derived materials are mostly based on polysaccharides like hyaluronic acid, cellulose,
dextran, chitosan or alginate since they proved good biocompatibility in other biomedical
applications. However, the necessary extraction and purification steps make them expensive
and they additionally possess a higher level of biological contaminations such as viruses or
pyrogens than synthetic polymers. Synthetic polymers like poly(lactide) [PLA] are
advantageous because their composition and molecular weight can be controlled and

consequently their properties can be adjusted within a broad range.”””"®

By using synthetic
polymers, best possible removal of organic solvents used during synthesis is crucial to
minimize solvent residues in the material, which can otherwise negatively affect cells during

the application.

Commonly, the barrier devices are distinguished according to their physical state in liquids,
gels and solid barriers (Table 2.2). The liquid products can be applied both during an open
procedure and laparoscopically and are usually applied after the operation by simple
instillation into the abdominal cavity. The intended principle for these fluids to separate the
affected tissues is hydroflotation meaning that the organs float in the instilled solution

without fatal contact. However, low viscosity crystalloid solutions such as normal saline or
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Table 2.2 Selected barrier devices for the prevention of postsurgical adhesions.

Liquid barriers ® normal saline solution
® Ringer’s lactate solution
® 32 % dextran 70 solution (Hyskon®)
e 4 % icodextrin solution (Adept®)
¢ 0.4 % sodium hyaluronate solution in PBS (Sepracoat®) (withdrawn)

Hydrogels ® two-component system of poly(ethylene glycol) [PEG] solutions
(SprayShield®, SprayGel®)
e auto-crosslinked hyaluronan gel (Hyalobarrier®)
e calcium chloride stabilized gel made of polyethylene oxide and
carboxymethyl cellulose (Intercoat®/Oxiplex®)
® 0.5 % ferric hyaluronate gel (Intergel®) (withdrawn)

Solid barriers e sodium hyaluronate/carboxymethyl cellulose film (Seprafilm®)
® oxidized regenerated cellulose membrane (Interceed®)
e poly(lactide) film (SurgiWrap®)
e 100 % collagen type | membrane (CollaGUARD®)
® non-degradable expanded polytetrafluoroethylene membrane
(Preclude®)

Ringer’s lactate solution resulted in little success because of the large resorptive capacity of
the peritoneum leading to a residence time of the liquid barrier shorter than the peritoneal
wound healing.”” An elongation of the residence time and prolonged retention of liquid in
the peritoneal cavity could be achieved by the use of high molecular weight polymer
solutions like a 32 % dextran 70 solution (Hyskon®), a 4 % icodextrin solution (Adept®) or a
0.4 % sodium hyaluronate solution in PBS (Sepracoat®). However, the usefulness of the
32 % dextran 70 solution is questionable due to several side effects like abdominal pain,
edema, dyspnea or allergic reactions and the additionally contradictory results regarding

881 By now the 4% icodextrin solution (Adept®) is the only FDA

adhesion reduction.
approved liquid barrier for the prevention of postsurgical adhesions caused by gynecological
Iaparoscopy.82 Its efficacy regarding adhesion reduction in comparison to Ringer’s lactate

1.8 in a double-blind, randomized, controlled human

solution was proven by Brown et a
study. Sepracoat®, different than the other solutions, was already applied prior to the
surgical procedure. This approach aims at the prevention of the formation of de novo
adhesions at locations not directly affected by the surgical procedure by reducing tissue
trauma through protective tissue precoating with the solution. Its efficacy was confirmed by

both animal studies and a randomized, blinded, placebo-controlled study with
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84-85

277 women. However, the product did not get US approval and was voluntarily

withdrawn from the European market for economic reasons.

Similar to liquid barriers, gels can be applied both during open and laparoscopic procedures.
Beneficially, their residence time on the site of injury is generally longer than of the liquid
products leading to a higher efficiency. A further positive property ascribed to gels for an
application as barrier devices is the fact that they can be evenly spread over large surfaces
and perfectly adapt to the shape of the affected tissues. Thus, especially sprayable in situ
cross-linkable hydrogels are advantageous regarding laparoscopic procedures and hardly
accessible wound sites since after spraying they gel exactly in adaptation to the tissue
geometry without the need for the surgeon to handle the tissue. Consequently, the trauma
to the tissue is reduced.®®’> One example of a sprayable in situ cross-linkable gel is a two-
component system of PEG solutions with modified end groups (amines and N-hydroxy
succinimidyl esters) (SprayShield®, a modified version of SprayGel®) which react within
seconds to a hydrogel.?® Its effectiveness was confirmed in clinical trials, however, only with

8788 Eurther marketed products with demonstrated effectiveness

a small number of patients.
in clinical trials are auto-cross-linked hyaluronan gel (Hyalobarrier®) and a calcium chloride
stabilized gel made of polyethylene oxide and carboxymethyl cellulose [CMC]

8992 These products cannot be sprayed but are applied to the affected

(Intercoat®/Oxiplex®).
wound location via a canula applicator already as ready-made gels, which also allows for a
laparoscopic application. Intergel®, a 0.5 % ferric hyaluronate gel was voluntarily withdrawn
from the market because complications like postoperative pain, foreign body reactions and
tissue adherence were reported.93 Due to the superior handling characteristics, current
investigations concerning gels are mainly directed towards in situ forming systems based on
different gelation mechanisms without the need for additional cross-linking agents such as

94-95 and

thermosensitive poly(e-caprolactone)-poly(ethylene glycol)-poly(e-caprolactone)
methyl cellulose-based hydrogels®® gelling at body temperature or a chitosan-hyaluronic acid
based hydrogel gelling after a Schiff’'s base cross-linking reaction between amino groups and

aldehyde groups of the modified polymers.”’
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The currently clinically most successful barrier devices for the prevention of post-surgical
adhesions are solid films and membranes.®® These devices are applied at the end of the
operation and positioned in adequate size over the affected wound sites where adhesions
are likely to form. Depending on the texture and properties of the devices, they are either
self-adhesive or a further fixation by sutures or staples is required to keep them in place.
Laparoscopic application of solid films or membranes generally is more difficult than of
liquids and gels, however, yet possible for some of the available devices. The most widely
used and also FDA approved solid barriers are Seprafilm® and Interceed®. Seprafilm® is a
transparent, bioabsorbable film consisting of sodium hyaluronate and CMC, which does not
need further fixation, in vivo turns into a gel and is fully degraded and eliminated within
28 days.98 Its adhesion preventive effectiveness in open abdominal and pelvic procedures
was demonstrated in several randomized controlled clinical trials. Laparoscopic application
of Seprafilm® is very limited because of the difficult handling and brittleness of the film,
however, is possible for certain procedures and with a decent application technique.”*™®
Interceed® is a membrane of oxidized regenerated cellulose, which assumes a gelatinous
texture after application, covers the wound site without further fixation and which is
absorbed within two weeks. Its effectiveness was also shown in several randomized
controlled clinical studies but is limited in the presence of blood so that adequate

hemostasis is required prior to its application though. %%

Apart from Seprafilm® and
Interceed®, other biodegradable products like CollaGUARD® or Surgiwrap® are in clinical use
for the prevention of postsurgical adhesions. CollaGUARD® is a membrane consisting of
100 % collagen type | and can be applied both in laparotomy and laparoscopy.’® SurgiWrap®
is a relatively stiff, transparent film made of 70:30 poly(L-lactide-co-D, L-lactide), which has
to be fixed on the injured site by sutures. It maintains its mechanical strength over eight
weeks meaning throughout the entire critical time of wound healing, but degrades very
slowly over more than 24 weeks. The film can be used both during open and laparoscopic

106-109

procedures and its efficacy was demonstrated in animal studies as well as in some

110111 pandomized controlled human trials are still lacking, though. Besides

human patients.
biodegradable membranes, also a non-degradable expanded polytetrafluoroethylene [PTFE]

membrane (Preclude®) proved its adhesion reducing properties in animals and human trials
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and consequently is in clinical use. However, its applicability is limited since it has to be
— . . . 112-114

removed again in a second surgical intervention.

Current research concerning solid barrier devices includes impermeable films'>™* put also

1771 of various materials.

electrospun meshes
2.1.3.4 Combinations of a barrier device with pharmacological active substances

Considering the need for a more controlled drug delivery on the target site and the large
pool of materials and morphologies available to create an anti-adhesion barrier, a logic
outgrowth of the research concerning adhesion prevention is to combine the already
mentioned research approaches of a physical barrier and the pharmacological treatment to
combination devices. By drug loading a barrier device the advantages of each approach
could be united by minimizing the shortcomings of each prevention method alone.®

Consequently, several researchers have investigated the benefit of loading viscous

121-126 127-131

solutions,*® hydrogels, electrospun meshes or films** with drugs with regard to

a reduction of adhesion formation. Moreover, the efficacy of marketed products like

m®3 ™% and Interceed®® in combination with drugs was examined. In animal

Seprafil
studies, most of the investigated combinations showed positive results regarding reduced
adhesion formation and many of the combination devices even fared better than each single
treatment (if investigated as a reference) as desired. Consequently, the combinational
approach of a barrier device with pharmacological active substances seems promising for
further investigations. Thereby, the challenges for an optimized combination system will be
to determine the appropriate drug amount and release rate for intraperitoneal application

and to realize the ideal drug behavior in a barrier device with an optimal degradation rate

for maximal preventive success and minimized undesired side effects.

18



Chapter 2 Theoretical background

2.2 Poly(lactide) based barriers for adhesion prevention

2.2.1 Poly(lactide)

For biomedical applications such as barrier devices for the prevention of postsurgical
adhesions, biodegradable polymers have gained increasing interest. As already mentioned,
synthetic polymers are superior to modified biopolymers regarding non-immunogenicity and
the possibility to tailor and reproduce the desired properties. One of the most widely
studied and used group of synthetic biodegradable polymers for surgical applications are
aliphatic polyesters of a-hydroxy acids such as poly(lactide) or poly(glycolide). Thereby,
poly(lactide) or poly(lactic acid) (Scheme 2.1), the aliphatic polyester of lactic acid, is the most
attractive biodegradable polyester due to several reasons. PLA is not only hydrolytically
cleavable into non-toxic degradation products since lactic acid is part of the natural
metabolic cycles such as the citric acid cycle, but the monomer lactic acid for PLA synthesis
can also be gained from cheap renewable sources like corn or sugar beets, making it also an
inexpensive and ecofriendly polymer. Moreover, it can easily be processed and thus is used
for many different applications such as suture materials, wound dressings, microspheres for
drug delivery or screws, plates and fibers for bone restoration as well as for tissue
engineering applications, since its properties can be widely adapted by varying the
stereochemistry, molecular weight, copolymerization or the method of polymer

processing. 1%

2.2.2 Synthesis of PLA

The monomer lactic acid possesses a chirality center and consequently an R (D-lactic acid)

137

and S (L-lactic acid) configuration (Scheme 2.2).’ It can be obtained both biologically and

chemically. Since with chemical methods the stereoregularity cannot be controlled and only
CHa O  CHs
HO O
n
CHj, O

Scheme 2.1 Structure of poly(lactide).
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L - Lactic acid D - Lactic acid

Scheme 2.2 The two configurations of lactic acid. (Reprinted from

1it. ¢ with permission from Elsevier)

the racemate of D- and L-lactic acid is received, for commercial production generally a
biotechnological process is preferred. While in humans naturally only the L-isomer is formed,
by bacterial fermentation depending on the chosen bacterium, both enantiopure
D- and L-lactic acid can be produced. For the fermentation of the preferably used L-lactic

d."*® Starting from the monomer, there are several

acid typically strains of Lactobacilli are use
synthesis routes for the polymerization of PLA (Figure 2.3). Unless chain coupling agents are
used, the route of direct polycondensation is rather limited to the synthesis of very low
molecular weight PLA since the necessary complete removal of water to achieve high
molecular weights is quite difficult to realize. The required high reaction temperature and

the reduced pressure for the removal of the water result in undesired side reactions like

transesterifications known as back biting, which hinder polymer chain growth but promote

Carbohydrates
l Fermentation
Lactic Acid
1
Oligomerization
Melt State
v
Oligomer
o Azeotropic v Direct
Depolymerization Condensation Oligomer Condensation
\4 Polymerization (SSP) Polymerization
Lactide Solid State
Purification
v W v A 4
Pure Lactide > | High Molecular Weight PLA | Low Molecular Weight

PLA

Ring Opening
Polymerization

Figure 2.3 Synthesis routes of PLA. (Modified from lit.2%° with permission from Elsevier)
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polymer decomposition by formation of the cyclic dimer lactide. In addition, in this process
the stereoregularity cannot be controlled very accurately. Higher molecular weights with
more than 300,000 Da can be achieved by azeotropic polycondensation. In this method, the
disturbing water formed during the condensation reaction is removed azeotropically from
the reaction mixture with an organic solvent, ideally with an aprotic solvent with a high
boiling point, e.g. diphenylether. The organic solvent is recycled and brought back to the
reaction mixture. This reaction can be realized below the melting temperature of the PLA
leading not only to high molecular weights due to the prevention of depolymerization but

also the racemization through the process is restricted.!**3%714

Another polymerization method to synthesize PLA is the ring opening polymerization [ROP],
which was first reported by Carothers et al..**" In this method, not lactic acid but its cyclic
dimer lactide is used as educt. Lactide is obtained by depolymerization of low molecular

weight PLA at high temperature and reduced pressure in the presence of a catalyst.**? D

ue
to the stereoisomerism of lactic acid, the dimer exists in three different forms, (R, R)-lactide
(D-lactide), (S, S)-lactide (L-lactide) and (R, S)-lactide (meso lactide) (Scheme 2.3). An equimolar

mixture of (R, R)-lactide and (S, S)-lactide is also termed racemic lactide.™’

Depending on the
used isomeric form and polymerization mechanism, various compositions and molecular
weights of PLA are achieved. An anionic ROP of PLA works best with alkali metal alkoxides as
initiator. Due to the high basicity of the alkoxide the lactide can be deprotonated and
reprotonated again, which entails racemization. Moreover, the deprotonated lactide can

promote a chain transfer reaction so that generally stereoisomerism is difficult to control

0 0 0
R R ‘1,
\(U\o \HKO A
om).., o\”)\ om)..,
S R S
0

@) @)
meso-lactide D-lactide L-lactide

N\ J
Y

rac-lactide

Scheme 2.3 The three stereoisomers of lactide. (Reprinted with permission
from lit.*. Copyright (2004) American Chemical Society)
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and the molecular weight, which can be achieved, is limited, though.”a_144

However,
Jedlinski et al.**® was successful in polymerizing L- and D, L-lactide via an anionic ROP with
limited racemization with potassium methoxide as initiator. A cationic ROP can be carried
out only with few initiators like trifluoromethanesulfonic acid or methyl triflate. Since the
reaction is conducted at high temperature, it also results in racemization of the monomers.
To achieve an optically pure polymer with a reaction according to this mechanism,
temperatures below 50 °C are necessary, which reduces the reaction rate as well as the

molecular weight which is possible to obtain.***™**’

Consequently, a ROP via coordination-
insertion mechanism (Scheme 2.4) is the preferred and most widely studied polymerization
method for PLA with high molecular weight and controlled stereochemistry. This reaction is
conducted in the presence of covalent metal alkoxides with free p or d orbitals, which
behave like weak Lewis acids, such as the alkoxides of tin, zinc, magnesium, titanium or
zirconium. The first step of the mechanism is a coordination of the metal atom with one of
the oxygen atoms of the carbonyl groups of the lactide. Through this coordination step the
electrophilicity of the carbonyl group of the lactide is increased, which entails, together with
the also increased nucleophilicity of the alkoxy group of the initiator, an insertion of the

lactide into a metal-alkoxide bond while the acyl-oxygen bond of the lactide is cleaved. With

this method, stereoisomerism and molecular weights can be controlled and also high
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Scheme 2.4 Coordination-insertion mechanism of PLA synthesis with methanol as coinitiator.
(Reprinted with permission from it.™. Copyright (2004) American Chemical Society)
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molecular weights can be successfully achieved.****¥7* Thereby, tin(Il)2-ethylhexanoate is
the preferably used initiator especially in combination with an initiating alcohol compound,
which accelerates the reaction and improves the control over the reaction. This initiator is
superior to other metal alkoxides due to its solubility in organic solvents and in the melt of
the monomers, its high reactivity and the possibility to achieve high molecular weights.
Moreover, it has been FDA approved as food additive. However, one should be aware that
tin compounds are cytotoxic and therefore exposure in biomaterials should be minimized.'*
Apart from the polymerization methods starting from the monomer lactic acid or the dimeric
lactide, PLA can also be synthesized based on a relatively low molecular weight pre-polymer
by solid state polymerization [SSP]. Thereby, the pre-polymer is heated to a temperature
above the glass transition temperature but below the melt temperature. By-products of the
reaction are removed by reduced pressure or by flushing with inert gas. This polymerization
process is advantageous because there is no need for organic solvents and hardly any side
reactions occur due to the low reaction temperature. High molecular weights can be
achieved, however, the reaction time to obtain a certain molecular weight is distinctly longer
than for reactions in melt or solution.*****°

Depending on the route of synthesis and the used educts, PLA is throughout literature either

referred to as poly(lactide) or poly(lactic acid).

2.2.3 Properties of PLA

Depending on the stereosequence, PLA possesses quite variable properties. Pure
poly(L-lactide) [PLLA] and pure poly(D-lactide) [PDLA] are semicrystalline, brittle polymers.
PLLA is more widely studied and used since its monomer and degradation product L-lactic
acid is the naturally occurring stereoisomer in humans. The PLLA polymer is crystalline to
around 37 %, has a glass transition temperature [T;] between 55-65 °C and a melting point of
around 175-180 °C, depending on the molecular weight, molecular weight distribution as
well as thermal history of the sample. Since this polymer has a high tensile strength of
50-70 MPa, a high modulus of around 5 GPa and a low elongation at break of around 4 %, it
possesses optimal mechanical properties for load-bearing devices like orthopaedic screws

151-154

and resorbable sutures. In contrast, the optically inactive poly(D, L-lactide) [PDLLA]

with its random stereosequence is amorphous. Consequently, the polymer’s T, is between
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152 However, it

55-60 °C and the mechanical strength is significantly lower than that of PLLA.
was found that amorphous PLA samples maintain their initially lower mechanical strength
over a longer time period upon degradation in agueous medium than semicrystalline PLA
samples, which can probably be attributed to a higher stress susceptibility of PLA and
occurring microcracking.> By controlling the ratio of D- and L-lactyl units of the polymer,
the properties and crystallinity can be varied. Thus, the crystallization temperature is lower
the lower the content of the L-isomer within PLLA and as soon as PLLA contains more than
12 % of the D-isomer, like the 70:30 poly(L-lactide-co-D, L-lactide) (Resomer® LR708) used

for the manufacturing of SurgiWrap®, the polymer becomes amorphous.”* ™"’

In contrast to the degradation of several other polymers, enzymatic degradation only plays a
minor role for PLA, but the degradation is mainly controlled by the present amount of

water.158

The degradation of the PLA chain mainly occurs by hydrolytical cleavage of the
ester bonds resulting in new carboxylic and hydroxylic end groups of the formed breakdown
products. The ester hydrolysis accordingly proceeds to form shorter molecule chains,
oligomers and lactic acid. Generally, the hydrolysis of PLA is believed to follow a quite
random scission along the polymer chain, however, Shih**® found a slightly faster cleavage of
chain-ends than of internal ester-bonds at least under acidic conditions. Within the body, the
finally obtained degradation product lactic acid enters the citric acid circle where it is
metabolized into water and carbon dioxide. Probably due to its natural participation in
human metabolism, no accumulation of the degradation products could experimentally be
found in the essential organs, underlining the non-toxicity of the material and its

degradation products.'®

Devices made of PLA typically undergo bulk erosion meaning that
during application and after water contact the degradation and loss of low molecular
compounds is not restricted to the surface and thus reducing the size of the device (surface
erosion), but resulting in a constant dimension of the device with hardly any mass loss over a
certain time. This behavior is due to an occurring hydrolysis all over the device resulting from

1617162 1 contrast to the

a quite quick diffusion of water in relation to the PLA degradation.
classical bulk erosion model of a homogenously occurring degradation, Li et al.”>>**® found a
heterogeneous degradation behavior for PLA with a faster chain scission rate in the center of

the device than on the surface. This finding is generally explained by an autocatalytic effect
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of the increasing number of acidic carboxylic end groups in the center of the device which
further catalyze the ester cleavage. As long as the polymeric layer on the surface is
impermeable for the occurring inner degradation products, hardly any mass loss occurs and
the number of catalytically active carboxylic end groups steadily increases. As soon as the
surface layer becomes permeable for the inner degradation products, water-soluble
oligomers from the center diffuse out of the device and mass loss occurs. This concept was
confirmed by further investigation5163 demonstrating a faster degradation with increasing
thickness of a PLA device and a consequently longer diffusion path for the acidic degradation
products out of the device maintaining a more acidic environment in the core of the device.
Apart from the thickness of the device, the end group of the polymer, the molecular weight
and the degree of crystallinity also influence the degradation. Depending on the used
polymerization initiator, either carboxylic end groups (uncapped) or alkyl end groups due to
esterifications (capped) are generated on the polymer terminus. Due to a faster water
uptake and the catalytic activity of the uncapped carboxylic groups promoting autocatalysis,
test specimens with uncapped chain ends degrade initially faster than polymers with capped
ends. Thereby, the lower the initial molecular weight, the faster the complete molecule is
degraded to soluble breakdown products and the more carboxylic end groups accelerate the

degradation, at least at the beginning, leading to shorter degradation times. 164716

Crystalline
regions degrade slower than amorphous domains due to a higher resistance to the essential
water uptake. Interestingly, fully amorphous PLA can also start to crystallize during
degradation in agueous medium, which can be explained by increased chain mobility and
the formation of polymer pieces of similar stereosequence, which are able to crystallize

153,155,166
then.””> >

Due to the extreme hydrophobicity and crystallinity of pure PLLA, the
complete in vivo degradation and excretion can take more than two years for high molecular
weight polymers, which is only beneficial in loadbearing applications. Thus, the faster
degradation rate of PDLLA makes amorphous polymers much more attractive for drug
delivery applications152 and together with the above-mentioned longer maintenance of the
mechanical properties upon hydrolytic degradation also more useful for an application as
barrier device for the prevention of postsurgical adhesions. Consequently, for the

commercial PLA films (SurgiWrap®) an amorphous PLA containing 30 % of the D,L-lactide is

used as standard material. For further optimizing the material properties regarding
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mechanical properties and a shorter degradation time, modifications of the polymer by
copolymerization with PEG, further increase of the content of D-lactyl units and a reduction

of the molecular weight were conducted and investigated in this work.

2.2.4 Modification with PEG

Modifications of PLA have been extensively studied to tune the properties of the polymer for
disposable or biomedical applications which do not require a high rigidity and slow
degradation rate. By either blending or copolymerizing PLA with other materials, its poor
hydrophilicity can be improved and the degradation much better controlled and accelerated.
Moreover, with appropriate plasticizers the brittleness of the PLA can be overcome in
applications for flexible polymer devices. Thereby, the examined PLA modifications for

various  applications include blends with  poly(B-hydroxybutyrate)  [PHB],*®’

168 169-170 171-173 174-176
starch,

poly(vinyl acetate) [PVAc],” chitosan, poly(e-caprolactone) [PCL]

177-179

and copolymers like poly(lactide-co-glycolide) [PLGA] or random and block copolymers

made of lactide and e-caprolactone.’®#

In this work, the focus lay on modifications of PLA
with poly(ethylene glycol) [PEG] (Scheme 2.5) in order to use a hydrophilic and water-soluble
plasticizer. PEG of all molecular weights is hydrophilic (but still soluble in organic solvents),
flexible, non-toxic and biocompatible. It has long been used in the pharmaceutical
industry™®® and has already been examined for biomedical applications and drug delivery as

blends or diblock and triblock copolymers with PLA for various applications in form of

linear PEG 4armPEG (pentaerythritol core) 8armPEG (tripentaerythritol core)
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Scheme 2.5 Structure of poly(ethylene glycol) with different geometries.
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185-187 188-189 190-191

Microspheres,®  nanoparticles, hydrogels, films or electrospun

meshes. 19219

Investigations with PEG blended PLA resulted in intended altered properties
regarding degradation rate due to a higher water uptake and mechanical properties but also
with a fast washout of the water-soluble PEG.'*°® As PEG-PLA block copolymers
(Scheme 2.6) also influence both the degradation and the mechanical properties of the
material to shorter degradation times and a higher flexibility and ductility but with less

7

washout effect,’ a copolymerization with PEG is a very promising tool to tailor the

properties of PLA based devices for the prevention of postsurgical adhesions as shown in

former studies (by our group).*® Since during aqueous ageing of PEG-PLA block copolymers
ester cleavage preferentially occurs at the ester bond between PEG and PLA, PEG with more
junctions to the PLA chains is longer retained.’ Accordingly, star-shaped PEG-PLA block
copolymers were investigated in addition to linear copolymers with the intention of an even
extended retention of PEG within the matrix due to more connecting points and a longer
maintenance of the mechanical properties during agueous ageing. Analogous to pure PLA,
PEG-PLA can be synthesized via ROP after the coordination-insertion mechanism with
tin(l1)2-ethylhexanoate as initiator with control over the stereochemistry. Thereby, due to its
hydroxyl end groups, PEG functions as coinitiator instead of an added alcohol and via the
PEG/lactide feed ratio and the used stereoisomer of lactide the molecular weight and the
polymer composition can be exactly controlled.’® The finally occurring PEG is non-
biodegradable and its renal filtration is dependent on the used molecular weight. PEG with
molecular weights below 8 kDa seems to be rapidly cleared without any restriction of the
glomerular filtration. The elimination of PEG with molecular weights between 8 kDa and
30 kDa was found to be size-dependent whereas above a molecular weight of 30 kDa the

199

filtration is extremely restricted independent on the exact molecular weight.””” Due to the

CHs 0O
H 0 OH
0 0
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Scheme 2.6 Structure of a PLA-PEG-PLA triblock copolymer.
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smaller hydrodynamic radius of branched PEG, even higher molecular weights could be

200

excreted than for the linear PEG.”"" Hence, to ensure a potential fast renal elimination, only

PEG with a molecular weight of 10 kDa was used for the copolymers evaluated in this work.

2.2.5 Process optimization of the manufacturing of PLA based barrier devices

2.2.5.1 Blown film extrusion

The marketed product SurgiWrap® is manufactured by blown film extrusion of a high
molecular weight 70:30 poly(L-lactide-co-D, L-lactide) (Resomer® LR708) with an intrinsic
viscosity of about 5.5 g/dL. This continuous process is used since it allows a solvent free film
fabrication?®* and is convenient for large scale production. A typical set-up for an extrusion
process is shown in Figure 2.4. The raw polymer is filled into a hopper and from there fed by
gravitational force into the barrel of the extruder. There, a rotating screw transports the
polymer through the heated barrel. During the transport, the material is both molten and
permanently mixed resulting in an ideally uniform polymer melt at the exit of the barrel. The
polymer melt is filtered to remove contaminants such as parts from packaging material,
metal abrasion from the extruder or residues of other polymers owing to cross-

contaminations before entering a die which determines the shape of the final polymeric

feed section

heaters
barrel screw drive system

w

molor

Figure 2.4 Extrusion set-up. (Reproduced from it.”%” with permission of CRC Press LLC via Copyright
Clearance Center)
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construct. In case of the manufacturing of thin films by a blown film process, often an
annular die is used to generate a polymer tube (Figure 2.5). Through this tube, an airflow is
blown leading to an expansion of the tube and to a further thinning of the film. To cool the
film and to control the expansion of the film, cooling air is blown against the outside of the
tube as well. The inner airflow leads to a stretching of the blown polymer along two axes.
Consequently, the speed of rotation of the nip rolls at the end of the tube has to be higher
than the output speed of the die to control the process. Typically, the ratios of the die
output speed to the rotational speed of the nip rolls and of the final to the initial diameter of
the tube are between 2:1 and 5:1. The tube collapses when it arrives at the nip roles and is
usually slit in line into two sheets and finally wound up.?®® Owing to the blowing and drawing
procedure, the final films are thinner than the initially emerging tube and the polymer chains

are highly oriented along the machine direction. These molecular alignments lead to

Nip Rolls (- Tube Slit into Two Sheets

Air
Cooling
Ring
Air
. Inlet . %'J

=2 / 5

S S

S S

Wind Up #2 Wind Up #1
Extruder

Figure 2.5 Set-up for the fabrication of blown films. (Reproduced from lit.”%”

with permission of CRC Press LLC via Copyright Clearance Center)
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anisotropic thermal and mechanical properties of the films. Thus, shrinkage upon heat
treatment preferentially occurs in one direction and the mechanical strength of the film
varies from machine to transverse direction. Owing to the thermal stress during the process,
the molecular weight of the polymer is reduced. For the fabricated PLA, a reduction of the
initial intrinsic viscosity to half of the value upon extrusion was found, which is further
diminished by the subsequent sterilization process. Present moisture further entails the
depolymerization of polyesters during extrusion. Hence, to achieve as little weakening,
breaking or tearing of the film as possible during extrusion, a dry and high molecular weight

polymer is preferred.l%'zm_202

2.2.5.2 Solvent film casting

For the alternative solvent film casting, a viscous polymer solution is prepared, poured into a
film applicator with defined gap clearance and drawn with constant speed to ensure
consistent thickness and texture throughout the entire casting length (Figure 2.6). Upon
evaporation of the solvent, the polymer chains become entangled, intermediately come into

203

a gel state and finally form a solid film after further drying.””” Therefore, a certain molecule

size is necessary since only high molecular weight polymers are capable to coalesce and

204

provide sufficient cohesive strength to form stable films.”" Thereby, the initial solvent

glass plate

applicator

Figure 2.6 Film casting process.
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evaporation rate depends only on the vapor pressure at the given casting temperature, the
surface area to volume ratio as well as on the rate of air flow over the surface (Figure 2.7).
With proceeding drying, the solvent evaporation becomes also dependent on the present
polymer amounts since viscosity and T, increase and the free volume decreases so that
solvent evaporation depends on the diffusion of the solvent molecules to the surface of the
films by passing the free volume holes. With further solvent evaporation, the evaporation

205

rate more and more decreases due to a further decreased free volume.”> Finally after

sufficient drying, a solid film is obtained with only few residual solvent.

* solvent molecule
solvent evaporation further drying ~ polymer molecule

..t E—
St ) === —

solid film with few solvent

controlled by vapor pressure controlled by diffusion e

Figure 2.7 Solvent evaporation and film formation after casting a polymer solution onto a glass plate.

To achieve even spreading of the casting solution on the glass plate and consequently to
ensure the formation of a uniform film, an adequate coating of the glass plate has to be
identified prior to film casting. Here the chemical constitution of the casting solution and the
used polymer play a major role for the necessary type of glass treatment. In case of a huge
chemical difference the solution will not spread on the substrate but instead drip off, so that
no adequate polymer film will be obtained. If the chemical similarity is too high, the casting
solution will spread but the dried films stick heavily to the glass plate and cannot be
detached without damage. The thickness of the resulting films can be easily controlled by
the concentration of the casting solution and the gap clearance of the film applicator. Since
this process is carried out with polymer solutions and not with polymer melts, intense
anisotropic effects like for hot melt extruded films are not to be expected as only minor
mechanical stresses are applied. A further advantage of this method is the complete lack of
thermal stress on the polymer. Due to the simplicity of the method, solvent cast films are
manufactured either with the described film applicator, by industrial in-line processing on a

belt line or by simple casting of the polymer solutions into moulds. The obtained films find
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use in various applications like photographic films, films for electronic applications206 or as
medical films like orodispersible buccal films.?’” Since solvent film casting can be carried out
with significantly lower polymer molecular weights than hot melt extrusion, it is suitable not
only for the high molecular weight PLA, but also for the PEG-PLA copolymers with renal
reclearable PEG blocks and molecular weights ranging from 80-150 kDa which are evaluated

in this work.

2.2.5.3 Solution electrospinning

The process of electrospinning was first patented by Formhals in the 1930s%® but did not
gain broad interest until Reneker et al.29721% o0k up the issue in the 1990s. The
electrospinning process can be seen as a variation of electrospraying since both processes
are based on the concept of jet formation from a polymer solution by application of a high
voltage. While electrospraying is conducted with solutions of low viscosity resulting in
individual particles due to a break-up of the jet (Rayleigh instability), during electrospinning
sufficient polymer chain entanglements occur for the maintenance of a continuous jet and
finally a continuous polymer fiber. This effect is achieved by using polymer solutions of

higher viscosity.m_212

The instrumental set-up for solution electrospinning basically consists
of a metallic needle for the feed of the polymer solution from a syringe, a high voltage
power supply and a grounded collector (Figure 2.8). To ensure a constant and controllable

feeding rate often a syringe pump is installed to move the plunger.

rotating grounded
collector

fiber
formation

m— o

polymer solution

+1-
I

-

high voltage
power supply

Figure 2.8 Solution electrospinning set-up with rotating collector drum.
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Figure 2.9 Taylor cone and jet formation emerging from a pendant drop under
application of a high voltage. (Modified from it with permission from Elsevier)

In the process, the needle serves as an electrode to transfer electrical charge onto the
polymer solution. The induced charges on the surface of the polymer solution repel each
other and generate shear stresses opposite to the direction of the surface tension. If the
electrical field is high enough, the charged polymer drop on the needle tip is able to
overcome the surface tension, the pendant drop is more and more extended into a conical
shape and at a critical voltage a charged jet is ejected from the tip of the so-called
Taylor cone?® (Figure 2.9). The charged polymer jet is then accelerated towards the grounded
collector. Over the distance from the needle tip to the collector, the polymer jet is more and
more stretched and the organic solvent from the jet evaporates. Finally, the polymer is
deposited on the collector in form of solid and generally randomly oriented fiber. With this
technique, very thin fibers with diameters in the range from few nanometers to few
micrometers and high mechanical strength can be fabricated from both natural and

211,214

synthetic polymers. The fiber diameter and morphology can be influenced by process

parameters such as the concentration of the polymer solution, the applied high voltage, the

feeding rate, the needle-collector distance, the used solvent and its volatility or the

214

conductivity of the solution.”™ With different collector types such as a simple metal plate, a

rotating disk, a rotating drum or a rotating wire drum various fiber assemblies can be

achieved.?®®

In addition, the fibers can be further functionalized or drug loaded by various
electrospinning approaches or further treatments after the actual electrospinning process.216

Due to the simplicity of the process set-up, its versatility and adaptability and the ability to
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produce nanoscale fibers, which makes this method in many cases superior to other
methods for fiber fabrication, solution electrospinning has found wide use in many different
applications. Thus, electrospinning is employed for example for electrical and optical
applications, filter materials as well as for biomedical applications like tissue engineering,

drug delivery systems or wound dressings***?**%/

and was also investigated regarding
adhesion preventing barriers.'”® Limitations of solvent cast films such as brittleness
(depending on the polymer) and impermeability can be overcome by using electrospun
meshes with high porosity and controllable pore size.*”® The small size of the pores usually

prevents cells from passing through the mesh,*!8

which is desired for an adhesion preventing
device. The mesh porosity can be quite advantageous since it is beneficial for peritoneal

healing if nutrients can pass the barrier and waste can be dispatched.10

2.2.6 Modifications of PLA based barrier devices

2.2.6.1 Drug loading with triclosan

Combinational products of a barrier device with a pharmacologically active substance seem
superior towards simple barrier devices like already mentioned (see 2.1.3.4). A drug loading
with antibiotics is meant to reduce occurring peritoneal inflammation due to microbial
contaminations. Therefore, investigations with films and meshes with the antibacterial
substance triclosan were also performed in this thesis. The drug triclosan (Scheme 2.7)
chemically is a lipophilic chlorinated biphenyl ether with a pK; of 8.1 and a very poor water
solubility of 0.01 g/L at 20 °C.2**??° |t has broad-spectrum antibacterial activity by being
effective against both gram-positive bacteria such as Bacillus subtilis, Mycobacterium
smegmatis, Staphylococcus aureus [Staph.aureus] and gram-negative bacteria such as
Escherichia coli [E. coli], Salmonella typhimurium, Shigella flexneri and is also effective

against funghi. In contrast to former assumptions of an only non-specific perturbation of the

Cl OH

Cl Cl

Scheme 2.7 Structure of triclosan.
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cell membrane analogous to other agents from the chemical family of chlorinated phenols,

like triclocarban or pentachlorophenol,221

meanwhile a more specific mechanism of action
was found via studies with E. coli. Thus, triclosan is able to block the bacteria’s lipid
biosynthesis by inhibition of the enoyl-acyl carrier protein reductase which is responsible for

the catalysis of the terminal step in the fatty acid synthesis cycle.””****

This enzyme is
essential not only in the investigated E. coli but also for many other bacteria including gram-
positive bacteria, which are generally more affected by triclosan than gram-negative ones.
This lower effectiveness is ascribed to efflux pumps of gram-negative bacteria like in
Pseudomonas aeruginosa which pump drugs actively out of the cell. At low doses triclosan is
bacteriostatic due to the already described specific enzymatic inhibition whereas high doses
of triclosan are bactericidal owing to an additional non-specific targeting of the cell

221,225

membrane. Due to its antimicrobial activity triclosan has been widely used in consumer

products such as toothpaste, shampoo, deodorants, toilet and hospital hand soaps,

220,226-227

medicated cosmetics, footwear, textiles or toys. The use of triclosan has long been

considered safe since studies demonstrated its relative non-toxicity, non-carcinogenicity,

2287229 1t is furthermore also in clinical use as

non-mutagenicity, and non-teratogenicity.
antimicrobial coating for surgical sutures (Vicryl Plus®) with the intention to reduce surgical
site infections by inhibiting bacterial contamination of the suture since triclosan is also
effective against Staphylococcus aureus, Staphylococcus epidermidis and even their
metbhicillin-resistant counterparts, which are the main causes of surgical site infections.???2*!
The safety and antiinfective efficacy of the accordingly coated suture material was confirmed
by safety studies regarding cytotoxicity, skin irritation, pyrogenicity and intramuscular tissue

reactions.??

This data makes triclosan a very promising candidate for the drug loading of
barrier devices for the prevention of postsurgical adhesions as well. For future use especially
in intracorporal applications, further investigations on the bacterial resistance and liver-
toxicity have to be done and followed, though. It was found that for E. coli strains with a
mutation in the gen encoding the target enzyme enoyl-reductase of the specific triclosan
mechanism, the minimum inhibitory concentration [MIC] is significantly increased. However,
the found resistances to triclosan in E. coli but also in other bacteria like Staph. aureus are
restricted to low-level resistances. Since the nonspecific mechanisms of action still work out,

223,232-233

the actual clinical relevance of these resistances is questionable. Lately,

35



Chapter 2 Theoretical background

1.2% in contrast also reported a promotional effect of triclosan on the proliferation

Yueh et a
of hepatocytes, fibrogenesis and oxidative stress as well as on hepatocarcinogenesis in mice
suggesting that this mechanism may be relevant in humans as well. However, this presumed
liver tumor promoting activity of triclosan in humans has neither be confirmed nor confuted

yet.

2.2.6.2 Self-adhesive devices by one-sided modification

As already mentioned, one of the requirements of an ideal barrier device is that it does not
have to be sutured to stay in place since suturing additionally would promote adhesion
formation. However, many of the investigated and already marketed materials and devices
including PLA based polymer films have to be fixed to ensure their anti-adhesive activity at
the site of defect. To overcome this need for fixation, efforts have been made by several
researchers to modify one side of the barrier device to make it self-adhesive to the wound
site whereas the other side is intended for the separation from adjacent tissues. The
investigated approaches include structuring of one side, increasing the porosity of the
barrier and coating one side with a bioadhesive material. Thus, honeycomb patterns were
introduced to PLA films and successfully resulted in higher bioadhesive strengths than flat

25 For poly(vinyl alcohol) [PVA] membranes it was found that both a coating with CMC

films.
and an increase of the surface roughness by either imprinting of textures or increasing the
porosity by a lyophilization method were more bioadhesive than the simple smooth PVA

membranes.?*®

The company Medisse will request CE approval in 2015 for its FlexiSurge
Adhesion barrier, a non-porous smooth poly(1,3-trimethylene carbonate) [PTMC] film
coated with a sticky FlexiTac 3 coating (not precisely described) making it self-adhesive.”®’
Moreover, a fibronectin coated cross-linked collagen-hyaluronic acid membrane was
brought onto a mPEG-PLGA film, which both led to a device lasting on the wound site during
the time of peritoneal wound healing and to a promotion of wound healing.”®®
Cho et al.Z%2% investigated self-adhesive alginate based adhesion prevention membranes
both as single alginate film and in combination with an additional adhesive layer of an

electrospun collagen mesh and also achieved good results. The used alginate (Scheme 2.8) is a

brown algae-derived water-soluble polysaccharide composed of a-L-guluronate and
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Scheme 2.8 Exemplary illustration of chain conformation (A) and block structure (B) of the
polysaccharide alginate consisting of the monomers a-L-guluronate(G) and 8-D-mannuronate (M).
(Modified from lit.”* with permission from Elsevier)

B-D-mannuronate. This copolymer consists of various blocks consisting of only

1t is

a-L-guluronate, only B-D-mannuronate or alternating sequences of both monomers.
mucoadhesive due to the formation of hydrogen bonds with glycoproteins from the mucin-
type. The mucoadhesion of alginate is dependent on the degree of cross-linking and amount
of free carboxylic acid functions. Thus, un-cross-linked alginate possesses stronger adhesive
properties than cross-linked alginate. This is why the applied extent of cross-linking should
be carefully controlled. Owing to its proven biocompatibility, alginate has been widely
investigated for biomedical applications mainly in form of hydrogels for drug delivery or
tissue regeneration but also as wound dressings for superficial wounds because of its
property to maintain a moist environment on the wound site and consequently promote

2023 pue to the promising mucoadhesive properties and the biocompatibility

wound healing.
of alginate, in this work, bilateral PLA/alginate membranes were investigated with the
intention to create self-adhesive devices for the prevention of postsurgical adhesions. The
combination of the lipophilic PLA with an additional hydrophilic polymer layer could
moreover be beneficial for modified drug delivery from this second layer, providing
completely different release kinetics than lipophilic polymer films. The challenge for the

manufacturing of such a bilayered device is to overcome the easily possible separation of

those two chemically different layers due to the limited cohesion forces. For this purpose,
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electrospun meshes were investigated as intermediate cohesion promoter between PLA and
alginate. By direct electrospinning onto the PLA film, the fibers merge with the film and
create a modified contact surface where the alginate solution can infiltrate into and
consequently sort of anchor the alginate film on the PLA film. Thereby, chemical
analogousness of the electrospinning polymer to the lipophilic PLA facilitates the merging of
the fibers with the PLA film while a more hydrophilic polymer promotes the infiltration of
the hydrophilic alginate. To both stay chemically as close as possible to the PLA film and be
able to adapt the hydrophilicity to the best possible tailored device, PLA as well as PLA-PEG-
PLA triblock copolymers with varying PEG content and PLA composition (synthesis with
70:30 L-lactide:D, L-lactide or 100 % D, L-lactide) were used for electrospinning. Since the
pore sizes of the fibers are very small, the infiltration of the alginate solution may not only
depend on the chemical properties of the applied fibers but also on the viscosity of the
alginate solution, for what reason different concentrations of alginate (3%, 5 %) were
examined as well to find an appropriate combination to enable infiltration of the alginate

solution and result in maximum adhesion to the PLA film.
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Chapter 3
Materials and methods

In this chapter, the materials which were used for an accurate implementation of the

experiments as well as a precise description of the applied methods are given.

Parts of this chapter are published or have been submitted:

M. Kessler, J. Groll, J. Tessmar

Application of linear and branched poly(ethylene glycol)-poly(lactide) block copolymers for the preparation

of films and solution electrospun meshes

Macromolecular Bioscience, under review
M. Kessler*, E. Esser*, J. Groll, J. Tessmar
Bilateral PLA / alginate membranes for the prevention of postsurgical adhesions

Journal of Biomedical Materials Research Part B: Applied Biomaterials, accepted

*equally contributing authors
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3.1 Materials

PLA (Resomer® LR708) was a generous gift from Boehringer Ingelheim (Ingelheim am Rhein,
Germany). Polylactide-block-poly(ethylene glycol)-block-polylactide consisting of a 10 kDa
PEG block with a PLA block of about 35 kDa on each side [PLA35k-b-PEG10k-b-PLA35k; lin70]
(HWL73) was obtained from Polymaterials (Kaufbeuren, Germany). Poly(D, L-lactide-co-
glycolide) [PLGA] (Resomer® RG504) was purchased from Evonik (Essen, Germany). Mesofol®
was from Biomet (Berlin, Germany).

For synthesis, linear PEG10k (Fluka, Buchs, Switzerland), 4armPEG10k (pentaerythritol core)
and 8armPEG10k (tripentaerythritol core) (both from JenKem Technology, Plano, USA) as
well as racemic D, L-lactide, L-lactide, tin(ll) 2-ethylhexanoate, methylene chloride,
methanol, acetone and diethyl ether (all from Sigma-Aldrich, Steinheim, Germany) were
used. Toluene was purchased from Alfa Aesar (Karlsruhe, Germany).

Deuterated chloroform [CDCls] for *H-NMR analysis was purchased from Sigma-Aldrich.
Chloroform from Carl Roth (HPLC grade, Karlsruhe, Germany) or amylene stabilized
chloroform from Fisher Scientific (HPLC grade, Loughborough, UK) was used for GPC analysis.
For film casting, Sigmacote® (Sigma-Aldrich), methylene chloride (VWR International GmbH,
Darmstadt, Germany), alginate PROTANAL® LF 10/60 FT with a guluronic acid content of 60-
70 % (FMC BioPolymer, Sandvika, Norway), glycerine 87 % (AppliChem, Darmstadt,
Germany) and Water Blue (Fluka, Buchs, Switzerland) were used.

For solution electrospinning, dimethyl sulfoxide (DMSO, anhydrous = 99.9 %, Sigma-Aldrich),
acetone (CHROMASOLV® Plus, HPLC >99.9 %, Sigma-Aldrich), N, N-dimethylformamide
(DMF, anhydrous >99.8 %, Sigma-Aldrich) and methylene chloride (VWR International
GmbH) were used.

Triclosan (Irgasan) was purchased from Sigma-Aldrich. Trifluoroacetic acide [TFA] (Sigma-
Aldrich) and acetonitrile (HPLC grade, Sigma-Aldrich) were used for HPLC analysis.

Sodium chloride [NaCl], potassium dihydrogen phosphate [KH,POQ4], disodium hydrogen
phosphate [Na,HPO,4] and potassium chloride [KCI] for the preparation of phosphate buffer
pH 7.4 and pH 5.5 were all purchased from Merck.

Bacto™ Tryptone, Bacto™ Yeast Extract and Bacto™ Agar and Muller Hinton Agar for the
preparation of LB agar plates and Mueller Hinton agar plates were purchased from BD

Biosciences (Erembodegem, Belgium). For inoculation, Staph. aureus ATCC® 25923™ or
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Staph. aureus RN4220 were used. For cell culture tests L929 mouse fibroblast (ATCC® CCL-
1™), Accutase™ (PAA GmbH, Colbe, Germany), Cell Proliferation Reagent WST-1 (Roche
Diagnostics, Mannheim, Germany), Dulbecco’s Modified Eagle Medium (DMEM part number
31966-021, Invitrogen™ Life Technologies, Darmstadt, Germany), Penicillin-Streptomycin
(10000 IU/mL-10000 g/mL part number 15140-144, Invitrogen™ Life Technologies),
HEPES 1 M (Invitrogen™ Life Technologies), Fetal Calf Serum (FCS, part number 10270-098,
Invitrogen™ Life Technologies) and Isoton-lIl diluent (part number 8448044, Beckmann
Coulter GmbH, Krefeld, Germany) were wused. Furthermore, a LIVE/DEAD®
Viability/Cytotoxicity Assay Kit consisting of a calcein AM solution (4 mM in anhydrous
DMSO) and ethidium homodimer-1 solution (2 mM in DMSO/water 1:4 v/v) was purchased
from Life Technologies (Darmstadt, Germany).

The used water was always Milli-Q (Merck Millipore, Darmstadt, Germany) water or distilled

water.

3.2 Synthesis of PEG-PLA copolymers

PEG-PLA block copolymers with varying PEG content and polymer geometry were
synthesized via standard ring opening polymerization of lactide with PEG10k of different
geometry and with tin(ll) 2-ethylhexanoate as catalyst (Scheme 3.1). Lactide and PEG were
separately dissolved in toluene and a water/toluene azeotrope was distilled off the solutions
using a dean stark trap to remove water traces. The water-free PEG and lactide solutions
were united and the catalyst was added. The reaction mixture was refluxed overnight under
a nitrogen flow and the toluene was removed with a rotary evaporator. The residue was
dissolved in methylene chloride and the solvent was removed with a rotary evaporator in
two or three repetitions. The polymer was then precipitated either from a viscous solution in
methylene chloride into a mixture of iced ether/methanol (60/40) or from a viscous solution
in acetone into iced water, filtrated and lyophilized. Synthesized were the triblock
copolymers PLA45k-b-PEG10k-b-PLA45k [lin90] and PLA65k-b-PEG10k-b-PLA65k [lin130] with
70 % L-lactide and 30 % D, L-lactide as this ratio was also used for the synthesis of PLA35k-b-
PEG10k-b-PLA35k [lin70] (HWL73 from Polymaterials) and the pure PLA (Resomer LR708
from Boehringer Ingelheim). Furthermore, a triblock PLA35k-b-PEG10k-b-PLA35k [lin70rac],
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Scheme 3.1 Reaction scheme of ring opening polymerization of linear triblock (A), 4arm star-shaped (B) and
8arm star-shaped (C) PEG-PLA.

a 4armPEG10k-b-PLA70k [4arm70], a 4armPEG10k-b-PLA140k [4arm140], an 8armPEG10k-
b-PLA70k [8arm70] and an 8armPEG10k-b-PLA140k [8arm140] were synthesized completely
with 100 % racemic D, L-lactide. The front part of the abbreviation of the polymers used in
the following chapters signifies the geometry of the PEG10k core, while the terminal number
in the abbreviation of the polymers signifies the total molecular PLA content in kDa. The
terminus rac stands for synthesis with racemic lactide and mainly serves to distinguish

between the linear triblocks with similar molecular weights but with different PLA
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composition. Since all of the star-shaped copolymers were synthesized with racemic PLA,
these polymers are not further labelled with rac. The resulting copolymers were
characterized via GPC, "H-NMR and DSC with regard to molecular weight and glass transition

temperature. The measurements were carried out like described in 3.5.

3.3 Processing to potential polymeric barrier devices

3.3.1 Preparation of solid films

Solid films were fabricated by a solvent evaporation method using a film applicator (Erichsen
Coatmaster 509 MC or 510, Hemer, Germany). Therefore, viscous polymer solutions were
prepared, poured into a film applicator with defined gap clearance and drawn with constant
speed to ensure consistent thickness and texture throughout the entire casting length
(Figure 3.1).

PLA and PEG-PLA films for the experiments were prepared by solvent casting on Sigmacote®—
coated glass plates. Therefore, the polymers were dissolved in methylene chloride in
appropriate concentrations. To achieve films with a thickness of 20 um (based on the
commercially available thickness of SurgiWrap®), a 4 wt% PLA solution was cast with a gap
glass plate clearance of 700 um and a drawing-down speed of
5 mm/s, while 27 wt% solutions were prepared for the
investigated PEG-PLA copolymers and cast with a gap
clearance of 120 um at 5 mm/s. The films were allowed
to dry overnight under a fume hood at room

temperature and were then stored under vacuum prior

applicator to use to remove residual solvent. Film thickness was
determined with a microprocessor coating thickness
gauge (MiniTest 600 or 650, ElektroPhysik, Cologne,

Figure 3.1 Film casting process. Germany).

Alginate films were cast on uncoated glass plates from a 3 wt% or 5 wt% solution in water
with 3% or 5% glycerol as additive. A film applicator was used with a gap clearance of
700 um and a drawing-down speed of 5 mm/s. After casting, the films were dried overnight

under a fume hood at room temperature.
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3.3.2 Preparation of solution electrospun non-woven meshes

Solution electrospinning was carried out with a process set-up like illustrated in Figure 3.2. A
polymer solution was placed in a syringe and fed through a needle (inner diameter: 0.4 mm)
with a syringe pump at a constant feeding rate. Then a high voltage was applied and the
electrospun fibers were collected on a grounded rotating collector drum (diameter: 6 cm;
width: 10 cm) with additional reciprocating motion, which was positioned at a distance of

15 cm from the needle tip.

rotating grounded
collector

fiber
formation

e

polymer solution

+||-
|

-

high voltage
power supply

Figure 3.2 Solution electrospinning set-up.

To produce non-woven meshes for the experiments, solution electrospinning was mainly
carried out with solutions in acetone/DMSO (90:10 % (v/v)) at room temperature. Thereby,
concentrations in the range of 28-44 % (m/V) were prepared for the PEG-PLA copolymers,
28 % (m/V) for PLGA and concentrations of 3-7 % (m/V) for PLA. The electrospinning process
was then conducted with a feeding rate of 0.5 mL/h and a high voltage of 12 kV. In addition,
PLA solutions in DMF or methylene chloride were tested for electrospinning. Therefore, a
high voltage of 12-14 kV and a feeding rate of 0.5-1.5 mL/h were used. After electrospinning
all meshes were stored under vacuum overnight to remove residual solvent and
subsequently in a refrigerator prior to use. The resulting fiber morphology and fiber

diameters were examined via SEM as described under 3.4.2.
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3.3.3 Preparation of bifunctional PLA/alginate membranes

3.3.3.1 Solvent casting of PLA/alginate bilayers

20 um thick PLA films were cast on Sigmacote®-coated glass plates as described under 3.3.1
and allowed to dry overnight under a fume hood at room temperature. To prepare bilayers
consisting of a PLA film and an alginate film, an alginate solution was cast directly on top of
the dry PLA film (Figure 3.3). Therefore, solutions of 3 wt% or 5 wt% alginate in water with
equal amounts of glycerol as additive were prepared and then cast with a gap clearance of
700 um and a drawing-down speed of 5 mm/s. To be able to distinguish between the layers,
the alginate solutions were stained with Water Blue before casting. The bilayers were dried

overnight at room temperature before use.

1. Layer: 2. Layer:
PLA film casting alginate film casting

cross section of the
resulting bilayer

Figure 3.3 Fabrication of bilateral PLA/alginate membranes consisting of a PLA and an alginate layer.

3.3.3.2 Preparation of PLA/mesh/alginate trilayers

20 um thick PLA films were cast on Sigmacote®-coated glass plates as described under 3.3.1
and dried under a fume hood overnight. To apply an electrospun mesh as intermediate
second layer, a dried PLA film was tightly wrapped around a collector drum and solution
electrospinning was carried out with polymer solutions of PLA, lin130, lin70 or lin70rac in
acetone/DMSO (90:10 % (v/v)) as described under 3.3.2. The fibers were collected on the
film covering the rotating collector drum and the film/mesh bilayers were stored under
vacuum overnight to remove residual solvent (Figure 3.4). To apply the alginate layer, a 3 wt%

or 5 wt% alginate solution in water with 3 wt% or 5 wt% glycerol was prepared. The alginate
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Figure 3.4 Fabrication of bilateral PLA/alginate membranes consisting of a PLA film, a solution electrospun
mesh and an alginate layer.

solution was then cast on top of the solution electrospun mesh with a gap clearance of
700 um and a drawing-down speed of 5 mm/s. Subsequently, the entire membrane was

allowed to dry overnight at room temperature.

3.4 Determination of surface properties

3.4.1 Contact angle measurements

Contact angles of solvent cast films and solution electrospun meshes were determined at
room temperature (24 °C) with a Contact Angle System (OCA 20, Data Physics Instruments
GmbH, Filderstadt, Germany) equipped with a TD-DE/3 electronic multiple direct dosing
system (Data Physics Instruments GmbH) and a CCD camera from IDS (Imaging Development
Systems GmbH, Obersulm, Germany) with a maximal resolution of 768 x 576 pixel using a
static sessile drop method. A water droplet of 3 uL was generated with a dosing rate of
1.0 pL/s from a 500 pL Hamilton Syringe. A minimum of three droplets was measured on
different locations of each sample and assessed via an ellipse fitting. To reveal eventual
changes over time, the contact angle of each droplet was determined immediately and once
again two minutes after initial water contact with dry as-spun meshes and as-cast films.
Additional samples were allowed to swell overnight in NaCl-containing phosphate buffer
pH 7.4 (Ph. Eur. 6.0) containing 0.05 % NaNs. After dry-blotting, contact angles of the swollen
samples were determined analogous to the as-fabricated samples initially and two minutes

after initial droplet contact.
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3.4.2 Scanning Electron Microscopy [SEM]

The samples to be investigated were pretreated by gold sputtering (EMITECH K550 sputter
coater, Quorum Technologies, West Sussex, United Kingdom) to minimize charging effects.
For the acquisition of SEM images, a Digital Scanning Microscope DSM 940 from Carl Zeiss
Microscopy GmbH (Oberkochen, Germany) was used at an accelerating voltage of 5 kV. For
further evaluations of fiber morphology, fiber diameters were additionally determined with
Image J Software by arithmetic averaging of a minimum of 50 fibers.

Investigated were dry as-spun meshes with and without drug loading, meshes after
degradation, meshes after mechanical testing and meshes after dry incubation at 37 °C for

predetermined time periods (0.5 h, 2 h, 4 h, 24 h).

3.4.3 Light microscopy/stereomicroscopy
A stereomicroscope (Zeiss Discovery V20, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) was used to visualize the individual layers of the prepared bilateral bilayers and

trilayers in cross-sectional images.

3.5 Further analytical methods

3.5.1 Nuclear Magnetic Resonance spectroscopy [1H-NMR]

For molecular weight estimations of the raw polymers and of films and meshes during
degradation, 'H-NMR spectra were recorded at 300 MHz using a Bruker Avance 300 or a
Bruker Fourier 300 (Bruker Corporation, Billerica, USA). For the measurements, the material
was dissolved in CDCl; at concentrations of 10-20 mg/mL with added trimethylsilane [TMS]
as internal standard. The obtained spectra were assessed with WIN-NMR or ACD/NMR
Processor Academic Software. The integrated signal of the methine protons of the lactyl
repeating unit at 5.15 ppm was set in relation to the singlet at 3.65 ppm corresponding to
the methylene protons of the PEG repeating unit for the calculation of polymer composition

and molecular weight estimations.

47



Chapter 3 Materials and methods

3.5.2 Gel Permeation Chromatography [GPC]

Molecular weights (M,,, M,) and dispersity (b = M,,/M,) of the raw polymers and degraded
films and meshes were determined in chloroform via a standard calibration relative to
polystyrene standards [PS] (Merck) using either a system from Shimadzu (Duisburg,
Germany) consisting of a SCL-10A VP system controller, a SIL-10AD VP autoinjector, a
LC-10AT VP pump, a FCV-10AL VP degasser, a RID-10A refractive index detector (RID, run at
40 °C) and a CTO-10AC VP column oven (run at 40 °C), equipped with a Phenogel™ 5 um
linear (2) LC column (300x7.8 mm, 100-10000 kDa) (Phenomenex, Aschaffenburg,
Germany) or a system from Jasco (Easton, USA) consisting of a RI-2031 Plus refractive index
detector, a PU-2080 Plus pump, a DG-2080-53 3 Line Degasser, a AS 2055 Plus autosampler
and a LCNetll/ADC, equipped with a SDVlinear M 5 um column (300 x 8 mm, 100-
10000 kDa) (PSS Polymer Standards Service GmbH, Mainz, Germany), whereby column oven
and RID were run at 25°C. The data was recorded with Class-VP™ or Jasco ChromPass
Chromatography Data Software. The samples were dissolved in chloroform (8-15 mg/mL)
and filtered through PTFE filter membranes with a pore size of 0.45 um before injection.
Degassed chloroform was also used as mobile phase with a flow rate of 1.0 mL/min.

The measurements with the different GPC systems were conducted in a way to achieve best
possible comparable results. Measurements for a direct comparison of polymers and

samples were performed on the same apparatus.

To gather further information about the degree of branching of the PEG educts (linPEG10k,
4armPEG10k, 8armPEG10k) and selected synthesized copolymers (lin70, 4arm70, 8arm70),
in addition to the conventional method a triple detection method was conducted. The
analysis was conducted on an OmniSEC GPC system from Malvern Instruments
(Worcestershire, England) with a Viscotec Triple Detector Array (TDA-MAX-305 with RI, light
scattering and viscosity detector) equipped with a ViscoGel T6000M column, a
ViscoGel T2500 and a guard column. The samples were dissolved in chloroform
(1.25 mg/mL) and filtered through a 0.45 pm nylon filter before use. The measurements
were run with an injection volume of 100 pL, a flow rate of 1.0 mL/min and a column and
detector temperature of 35 °C. Acetone instead of the sample solvent chloroform was used

as eluent to achieve enhanced Rl and LS detector sensitivities since the Rl increment dn/dc is
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increased due to a lower Rl of acetone in comparison to chloroform (Solvent Enhanced Light
Scattering GPC). The data was recorded and processed with OmniSEC software.
Weight average molecular weights M,, were determined from light scattering via the

simplified Zimm equation

Kc 1

—_—=— (3.1)

RG Iv'w
where K is a sample dependent constant, c is the concentration of the sample and Rg is the
Rayleigh ratio. By splitting each chromatogram into i equidistant slices, for each slice M,, [Mj]
was calculated according to the already mentioned Zimm equation and the polymer
concentration ¢; was determined by the Rl detector. With those parameters, the number

average molecular weight M, and the weight average molecular weight M,, of the sample

were calculated by

MF% (3.2)
— _Z(CiMiz) (3.3)
W_Z (ci M) .

For the determination of branching of the samples, the g-factor was calculated by

1
o <[n]br>s (3.4)
[n]lin M
where € was set to 0.75, [n]wr is the intrinsic viscosity of the branched polymer with the
number of arms to be calculated and [n];i» is the intrinsic viscosity of corresponding linear
polymer with similar molecular weight, both determined with the viscosity detector. Based

on the calculated g-factor, the number of arms f of the star-shaped polymers was calculated

by an equation derived from Zimm and Stockmeyer

3f-2
f2

g (3.5)
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3.5.3 Differential Scanning Calorimetry [DSC]

Thermal analysis of raw polymers, as-spun meshes and as-cast films for direct comparison
were measured in non-hermetic aluminium pans (pierced lid) with a DSC 204 F1 Phoenix 240
from Netzsch (Selb, Germany) with a heating rate of 5.0 K/min from -50 °C to 210 °C under a
nitrogen flow (70 mL/min). Samples were heated twice and T; was determined from the
second heating run with Proteus® Analysis Software.

Degraded mesh and film samples were either analyzed in non-hermetic aluminium pans with
a DSC 204 F1 Phoenix 240 with a heating rate of 10 K/min from -50 °C to 210 °C or in
hermetic aluminium pans with a DSC from TA Instruments (Eschborn, Germany) in
modulated mode (amplitude: 0.32 °C, period: 60 s) from -45 °C to 210 °C with a heating rate
of 2 °C/min under a nitrogen flow (65 mL/min). Each sample was heated twice and T, was
determined from the second heating run with TA Instruments Universal Analysis Software.
The measurements with the different DSC systems were conducted in a way to achieve best
possible comparable results. Measurements for direct comparison were performed on the

same apparatus.

3.5.4 Rheological characterizations of electrospinning solutions

Rheological investigations of the polymer solutions used for electrospinning were conducted
at 20°C on a Physica MCR301 (Anton Paar Germany GmbH, Ostfildern-Scharnhausen,
Germany) using plate-plate measuring geometry (PP25, 25 mm diameter) with a gap of
0.5 mm and a sample volume of 500 pL. An ascending shear rate was applied and the
resulting viscosity and shear stress were determined. The measurements were conducted in

triplicate and assessed with RheoCompass™ Software.

3.5.5 Statistical analysis

One way and two way analysis of variance [ANOVA] was performed with SigmaPlot 12.0
(Systat Software GmbH, Erkrath, Germany). In order to evaluate the statistical significance of
the individual values, a post-hoc Tukey test was used as a pairwise multiple comparison

procedure whereby a p value < 0.05 was considered statistically significant.
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3.6 Mechanical evaluations

All mechanical tests were conducted on a universal testing machine (Instron 5542,
Pfungstadt, Germany or Zwick Z010, Zwick GmbH & Co. KG, Ulm, Germany) with a 100 N
(Zwick) or 60N (Instron) load cell. The resulting diagrams of a minimum of five test
specimens per sample were recorded with Bluehill” or testXpert Il Software. The
measurements with the different texture analyzers were conducted in a way to achieve best
possible comparable results. Measurements for direct comparison were performed on the

same apparatus.

3.6.1 Tensile test

Tensile properties were determined uniaxial via a standard tensile test (basic principle from
ASTM D882—02244). The test was carried out with 5cm x 1 cm strips of dry 20 um thick as-
cast films, dry 20 um thick as-spun meshes and the marketed product Mesofol” at different
temperatures to characterize the behavior of samples both at surgery temperature (20 °C)
and at body temperature (37 °C). An additional test temperature of 30 °C was set up with
the intention to further visualize the influence of the different glass transition temperatures
of the investigated polymers. The measurements were conducted with biplane grips at a

crosshead speed of 100 mm/min and a gauge length of 3.0 cm. The resulting load — strain

diagrams were recorded until the specimen ruptured and tensile strength was calculated by

electrospun mesh

transverse L

longitudinal

Figure 3.5 Illustration of the cutting direction of solution electrospun meshes used for
tensile testing. Longitudinal direction means alongside the rotating direction of the drum
around its axle. Transverse direction means alongside the reciprocating motion of the drum.
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dividing the load by the original cross-sectional area of the sample. Thereby, the entire cross-
sectional area of the mesh specimen was utilized for calculations as an accurate
determination of the actual polymer fiber cross-section bearing the load is rather difficult.
For conditioning purposes, the solid films were held at test temperature for two hours
before measuring. In contrast, the electrospun meshes were exposed to the respective test
temperature only for two minutes prior to the test to avoid coalescence of the individual
fibers at elevated temperature. Furthermore, the meshes were investigated both in
longitudinal and transverse direction (Figure 3.5) to evaluate the influence of eventual fiber
orientation due to fiber deposition on a rotating collector on the mechanical properties.
After conducting the test, eventual changes in fiber morphology were examined via SEM.

The tensile properties of bilateral PLA/alginate membranes (bi- and trilayers) were
determined at room temperature (24 °C) with 5 cm x 5 cm strips as test specimens. The test
specimens were fixed on each side between one plane and one convex grip. Then the test
was carried out at a crosshead speed of 12.5 mm/min and a gauge length of 3.5 cm until the

sample ruptured. The resulting load — strain diagrams were recorded and assessed.

3.6.2 Puncture test

207,245-246 \\a5 carried out with 5 cm x 5 cm squares of 20 um thick films and

A puncture test
meshes. Thereby, a metal puncture probe with a hemispherical end (diameter: 1 cm) was
run through the test specimen, which was fixed on a metal sample holder with a cylindrical
hole of 2.5 cm diameter (Figure 3.6). The measurements were conducted at a test velocity of
10 mm/min and the resulting load - displacement diagrams were recorded until the
specimen was perforated. As it is rather impossible to correctly define the area affected by
the metal probe for a determination of puncture strength, the load to puncture was used for
analysis, which corresponds to the maximum load. The elongation to break was
approximatively calculated based on the concept of Radebaugh et al.?*® from the
displacement d at the point of specimen failure by

Vr2+d?

elongation to puncture (%)=+*100 (3.6)

where r is the radius of the cylindrical hole (Figure 3.6).
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puncture probe

fixation ring with screws l
sample r
<l

sample holder

Ik

Figure 3.6 Puncture test set-up.

Analogous to the tensile test, the puncture test was performed with dry as-cast films and dry
as-spun meshes at 20°C, 30°C and 37 °C. The solid films were conditioned at test
temperature for 2 h prior to the test and the electrospun meshes for 2 min. Additional
samples were incubated at 37 °C in NaCl-containing phosphate buffer pH 7.4 (Ph. Eur. 6.0)
containing 0.05 % NaNs;. At predefined time points (4 h, 24 h, 1 week) samples were
removed, dry blotted and tested at 37 °C to evaluate the mechanical properties upon
degradation. The zero value was determined at 37 °C after dipping the sample for 5s in
phosphate buffer pH 7.4 and subsequent dry blotting. Moreover, the puncture test was
conducted at 20 °C with sterilized film samples to evaluate the polymer stability towards

electron beam irradiation.

3.6.3 Suture pullout test

To determine the maximum axial force that a cast film or electrospun mesh is able to
withstand before a surgical suture is pulled out of the suture hole, a suture pullout test was
performed according to a test report from the first film manufacturer MacroPore (“Test
Report Tensile and Suture Pullout Properties of SupraFoil Implant Material”), which was

| 247

oriented on the suture pullout test from Yamada et a The test was conducted at 20 °C to

mimic surgery conditions with dry 5cm x 2 cm squares of 20 um films as well as 20 um or
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test
specimen

1.0cm 1.0cm

1.5cm

suture

Figure 3.7 Positioning
of the surgical suture in
the test specimen.

3.6.4 T-peel test

40 um thick meshes as test specimens and a 3-0 polyglactin 910
suture (Vicryl ethicon; Johnson and Johnson, 4x45, 2 Ph.Eur,
4PG2543Y). The suture was drawn through the test specimen at a
distance of 1.5 cm from the edge of the narrow end and 1 cm from
both sides like illustrated in Figure 3.7. The upper clamps of the
universal testing machine were positioned at a distance of 5 cm from
the lower clamps. The test specimen was then fixed by the upper
clamps and the loose ends of the suture were fixed by the lower
clamps in the way that the suture was hanging without any tension
between clamps and test specimen. The test was carried out with a
crosshead speed of 50 mm/min and load was recorded until the
suture was pulled out of the test specimen. The maximal achieved
load was considered as suture pullout force and used for data

analysis.

To study the cohesion between the individual layers of bilateral PLA/alginate membranes, a

t-peel test (basic principle from ASTM D1876-08°*%) was conducted at 24 °C with 5 cm x 1 cm

strips cut out of the bi- and trilayers prepared like described under 3.3.3. Each

test specimen was pre-separated at one end for a length of 1 cm. Prior to the test, the

L]

upper clamps

PLA layer
0.5cm

alginate layer
(with or without mesh)

lower clamps

Figure 3.8 Performance of t-peel test.
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biplane clamps of the universal testing machine were positioned at a distance of 0.5 cm. The
PLA layer was fixed by the upper clamps of the universal testing machine and the alginate
layer respectively alginate layer with mesh was fixed on the lower clamps like illustrated in
Figure 3.8. The upper grip was then driven upwards at a crosshead speed of 250 mm/min and
the load was recorded until the layers were completely separated. The average load was
calculated as the average of load taken from 5 mm to 60 mm head movement and the peel

strength was determined by dividing the average load by the width of the test specimen.

3.6.5 Bioadhesion test

A bioadhesion test was performed at 24 °C with the bilateral PLA/alginate membranes
prepared like described under 3.3.3 in comparison to a single PLA film, which was solvent
cast like described under 3.3.1. Since there is no agreed standard test method for the

h,%* a test set-up was constructed which was best possible

evaluation of bioadhesive strengt
tailored to the intended application of the membranes as physical barrier device for
adhesion prevention. 5cm x 1 cm strips were cut out of the membranes and used as test
specimens. The particular test specimen was fixed on the bottom of a metal probe with a
resulting measuring surface of one square centimeter. The bilateral membranes were fixed
on the metal probe with the alginate layer along the outside so that the adhesion strength of
the alginate side could be determined. As biological surface to test the bioadhesive strength
on the exterior of natural tissue served a piece of small intestine of a male domestic pig
(eight weeks old, 18 kg), which was fixed outside up on a sample holder. Prior to use, the
small intestine was stored in PBS pH 7.4 containing 5 mL/100 mL PenStrep to avoid bacterial
growth and putrefaction. To achieve similar test conditions for all samples, the fixed piece of
small intestine was sprinkled with PBS containing PenStrep prior to each measurement. To
carry out the measurement, the metal probe with the attached membrane sample was
driven downwards to make and hold contact with the exterior of the intestine with a
compressive load of 0.1 N. After 30 s contact time, the metal probe was raised from the
intestine with a crosshead speed of 0.5 mm/s and the resulting load was recorded until the
test specimen was completely separated from the intestine. Bioadhesive strength was

calculated by dividing the required maximum load to detach the membrane from the

intestine by the contact area.
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3.7 Swelling and degradation studies

3.7.1 Swelling and degradation of solid films

For degradation studies simulating normal body conditions, 20 um thick film disks (diameter:
2 cm) were used as test specimens (Figure 3.9) and incubated over eight weeks at 37 °C in
10 mL NaCl-containing phosphate buffer pH 7.4 (Ph. Eur. 6.0) containing 0.05% NaNs to

avoid bacterial growth. Every week, four samples of each polymer were removed and

rinsed with water to remove buffer salts. Then the samples were dry blotted and weighed to
determine the wet weight for swelling calculations. Afterwards, the disks were lyophilized
and weighed again to determine the dry weight for mass loss calculations. The dry
specimens were then further analyzed via "H-NMR, GPC and DSC like described under 3.5 to
evaluate changes during degradation. Untreated polymer film disks served as references for

week zero. The water uptake was calculated by

swelling (%) = x100 (3.7)

(Ww - Wd)
W

d

and the remaining mass upon degradation was determined by

W
remaining mass (%) = dewo (3.8)
i

where W, is the weight of the swollen specimen, Wy is the dry weight after lyophilization
and W; is the initial weight of the sample prior to buffer contact. The swelling was calculated
related to the dry weight since this calculation determines most accurately the water uptake

of the material present at any time point.

Figure 3.9 Exemplary test specimens of 4arm140 film.
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Apart from the study at pH 7.4, degradation studies were also performed analogous in
phosphate buffer pH 5.5 R (Ph. Eur. 7.0) containing 0.05 % NaNs to simulate inflammatory
conditions since mostly an acidic pH can be found at sites of inflammation partly with values

250-251 A bH of 5.5 was chosen to cover worst case conditions.

partly below pH 6.0.
3.7.2 Swelling and degradation of electrospun meshes

The swelling and degradation studies of solution electrospun meshes were conducted under
similar conditions as the studies with solvent cast films. Mesh specimens were incubated
over eight weeks at 37 °C in NaCl-containing phosphate buffer pH 7.4 (Ph. Eur. 6.0)
containing 0.05 % NaN3 to simulate physiological conditions and besides weighing of the
samples in initial, wet and dried state to determine water uptake and mass loss, further
analytical methods (GPC, 'H-NMR, DSC) were applied at predetermined time points to reveal
occurring changes during degradation. Analogous to the experiments with films, the swelling
and remaining mass were calculated according to the equations (3.7) and (3.8).

In addition to the measurements that were performed with the films as well, SEM images of
degrading non-wovens were recorded to visualize eventual changes in fiber morphology.

Moreover, mesh samples were sized to determine the extent of shrinkage.

For the determination of shrinkage, 20 um thick mesh disks (diameter: 2 cm) (Figure 3.10)
were used in triplicate as test specimens because of an easy handling and an accurate
determination of the change of the mesh dimension. After rinsing with water and

lyophilizing, SEM images to evaluate the fiber morphology were recorded with these

A B

lcm

Figure 3.10 Initial appearance of a 4 cm x 4 cm square (A) and a
disk (diameter: 2 cm) (B) test specimen for mesh degradation.
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samples as well. For the determination of swelling, mass loss and for further analysis via
GPC, 'H-NMR and DSC, 20 um thick 4 cm x 4 cm mesh squares served as test specimens to
obtain sample masses high enough for accurate weighing and providing sufficient material
for the applied analytical methods since the meshes had distinctly lower weights than films

with comparable thickness.

3.8 Cell culture tests

3.8.1 WST-1 assay/Cell adhesion test

Cell adhesion and cell viability tests were performed in 24-well plates in quadruplicate with
film and mesh disks (diameter: 2 cm) that were fixed on the bottom of the wells with
stainless steel cylinders (inner diameter: 1.1 cm). For the experiment, mesh and film disks of
PLGA, PLA and lin70rac were used. The PS bottoms of the cell culture plates were used as
references. The samples were first washed with PBS pH 7.4 (8.0g NaCl, 0.2 g KH,PO,,
2.8 g Na,HPO4, 0.2 g KCl ad 1,000 mL water). Then 1.0 mL L929 mouse fibroblast cell
suspension (100,000/mL) in DMEM medium (with added 10 % FCS, 1 % PenStrep, 1 % HEPES)
was added to each well and the well-plates were incubated at 37 °C under 5 % CO, for one,
three or seven days. For the WST-1-based assay, the medium was aspirated and
0.5 mL WST-1 reagent were added to each well and incubated for 30 min. The absorbance of
200 pL supernatant was measured in duplicate with a Tecan spectrafluor plus plate reader
(Tecan, Mannedorf, Switzerland) at 450 nm and a reference wavelength of 690 nm. For cell
counting of the adhered cells, the cells were washed twice with 1.0 mL PBS pH 7.4 before
0.5 mL Accutase” were added and the well-plates were incubated for 10 min to detach the
cells. After homogenizing the suspension, 100 pL were mixed with 10 mL CASYton and the
cells were counted with a CASY model TT cell counter (Roche Diagnostics GmbH, Penzberg,
Germany). The results were calculated per surface area related to the highest occurring PS

value.
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3.8.2 Live/Dead cell viability assay

The live/dead cell viability assay was carried out in 12-well plates with film and mesh disks
(diameter: 2 cm) which were fixed on the bottom of the wells with stainless steel cylinders
(inner diameter: 1.1 cm). For the experiment, film and mesh disks of PLGA, PLA and lin70rac
were used. The PS bottoms of the cell culture plate served as a reference. The samples were
washed with PBS. Subsequently, 1.0 mL DMEM medium was put around the steel cylinder in
each well and 1.0 mL L929 mouse fibroblast cell suspension (100,000/mL) in DMEM medium
(with added 10 % FCS, 1 % PenStrep, 1 % HEPES) was added to each well inside of the steel
cylinder. Then, the well-plates were incubated at 37 °C under 5 % CO,. At predetermined
time points (one, three and seven days after cell seeding), the samples were washed twice
with PBS and 300 pL of the staining solution was added. The staining solution consisted of
20 uL calcein AM solution and 5 pL ethidium homodimer solution in 10 mL PBS. After 30 min
incubation at room temperature under exclusion of light, the staining solution was aspirated
and the samples were analysed with a fluorescence microscope (Axio Imager M1, Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) with filter set 20 (item number 488020-9901-
000) and filter set 10 (item number 488010-9901-000) from Carl Zeiss Microscopy GmbH.
Living cells were stained with calcein resulting in a green fluorescence. Red fluorescence of

ethidium homodimer indicates dead cells.

3.9 Drug release studies with triclosan

3.9.1 Preparation of drug loaded films and meshes

The loading dose of the polymer films was oriented on the MIC of triclosan on Staph. aureus
(0.025-1 mg/L233) as well as on the drug content of the Vicryl® plus suture material (12-

60 pg/m*%).

3.9.1.1 Preparation of triclosan loaded films

For drug release studies, 20 um thick PLA and PEG-PLA films as well as drug-free PLA films
with triclosan containing PEG-coating were prepared with a triclosan loading of 1 ug, 25 ug
or 50 ug triclosan per test specimen (disks with 2 cm diameter). For the preparation of PLA
and PEG-PLA films with triclosan, 4 wt% PLA or 27 wt% PEG-PLA was dissolved in appropriate

stock solutions of triclosan in methylene chloride. The solutions were cast on Sigmacote®—
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coated glass plates with a film applicator at a drawing-down speed of 5 mm/s. A gap
clearance of 700 um was used for the PLA solutions and a gap clearance of 120 um for the
PEG-PLA solutions. After casting, the films were dried overnight under a fume hood at room
temperature and subsequently stored under vacuum to remove residual solvent. Film

thickness was determined with a microprocessor coating thickness gauge after drying.

PEG-coated PLA films with 1 pg or 10 ug triclosan per disk were prepared by casting a
solution of 0.5 g PEG400 and 1.0 g PEG4000 in 1.5 mL appropriate triclosan stock solution in
methylene chloride with a gap clearance of 90 um and a drawing down-speed of 5 mm/s
onto a 20 um thick PLA film.

As film disks (diameter: 2 cm) were used as test specimens for the in vitro drug release study
as well as for the agar diffusion test, the intended drug content was calculated as

masstriclosan/d isk.

2
MaSSriclosan _ MaSStriclosan Fdisk TU

. =— . . (3.9)
disk casting solution length,, = x widthgm,
All triclosan loaded films were protected against light during storage to prevent

photodegradation of the triclosan.?

3.9.1.2 Preparation of triclosan loaded meshes

Solution electrospinning was carried out with 4 % (m/V) PLA or 24-32 % (m/V) PEG-PLA
solutions in a mixture of a triclosan stock solution in acetone and DMSO (90:10 % (v/v)) with
12 kV and a feeding rate of 0.5 mL/h on a rotating collector drum (diameter: 6 cm; width:
10 cm) with additional reciprocating motion which was masked to a width of 7 cm for PLA or
a width of 8 cm for PEG-PLA to achieve a defined area and a preferably evenly high mesh
with a consistent drug content. As disks (diameter: 2 cm) were used for agar diffusion tests

the intended drug content (25 pg) was calculated as massiciosan/disk.

2
MasSy MasSy Fdisk XTC
triclosan _ triclosan » disk (3.10)

disk spinning solution  2mry,ymX Widthyasked drum
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Besides meshes that were drug loaded by electrospinning, drug-free electrospun meshes
were impregnated with triclosan after the spinning process. Therefore, mesh disks
(diameter: 2 cm) were sprinkled twice with 20 uL of a solution of triclosan in absolute
ethanol (0.625 mg/mL) to achieve a triclosan content of 25 pg/disk. The ethanol was allowed
to evaporate before use to avoid bacterial inhibition due to the still present ethanol. To
make sure that the fibers withstood the ethanolic treatment, dried ethanol sprinkled meshes

were examined via SEM before conducting further investigations.

All triclosan loaded meshes were protected against light during storage to prevent

photodegradation of the drug.??

3.9.2 Invitro triclosan release study

The in vitro release of triclosan was investigated in triplicate from 20 um thick films of
8arm70, 4arm70, lin70rac, lin70 and PLA using film disks (diameter: 2 cm) as test specimens,
each containing about 25 ug of triclosan. Furthermore, the release from a PEG coated PLA
film containing about 10 pg per disk was investigated (higher detection accuracy compared
to 1 ug per disk). As triclosan is poorly soluble in water (0.002 mg/mL at 30 °C) as well as in
buffer pH 7.4 (0.004 mg/mL at 30 °C),253 a mixture of absolute ethanol and NaCl-containing
phosphate buffer pH 7.4 (Ph. Eur. 6.0) containing 0.05 % NaNs (25:75 % (v/v)) was used both
as release medium and as solvent for the calibration solutions. After adding 5 mL pre-
warmed release medium to each disk, the glasses with the samples were stored at 37 °Cin a
shaking water bath. The glasses were tightly sealed to avoid solvent evaporation and were

protected from light to prevent photodegradation.252

At predetermined time points, 300 L
were taken from each sample for HPLC analysis and replaced with 300 pL fresh pre-warmed
release medium. HPLC analysis was performed on a system from Shimadzu (Duisburg,
Germany), consisting of a Knauer degasser, an auto injector SIL-AD VP, a liquid
chromatograph LC-10AT, a FCV-10AL VP, a column oven CTO-6A, UV-VIS spectrophotometric
detector SPD-10AV and a system controller SCL-10A VP, equipped with a Jupiter 5u C18
column (300 A, 250 x 4.6 mm) (Phenomenex, Aschaffenburg, Germany). The methods of

Sanches-Silva et al.’*® and Chedgzoy et al.*®* were adapted to the used system so that a

gradient elution method with acetonitrile with 0.1 % TFA as mobile phase A and Millipore
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water with 0.1% TFA as mobile phase B was used. The TFA was used as additive to protonate
the triclosan and ensure a quantitative detection. Mobile phase A was raised from 55 % to
65 % within the first 12 min, then kept constant at 65 % for 3 min and was finally lowered to
55 % within 1 min. The retention time of triclosan was 12.9 min. To clean the column, the
total time of each run was 20 min. Each analysis was conducted with an injection volume of
100 pL, a flow rate of 1.0 mL/min, a column oven temperature of 30 °C and UV-detection at
280 nm. Chromatograms were recorded and assessed with Class-VP™ Software. For the
determination of the triclosan concentration, calibration solutions of triclosan in the release
medium ranging from 0.1 uL/mL to 5 uL/mL were prepared by diluting a stock solution of
10 mg triclosan that was first dissolved in 25 mL absolute ethanol and then filled up to a
total of 100 mL with NaCl-containing phosphate buffer pH 7.4 (Ph. Eur. 6.0) containing
0.05 % NaNs. The release rate was calculated cumulatively in percent related to the average

initial triclosan content per disk.

To determine the average initial drug content per disk and to check whether the triclosan
was distributed homogenously within the film, three film disks per polymer film from
different locations of the film were degraded by adding 2 mL 1 M NaOH and storing the
mixture at 37 °C overnight. 1.85 mL 1 M HCI for neutralization and 1.15 mL release medium
were added. The so-treated samples were analyzed via the above-described HPLC method

and the triclosan contents per disk of each polymer film were averaged.

At the end of the release study, film residues were rinsed with water, lyophilized and treated
like the film disks for the determination of initial drug content in order to evaluate the

residual drug content.

3.9.3 Agar diffusion test

Agar diffusion tests for the comparison of films of polymers with different geometry and PEG
content were carried out with triclosan loaded films of 8arm70, 4arm70, lin70rac and PLA as
well as PEG-coated PLA films with triclosan within the PEG layer. Film disks (diameter: 2 cm)
were put on Mueller-Hinton agar plates (38 g Mueller Hinton agar, 1,000 mL water), which

were inoculated with a suspension of Staph. aureus (ATCC® 25923™) in sterile NaCl solution
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(0.5 McFarland). After 24 h incubation at 37 °C, the agar plates were examined and the size

of the inhibition zones was determined.

Agar diffusion tests to compare the efficacy and its duration of triclosan loaded meshes to
triclosan loaded films were carried out on LB agar plates (2 g yeast extract, 4 g tryptone,
2 g NaCl, 6 g Bacto Agar, 400 mL water) that were inoculated with 100 uL overnight culture
of Staph. aureus RN4220. Film and mesh disks (diameter: 2 cm) as test specimens were
placed on the agar plates and were incubated at 37 °C for 24 h. The inhibition zones were
determined and the samples were carefully transferred to fresh inoculated agar plates every
24 h until no inhibition could be observed anymore or until the membranes started to
fragment and could not be further transferred. The test was conducted with PLA, lin70rac
and 4arm140 triclosan loaded films, meshes with triclosan loaded during electrospinning and
electrospun meshes that were impregnated with triclosan containing 25 g triclosan per disk
each. The experiment was conducted in quadruplicate. Triclosan-free polymer film and mesh

disks (diameter: 2 cm) served as references.

The inhibition of each polymer disk was calculated by

inhibition = (|2_) (3.11)

where i is the diameter of the entire inhibition zone of a single disk averaged from
measurements in horizontal and vertical direction and d is the current diameter of the disk
also averaged from measurements in horizontal and vertical direction. With this calculation,
both an occurring shrinkage of the meshes and slight extensions of the films due to swelling

were taken into account.

To determine the initial drug content per mg mesh or film, 4 cm x 4 cm squares (three per
polymer) were weighed and subsequently degraded in 2 mL 1 N NaOH each overnight at
37 °C and the absorption at 292 nm of 200 uL per well was measured in a 96 well UV
Star microplate (Greiner Bio-One GmbH, Frickenhausen, Germany) with a microplate reader

(Tecan Infinite 200, Tecan, Mannedorf, Switzerland). The drug concentration was calculated
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via a calibration curve with calibration solutions of triclosan in 1 M NaOH ranging from
20 pg/mL to 100 pug/mL. Based on these measurements, the average triclosan content per
mg mesh or film was determined and used to determine the drug contents of the disks used

for the agar diffusion via the masses of the disks.
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Chapter 4
Characterization of PLA and the synthesized PEG-PLA block
copolymers

In this chapter, the utilized polymers for further processing to solid films and solution
electrospun meshes are characterized and presented. The results of *H-NMR, GPC and DSC
analysis of the purchased PLA as well as the synthesized PEG-PLA block copolymers with
different composition and polymer architecture regarding molecular weight, molecular
weight distribution and thermal properties are discussed. Apart from conventional analysis,
GPC triple analysis was performed with linear and branched PEG as well as with PEG-PLA
block copolymers with different branching at equivalent molecular weight to gain further

information about the number of polymer arms.

Parts of this chapter have been submitted:

M. Kessler, J. Groll, J. Tessmar
Application of linear and branched poly(ethylene glycol)-poly(lactide) block copolymers for the preparation
of films and solution electrospun meshes

Macromolecular Bioscience, under review
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4.1  'H-NMR analysis

'H-NMR analysis revealed the approximate composition and number average molecular
weight of the synthesized PEG-PLA copolymers. Figure 4.1 shows a typical *H-NMR spectrum
of a PEG-PLA block copolymer using the example of lin70rac. The absence of lactide
monomer peaks and the appearance of the polymeric peaks indicate a successful
polymerization. Characteristically, the methine protons of the lactyl repeating unit appear at
a chemical shift of 5.15 ppm, the methylene protons of PEG at 3.65 ppm and the methyl
protons of the PLA blocks at 1.57 ppm. The methine protons adjacent to the hydroxylic end
groups of the PLA blocks and the PEG methylene protons next to the ester bond connecting
PEG and PLA block appear between 4.20 and 4.40 ppm.255 Due to the higher number of end
groups and esters between PLA and PEG block with an increasing number of polymer arms,
the intensity of this signal increased with increasing branching of the polymers. However, an

accurate end group analysis was not possible for the investigated polymers due to the used
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Figure 4.1 "H-NMR spectrum of lin70rac.
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high molecular weights. PEG contents and molecular weights were calculated by setting the
integral of the methine protons of the PLA main chain in relation to the methylene protons
of the PEG block. In Table 4.1 and Table 4.2 the determined approximate number average
molecular weights and PEG contents for the synthesized linear and star-shaped PEG-PLA
block copolymers are listed, illustrating that the targeted PEG contents and PLA chain

lengths were achieved by the synthesis within an adequate accuracy.

Table 4.1 Molecular weight and PEG content of linear copolymers synthesized with 70 % L-lactide and 30 %
racemic lactide according to "H-NMR.

polymer PEG_ aiculated (%) M, PEG (%)
lin70 12.50 70161 14.25
lin90 10.00 93219 10.73
lin130 7.14 145064 6.89

Table 4.2 Molecular weight and PEG content of star-shaped copolymers synthesized with racemic lactide
according to "H-NMR.

polymer PEG_alculated (%) M, PEG (%)
lin70rac 12.50 77680 12.87
4arm70 12.50 79768 12.54
8arm70 12.50 77464 12.91
4arm140 6.67 142408 7.02
8arm140 6.67 146152 6.84

4.2 GPC analysis

GPC analysis was performed not only to gain information about the success of the
polymerization and about the molecular weights but also about the dispersity and the
degree of branching of the investigated polymers. GPC analysis in chloroform via
conventional calibration relative to PS standards confirmed the successful polymerization
and intended increasing molecular weights for the linear triblock copolymers from lin70 to
lin130 (Table 4.3). The chromatograms showed monomodal peaks with a medium molecular
weight distribution and no traces of low molecular weight by-products, PEG or impurities.
For the purchased PLA a distinctly higher molecular weight with a broad molecular weight

distribution was determined as expected.

67



Chapter 4 Characterization of PLA and the synthesized PEG-PLA block copolymers

Table 4.3 Weight average molecular weight [M,,], number average molecular weight [M,] and dispersity of
linear PLA and PEG-PLA triblock copolymers determined by GPC via standard calibration method.

polymer My M b (Mw/M,)
lin70 62482 33359 1.87
lin90 68116 32443 2.01
lin130 72108 37980 1.90
PLA 1078542 338598 3.19

Concerning the star-shaped block copolymers, the GPC chromatograms also showed only
single peaks and higher molecular weights for 4arm140 and 8arm140 than for lin70rac,
4arm70 and 8arm70 as desired as well (Table 4.4). Thereby, broader molecular weight
distributions were determined than for linear copolymers. Despite similar molecular weights
of lin70rac and 8arm70 and a slightly higher molecular weight for 4arm70 according to
'H-NMR analysis, the determined molecular weight via GPC decreased with an increasing
number of arms. Since molecular weight determination via conventional GPC is based on the
hydrodynamic radius of the molecules and a similar trend was obtained for the pure linear
and branched PEGs used for synthesis as well, this trend can be attributed to the generally

smaller hydrodynamic radius of polymers with increasing branching.

Table 4.4 GPC results for star-shaped PEG-PLA block copolymers determined by standard calibration method.

polymer M,, M, b (M,/M,)
lin70rac 79827 27760 2.88
4arm70 77406 21800 3.55
8arm70 76831 20722 3.71
4arm140 121350 31987 3.79
8arm140 121870 41548 2.93

The GPC analysis of pure linear and branched PEG10k and of linear and star-shaped PEG-PLA
block copolymers via solvent enhanced light scattering GPC with samples dissolved in
chloroform but acetone as eluent and triple detection with a R, light scattering and viscosity
detector resulted in deviating values compared to conventional GPC since the determination

of molecular weights was based on light scattering and not on the different hydrodynamic

68



Chapter 4 Characterization of PLA and the synthesized PEG-PLA block copolymers

radii compared to PS. The results are listed in Table 4.5. Moreover, in contrast to conventional
GPC, for both the pure PEG polymers and the PEG-PLA copolymers narrow molecular weight
distributions were detected, which was attributed to the molecular weight determination
using the light scattering detector. The branching calculations based on the intrinsic
viscosities of linear and branched polymers yielded an average number of arms of 4.1 for
4armPEG10k and of 8.4 for the 8armPEG10k, which confirms the number of arms specified
by the manufacturer. 5.4 average arms were determined for the 4arm70 and 10.7 for the
8arm70. This calculation indicates that the desired branching of the polymers was
maintained. The slightly higher calculated average number of arms compared to the pure
PEG might be attributed to the higher difference of the molecular weights between the
branched copolymers and the linear copolymer than between linear and branched PEG since

the calculation is the more accurate the more exact the molecular weights correspond.

Table 4.5 GPC results of PEG and PEG-PLA copolymers determined by triple detection method.

polymer M., M, b (Mu/M,)
linear PEG10k 12373 12092 1.02
4armPEG10k 11197 11098 1.01
8armPEG10k 11640 11538 1.01
lin70 36728 34300 1.07
4arm70 61177 44846 1.36
8arm70 75210 62255 1.21

As the differing results concerning molecular weights and dispersity of the investigated
polymers by the conventional calibration method and the triple detection method underline,
the results of GPC analysis extremely depend on the applied method and system used for
the measurements. Thus, it is highly recommended to use the same system and method for
direct comparison of polymers, especially in case of evaluations concerning different batches

of the same polymer, to ensure best possible validity.
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4.3 DSC analysis

Thermal analysis via DSC revealed glass transition temperatures but no melting or
crystallization peaks for both the PLA and the PEG-PLA block copolymers indicating that the
initial polymers for further processing were totally amorphous (Figure 4.2). Comparing the
linear polymers, decreasing T, was determined with decreasing PLA chain length and
increasing PEG content (Table 4.6). This can be attributed to the plasticizing effect of PEG and
moreover to the overall decreasing molecular weight as postulated by Flory and Fox.?*® With
lower molecular weight, the sample consists of shorter polymer chains with more chain ends
than for a similar polymer with higher molecular weight. The chain ends disturb the local
order of the material leading to less density and a higher free volume, which consequently
lowers Tg. For the star-shaped PEG-PLA block copolymers, a similar dependence of T, on the
PEG content and molecular weight was observed as the 4arm140 and the 8arm140 polymer
showed higher T, than their counterparts with shorter PLA chains. A lower T, for the star-
shaped polymers than for the corresponding linear polymer like described by other

9,257

researchers was not observed. In contrast, T; was slightly higher for the 8arm than for

the 4arm polymers.
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Figure 4.2 DSC thermograms of star-shaped PEG-PLA copolymers (A) and linear polymers (B) displaying only
glass transitions.
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Table 4.6 Glass transition temperatures determined from the second heating run.

linear polymers T; (°C)
lin70 244
[in90 28.2
lin130 35.8
PLA 56.1
star-shaped copolymers T¢ (°C)
lin70rac 20.2
4arm70 18.3
8arm70 20.4
4arm140 28.9
8arm140 30.7

4.4 Summary and conclusions

In conclusion, *H-NMR and GPC analysis confirmed that the desired polymers for further
processing were successfully achieved by standard ring opening polymerization. PLA-PEG-
PLA triblock copolymers synthesized with 70 % L-lactide and 30 % racemic lactide were
gained within an adequate range for the targeted PLA chain lengths and molecular weights.
DSC measurements revealed decreasing T, with increasing content of plasticizing PEG and
decreasing molecule size. PLA-PEG-PLA triblock copolymers and star-shaped PEG-PLA block
copolymers with 4arm and 8arm PEG core and synthesized with 100 % racemic lactide were
also obtained with the desired molecular weight. GPC analysis with triple detection indicated
the desired average number of arms both for the starting substances 4armPEG10k and
8armPEG10k and the resulting star-shaped PEG-PLA copolymers. T, of branched polymers

depended more on the PEG content and PLA chain length than on the number of arms.
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Chapter 5
Evaluation of solvent cast polymer films

In this chapter, the results of the investigations on solvent cast films processed from the
previously described synthesized PEG-PLA copolymers and PLA regarding an application as
physical barrier device for adhesion prevention are presented and discussed. The plasticizing
effect of PEG both within linear copolymers and within the star-shaped copolymers was
explored by conducting different mechanical tests. The experiments included not only
measurements with dry as-cast films but also with sterilized and with degraded samples to
ensure a constant quality of the investigated or implanted films. Furthermore, the extent of
swelling and the degradation behavior of the PEG-PLA copolymer films, influenced by the
polymer architecture and different contents of the hydrophilic PEG, were examined to
identify trends and to tailor the film properties. A further studied drug loading of the
prepared films may lead to a more efficient barrier with less systemic side effects of the drug
due to a strictly localized drug delivery. To evaluate differences in drug release behavior of
the solvent cast films of differently composed PLA and PEG-PLA copolymers and to
determine their efficacy, polymer films were loaded with the antibiotically active triclosan
and subsequently an in vitro drug release study as well as an agar diffusion test were

conducted and are discussed in this chapter as well.

Parts of this chapter have been submitted:

M. Kessler, J. Groll, J. Tessmar
Application of linear and branched poly(ethylene glycol)-poly(lactide) block copolymers for the preparation
of films and solution electrospun meshes

Macromolecular Bioscience, under review
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5.1 Surface properties - Contact angle measurements

Water contact angles were determined to evaluate the wettability and hydrophilicity of
20 um thick polymer films made of PLA and the different synthesized PEG-PLA copolymers.
Figure 5.1A shows a typical image of a water droplet with its reflection on a polymer film
immediately taken after contact, which was then utilized for the determination of the
contact angle. For the polymer films made of linear polymers, the differences between the
polymer films were only very small. Nevertheless, a significant decrease of the immediately
taken contact angles could be determined from the PLA film (77.2°) to the lin70 film (68.2°)
with the highest PEG content (Figure 5.1B). Since a surface is considered the more hydrophilic
the smaller the water contact angle is, the results confirm that with increasing content of
hydrophilic PEG the hydrophilicity of the films increased like expected. Concerning the
contact angles two minutes after the first contact, only a slight decrease could be observed,
which was probably rather due to starting evaporation of the water droplet than due to

material effects like swelling or unfolding.258
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Figure 5.1 Water droplet on 1in90 film immediately after contact (A) and contact angles of dry as-cast linear
polymer films measured immediately and two minutes after contact with the water droplet (B).

Regarding the polymer films made of star-shaped PEG-PLA block copolymers, analogous to
the linear polymer films, only slight decreases of the water contact angles were received
between the measurements immediately after contact and the measurements two minutes
afterwards (Figure 5.2). Higher contact angles and consequently a higher surface

hydrophobicity could not be detected with elevated PLA content like for the linear polymers
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Figure 5.2 Contact angles of dry as-cast star-shaped polymer films measured
immediately and two minutes after contact with the water droplet.

and like expected. In contrast, the 4arm140 film and the 8arm140 film showed lower contact
angles than the 4arm70 and the 8arm70 film. The linear lin70rac film turned out to be more
hydrophilic than the films made of branched polymers with equivalent molecular weight,
probably due to a better accessibility of the PEG segment for water by having only two arms

of the lipophilic PLA shielding the PEG core.
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5.2 Mechanical properties

To evaluate the mechanical properties depending on the contained amount of plasticizing
PEG and the chosen polymer architecture, a tensile test, a puncture test as well as a suture
pullout test were conducted. The results of the measurements highly depended on the glass
transition temperature of the particular polymer (7able 5.1). The glass transition itself
describes the change from a glassy state to the rubbery state when a material is heated.
With increasing temperature, a massive increase of the molecular mobility occurs, which is
often explained with the theory of free volume according to which a particle within a glass-
forming material needs sufficient free volume into which it can move to enable motion
within adequate time. With increasing temperature, the density of the material decreases

259 Using differential

facilitating it for the particle to find enough free volume to move.
scanning calorimetry the glass transition is determined as the step in heat capacity, which is
measured during the second heating run. As a consequence, the outcomes of all mechanical
tests are highly dependent on the chosen test temperatures, which were varied to describe

the behavior as native film as well as at the application site.

Table 5.1 Glass transition temperatures of polymer films determined from the second heating run of DSC
measurements.

linear polymers Tg (°C) film
lin70 25.9
lin90 27.8
lin130 344
PLA 57.0
star-shaped copolymers Tg (°C) film
lin70rac 19.5
4arm70 20.9
8arm70 19.4
4arm140 30.3
8arm140 335
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5.2.1 Tensile test

A tensile test for the determination of the materials’ tensile properties was conducted to
investigate the plasticizing effect of PEG with a common method to characterize a material
and to evaluate the influence of the test temperature on the experimental outcomes.
Generally for dry tested as-cast films, with increasing test temperature an increasing strain
at break and a decrease of the tensile strength was observed. This can be attributed to the
above-mentioned higher mobility of the polymer chains at elevated temperatures especially
by overstepping T,. With respect to the particular test temperature and their T, each
polymer film showed various tensile properties like illustrated exemplarily on the load —
strain diagrams of 8arm140 films in Figure 5.3. At low temperature (20 °C) well below T, the
polymer film was very brittle and tore already after little deformation. At elevated
temperature (30 °C) the polymer film showed ductile properties. After an initial stage of
reversible elastic deformation, a first stress maximum (yield point) occurred after which the
film experienced plastic deformation and also necking of the sample was observed. During
the stage of plastic deformation, the polymer chains undergo parallel alignment before after
full alignment the samples rupture. By overstepping T, (37 °C), the polymer films showed
highly elastic properties, with increasing tensile strain the force to extend the film increased

260-261

until failure of the sample. Depending on T; and the polymer composition, test

specimens showed either a different mechanical behavior for all tested temperatures like in
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Figure 5.3 Load — strain diagrams of dry 8arm140 films obtained at different test temperatures.
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case of 8arm140 or only one or two of the shown types of load-strain curves. As the
maximum load of the sample sometimes occurred at the yield point and sometimes at the
point of break, depending on the polymer and the test temperature the tensile strength was
obviously calculated from varying stages of the test but represents always the maximum

stress the films could withstand without rupture.

By comparing the films of different polymers to each other, it was observed for the linear
polymers that with increasing PEG content the tensile strength of the films decreased
whereas the strain at break increased (Figure 5.4). While films of the pure PLA and the lin130
were quite stiff at all tested temperatures with relatively high tensile strengths, the lin90
films were only stiff at 20 °C and showed distinctly higher strains at break at elevated
temperatures. The [in70 with the highest PEG content was relatively flexible at all
temperatures and also withstood the lowest tensile forces. This can be attributed to the
significantly decreasing T, with increasing PEG content, since PEG serves as plasticizer

leading to a higher chain flexibility at the same test temperature. Since tensile strength
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Figure 5.4 Strain at break and tensile strength at different temperatures for linear polymer films (A, B) and
star-shaped copolymer films (C, D).
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depends, apart from the general chemical structure, also on the molecular weight of the

%62 the increased tensile strength of the polymers with lower PEG content may

polymer,
additionally be caused by the higher molecular weights of these polymers since the
reduction of the polymers’ PEG content was mainly generated by synthesizing longer PLA
chains on the same PEG10k core. Regarding the star-shaped copolymers, the tensile
properties were not only related to T, but also to the used branching of the polymers.
Analogous to the linear copolymers, for the polymers with higher PEG content and
consequently lower T, (lin70, 4arm70, 8arm70) higher strains at break and lower tensile
strengths were determined than for the polymers with lower PEG content and higher
molecular weight (4arm140, 8arm140), especially at 20 °C, which is around T, of the
polymers with 12.5 % PEG but clearly below T, of 4arm140 and 8arm140. Despite about the
same values for Ty, different mechanical properties were obtained for films prepared of star-
shaped copolymers with similar molecular weights but a various number of arms. The strain
at break values decreased with an increased branching whereas hardly any difference
occurred for the tensile strength. The shorter length of the chains of the polymer arms with
increasing branching together with a higher segment density?®® and less chain mobility due

264

to more chain entanglements™" probably made a sliding of the molecule chains difficult and

led to an earlier failure of the samples.

Concerning applicability as barrier for adhesion prevention, the required mechanical
properties for a best suited device are still unknown and consequently undefined. As body
motion leads to non-uniform forces on the barrier device'® the main problem is probably
that the forces that impact on the barrier device are very difficult to determine. To get an
impression of possible adequate properties and a classification of the investigated polymers
though, the tensile test was conducted with the marketed product Mesofol” (40 um thick
poly(lactide-co-e-caprolactone) film) as well. Figure 5.5 shows that the tensile properties of
Mesofol” were in about the same range as those of the lin70 and lin70rac film indicating that
the achieved tensile properties will not hinder a successful application. Precise comparisons
with results from other researchers are despite the common usage of tensile tests difficult

due to distinct variations in test parameters, like extension rate or test temperature, which
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Figure 5.5 Load — strain diagrams of Mesofo/® at 37 °Cin comparison to lin70 and lin70rac.

1

massively influences the experimental outcomes.”®’ However, the reports provide

information about the general order of magnitude of the mechanical properties, which were

.76 investigated membranes both made of different

considered appropriate. Yamaoka et a
copoly(ester-ether) composed of PLLA and Pluronic’ and of pure PLLA with obtained tensile
strengths from 40 to 57 MPa and tensile moduli between 740 and 1200 MPa. They stated
that the increased flexibility of the membranes with increased Pluronic’ content had a
positive effect on adhesion prevention since adhesion formation may be promoted also by a
mechanical stimulus. By implanting a material with high flexibility the mechanical
stimulation of the surrounding tissue is reduced and consequently adhesions minimized.

236,265 i animals with strains at break up to

Other researchers implanted PVA membranes
500 % in wet state, meaning potentially during the application in the body, and distinctly
lower values in the dry state, which is the state during application by the surgeon. They also
recommended a sufficient flexibility so that the membrane is able to adapt to body
movements and does not break with occurring deformations but proposed a certain stiffness
and stability for an easy and accurate application procedure. Regarding the here investigated
PEG-PLA films, tensile properties were in about the same range as the described devices so
that it can be assumed that, except from the very brittle and stiff PLA and PEG-PLA with low
PEG content, the investigated PEG-PLA films provide sufficient flexibility and tensile strength

for a very promising application. By varying the device’s T, via an adapted PEG content,
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strain at break varied from about 5 to 350 % at a test temperature of 20 °C so that
depending on the intended application procedure and desired properties of the surgeon for
an easy application, either polymer films with a high flexibility or a certain stiffness at
surgery temperature can be created both still providing the desired high flexibility at the

later present body temperature (strain at break 37 °C > 220 %).

5.2.2 Puncture test

Various set ups of puncture tests are often used to determine the puncture resistance of
protective clothes like surgical gloves to medical needles®®® or in the food industry to verify
the textural properties and quality of food,?*”**° but the idea of a puncture test was also
adapted by some groups to determine the puncture properties for medical applications like
orodispersible and buccal films®” or polymeric film coatings of tablets.?**2*?° Radebaugh
et al.?*® found that the puncture test allowed a greater differentiation of the elongation of
different polymer films than the tensile test as higher ratios of the elongations to
puncture/break of a polymer film to a reference film were obtained with the puncture test
than with the tensile test. Consequently the puncture test was not only a useful
complementation to the tensile test due to additional findings regarding resistance to
deformation by puncture, but it also turned out to be a versatile tool to differentiate films

that showed similar results during the tensile test. Since during body motion also not only
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Figure 5.6 Load — displacement diagrams of dry 8arm140 film obtained at different temperatures.
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tensile forces occur, besides a tensile test a puncture test was conducted to additionally
determine the resistance to deformation by puncturing the films. Typical load -
displacement diagrams are exemplarily illustrated in Figure 5.6 with 8arm140 films. With
increasing displacement the load increased and at the maximum load the films finally
ruptured. After an initial steep ascent of the curve, the slope noticeably decreased after an
inflection point probably due to a relaxation of the film to the applied stress**® or due to a

271

first crack or damage of the film.”"~ Similar to the tensile test, generally with increased test

temperature the maximum load decreased whereas the elongation to puncture increased.

For the linear polymers with increasing PEG content generally the elongation to puncture
increased significantly (Figure 5.7A). The higher values of the PLA film compared to the lin130
may be due to its massively higher molecular weight and longer polymer chains. The load to
puncture values did not correlate with the PEG content but were distinctly higher for the
pure PLA film than for the copolymers, probably due to the massively higher molecular

weight as well (Figure 5.7B). For the star-shaped block copolymers both an influence of the
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Figure 5.7 Elongation to puncture and load to puncture of linear (A, B) and star-shaped (C, D) PEG-PLA block
copolymer films.
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PEG content and branching was observed for elongation to puncture as well as for maximum
load (Figure 5.7¢, D). With increasing PEG content and shorter PLA chains the films were longer
stretched but withstood lower forces. Increased branching of the PEG-PLA copolymers led to
a decrease of the elongation to break values, but in contrast to the tensile test a slight
decrease of the load to puncture for polymers with similar molecular weights occurred.
Moreover, the PEG content and molecular weight dependent higher resistance to the
applied force for the branched polymers with prolonged PLA chains was clearly visible also at
elevated temperature. In summary, these results generally reflect the same trends as found
by the tensile test but with different absolute values and a finer differentiation between the
polymers, which confirms that the puncture test not only is a versatile method to
characterize polymer films but also has the ability to detect differences between samples
that do not appear during tensile test. The test results again indicate that the linear
polymers with very low PEG content are distinctly less flexible and consequently probably
less suitable for an application as barrier device than the polymers with elevated PEG

contents, which exhibit high and sufficient elongation values.

The puncture test was additionally used to determine the mechanical properties of the
polymer films during degradation to evaluate their stability during application especially
regarding differences between films made of polymers with various architectures. During
the storage in buffer pH 7.4, thin film strips such as the test specimens for the tensile test
tended to curl and also suffered along the edge leading to predetermined breaking points,
which ultimately led to inaccurate tensile test results. The alternative puncture test, where
the measurements are conducted in the center of the test specimen, appeared to be a more
reliable method since the actual shape of the edges of the films after incubation in
phosphate buffer pH 7.4 at 37 °C is irrelevant for the test results. Concerning the load to
puncture, again a consistent decrease with increasing PEG content and with an increasing
branching could be observed over the investigated degradation time but with a general
decrease of the absolute values. However, the reduction of the maximum forces the films
could withstand was quite small so that a good stability of the films during application can be
expected (Figure 5.88). The elongation to puncture massively decreased over time for all

investigated polymer films (Figure 5.8A). Thereby, the values of star-shaped copolymers with
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Figure 5.8 Puncture properties of star-shaped PEG-PLA block copolymer films during degradation in phosphate
buffer pH 7.4 at 37 °C.

similar molecular weights approximated after one week, which may be attributed to a longer
retention of the plasticizing PEG within higher branched polymers due to more connecting
points that anchor it.? In contrast to the beginning of the degradation and to dry films, after
24 h higher elongations to puncture were obtained for the polymer films with low PEG
content than for the polymer films with high PEG content implying that the 4arm140 and the
8arm140 film maintained their initial mechanical properties to the highest extent among the
investigated polymers. This may be attributed to a slower washout of degradation products

due to higher chain lengths and a better anchorage of the PEG due to branching.

Since medical devices need to be sterilized before implantation to avoid infections in
patients,?’? an appropriate sterilization method for the particular device has to be found to
ensure maintenance of adequate material properties upon sterilization. Thereby, the most
commonly applied sterilization methods dry-heat sterilization and autoclaving are not
suitable for medical devices of aliphatic polyesters as those polymers are sensitive to both
heat and moisture, which is reflected in plastic deformation and degradation. Chemical
sterilization with ethylene oxide is also not ideal as the gas might not permeate the entire

device and moreover toxic residues may remain.?”>’*

In the end, sterilization with electron
beam or y-irradiation is the most widely used method because of short sterilization times
and relatively small effects on the polymer devices. However, depending on the chemistry of
the polymer chains, chain scission or cross-linking reactions occur, which alter the chemical

composition and thereby also change the mechanical properties of the device.?’® To evaluate

84



Chapter 5 Evaluation of solvent cast polymer films
M nonsterile sterile

W nonsterile sterile A B

14 A

- 12 l

1 10 - I }

J 8

- 6 -

] I 4 4

- 2 =

| , , : 0 - o . ; .

lin130 1in90 lin70 lin70rac  4arm140 lin130 lin90 lin70 lin70rac  4arm140

e
N O
o O O o

[es]
o

a
o
load to puncture (N)

elongation to puncture (%)
s 5
o o

N
o

(=)

Figure 5.9 Elongation to puncture (A) and load to puncture (B) at 20 °C of selected polymer films after
sterilization via electron beam irradiation.

how much the mechanical properties of the developed PEG-PLA films suffer upon
sterilization, films of selected polymers were sterilized via electron beam irradiation and a
puncture test was conducted with samples of the sterilized films. A massive decrease both of
the elongation to puncture and the load to puncture was observed for lin130 and [in90
indicating little stability towards electron beam irradiation (Figure 5.9). The 70:30 L-
lactide:D,L-lactide chain copolymers with the highest PEG content (lin70) showed less losses
of the mechanical properties, however, the linear racemic version of the polymer (lin70rac)
showed both less loss of elongation and load to puncture than the lin70. The tested 4arm140
film also turned out to be quite stable upon electron beam irradiation especially regarding
the load that the film could withstand. With the smallest losses especially in load to
puncture for the lin70rac and the 4arm140 film it can be concluded that both racemic PLA
chains and a high PEG content in the polymers increased the mechanical stability towards

sterilization via electron beam irradiation.
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5.2.3 Suture pullout test

Many medical devices (e.g. pacemakers, heart valves, breast implants) start to move within
the body without fixation, which can lead to significant problems for the patient.'® In case of
non-adhesive barrier devices also a complete coverage of the site of injury during the critical
stages of wound healing is not ensured without a fixation so that barriers are usually sutured
or fixed with staples to stay in place and remain effective. Therefore, it is quite important
that the applied films withstand the forces occurring during suturing by the surgeon. With
the conducted suture pullout test the maximum axial forces that can be applied to the film

until the surgical suture is pulled out of the suture hole were determined.
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Figure 5.10 Results of the suture pullout test of linear polymer (A) and star-shaped copolymer (B) films.

Concerning the linear copolymers, an increasing PEG content of the polymer led to an
increased suture pullout force (Figure 5.10A) in contrast to the tensile and puncture test
where with increasing PEG content the films withstood lower loads. This finding can
probably be attributed to the brittleness of the polymer films with high PLA content. By
examining the shape of the suture holes generated during the experiment, for the PLA film
samples a thin straight line can be recognized for all test specimens illustrating that the
surgical suture was neatly sliding through the films without further deformation of the
specimens due to the high brittleness of the film (Figure 5.11). With slightly increased PEG
content (lin130) still for two test specimens the suture neatly slid through the film. However,
three specimens tore sideways so that the films were separated into two pieces to finally
pull out the suture. The linear polymer specimens with 10 % and 12.5 % PEG content and a

higher elasticity of the material showed a higher resistance towards the surgical suture so
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Figure 5.11 Film test specimens after suture pullout test made of PLA (A), lin130 (B), 1in90 (C) and lin70 (D).

that a neat sliding of the suture through the film was prevented and all test specimens tore

sideways with a separation of the film.

For films made of star-shaped PEG-PLA copolymers a dependence of the maximum force on
the number of arms could be observed. For polymers with equivalent molecular weights and
PEG content, a higher branching resulted in a lower maximum force
(Figure 5.108). This might be attributed to the phenomenon already discussed for the tensile
test in 5.2.1, that higher branching results in shorter polymer chains and aggravates sliding
of the chains along each other, consequently leading to a faster rupture of the film, which
occurred sideways like described for the linear copolymers with elevated PEG content. With
increased PLA content (elongated PLA chains) a lower load was necessary to pull out the
suture due to a higher brittleness of the films analogous to the linear copolymers. Since all of
the investigated PEG-PLA films showed higher maximum loads than the PLA film already in
clinical use, which can successfully be sutured, good suture pullout properties and local

residence in the body can be expected.
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5.3 Swelling and degradation studies

Over an investigated degradation time of eight weeks, the PLA film samples macroscopically
changed neither in dimension nor in optical appearance for both investigated pH values but
stayed intact with consistent diameter and a transparent appearance. Hardly any water
uptake (maximum 2 %) and no significant mass loss occurred and the molecular weight was
reduced only to 78 % or 92 % of the initial molecular weight after eight weeks (Figure 5.12). In
addition, DSC measurements of the degraded PLA samples resulted in no significant changes
for T confirming the GPC results as in case of a massive reduction of the molecular weight
and also with the presence of monomers or oligomers acting as plasticizer a decrease of T,
can be expected.”’®?’” The findings of the slow degradation of the PLA film are in good
accordance with descriptions in the literature that report long degradation times not only for

semicrystalline PLLA?’® but also for long chained amorphous PDLLA.*”

The hydrophobicity of
the PLA made it very difficult for water to penetrate into the film, which is necessary for the
ester cleavage. In addition, chain scission within the high molecular weight of the used PLA
led at the beginning to degradation products that were not small enough to be washed out
of the film but large enough to keep the integrity of the film. Thereby, an increase of the

acidity of the degradation media to pH 5.5 had no relevant influence on the degradation of

the PLA film.
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Figure 5.12 Swelling and mass loss (A), molecular weight loss (B) and macroscopic appearance initially (C) and
after eight weeks (D) of a PLA film during degradation.
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Macroscopically, the investigated PEG-PLA films kept their dimensions or experienced only
slight extension due to swelling and stayed intact in buffer over the investigated eight
weeks, but largely started at some point to fragment during removal, like clinically desired,
so that a fragmentation can be expected in vivo due to the body movement. The starting
point of fragmentation thereby depended both on the PEG content and the branching of the
film polymer. Regarding the linear polymers with 70:30 L-lactide:D,L-lactide chains, the
higher the PEG content the earlier the films started to fragment at pH 7.4. The copolymer
films with the highest PEG content tore first already after three weeks and the lin90 with
intermediate PEG content after six weeks, while the stiff lin130 did not rupture until week
eight. The racemic lin70rac was more stable than the non-racemic lin70 as it stayed intact
over seven weeks and also stayed transparent (but slightly opaque) while the lin70 turned
completely white after several weeks (Figure 5.13). For the star-shaped PEG-PLA copolymer
films, an increasing number of arms led to less stability and an earlier fragmentation of the
films with similar molecular weights of the polymers. While the lin70rac showed first
ruptures after seven weeks at pH 7.4, the 4arm70 and the 8arm70 films started to fragment
already after six weeks and the 8arm70 films disintegrated in distinctly smaller fragments. In
contrast to the trend of the linear copolymers, the films of star-shaped block copolymers
with elongated PLA chains and consequently lower PEG content started to fragment earlier

(week 4) than the films with higher PEG content.

Figure 5.13 Film specimens of lin70rac (A, C) and lin70 (B, D) before storage
in phosphate buffer pH 7.4 (A, B) and after eight weeks incubation (C, D).
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The results of the swelling study at pH 7.4 of the linear PEG-PLA copolymer films are in good
accordance with the contact angle measurements (see 5.1) because the ascertained
increased hydrophilicity with increasing PEG content of the polymer was reflected by the
extent of water uptake as well. The water uptake of all films was generally rather low, but
with the consistent trend that the swelling was higher for polymers with a higher PEG
content and a consequently higher hydrophilicity (Figure 5.14). Despite the occurring water
uptake and the above-mentioned starting fragmentation during the investigated time,
hardly any mass loss could be detected for all linear PEG-PLA copolymer films indicating that
hardly any small molecules were washed out. However, GPC analysis revealed a massive
decline of molecular weight to about 35 % of the initial weight for the triblock copolymers
after eight weeks so that it can be concluded that the degradation products were despite a
marked chain scission largely still not small enough to freely diffuse out of the films.
Consequently, the disintegration of the films can be attributed to degraded molecules that
could not maintain the integrity of the film rather than to a massive washout of water
soluble degradation products. Thereby, the polymer film with the highest PEG content
(lin70) probably started to fragment first because of shorter PLA chain lengths after the first

ester cleavages.
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Figure 5.14 Mass loss, swelling (A) and molecular weight loss (B) of triblock copolymer films determined at
pH 7.4.
# indicates film fragmentation in small pieces that could not be weighed accurately.
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Figure 5.15 T, of linear polymer films (A) and DSC thermograms of lin70 film (B) over degradation time
determined via second heating run.

DSC analysis of the degraded films consistently displayed a lower T, with higher PEG content
and revealed only slight changes in T, over time. A slight increase after the first week and a
subsequent slight decrease (Figure 5.15) occurred probably because of the polymer
degradation leading to a mixture of various smaller breakdown products that resulted in
enhanced chain mobility. Although the initial as-cast films were totally amorphous,
crystallization peaks occurred at 121 °C for lin70 after two weeks degradation indicating
congregation of the segments and probably leading to the above described white

appearance of the lin70 samples, due to formed crystallites.

Under inflammatory conditions at pH5.5, the swelling study as well as the DSC
measurements gave similar results as under pH 7.4 and no noteworthy mass loss occurred
over the investigated eight weeks as well. In contrast, an enhanced molecular weight loss

could be determined with increasing PEG content of the polymer as the decline of the
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Figure 5.16 Molecular weight loss of triblock films at pH 5.5.
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molecular weights of lin70 and |in90 was higher than at pH 7.4 (Figure 5.16). However, this
was not manifested in an earlier disintegration of the films since the first signs of
fragmentation occurred after the same time as for the films degraded at pH 7.4, which
indicates that more acidic degradation conditions did not negatively influence the behavior

of the films and that the films may also withstand an inflamed wound site.

Concerning the swelling and degradation of the films made of star-shaped PEG-PLA
copolymers, except from the 8arm70 films, no decisive differences could be detected

I”

between “normal” physiological conditions (pH 7.4) and inflammatory conditions (pH 5.5) as
well. The water uptake generally was low and depended both on the PEG content and on the
branching of the polymers. Analogous to the linear triblock PEG-PLA copolymers, a higher
swelling occurred for the star-shaped block copolymers with a higher content of the
hydrophilic PEG (lin70rac, 4arm70, 8arm70) than for the polymers with elongated PLA chains
and lower PEG content (4arm140, 8arm140) (Figure 5.17). Comparing the copolymers with
similar molecular weights but different architecture with each other, less water uptake was
determined with increasing branching which can probably be attributed to a better
accessibility for water of the PEG segment of the linear copolymer than for the PEG segment
of the star-shaped block copolymers. The local average polymer density relatively increases

with an increasing number of arms so that in terms of water uptake the star-shaped block

copolymers resemble an impenetrable core from which the PLA arms arise.?*
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Figure 5.17 Swelling at pH 5.5 (A) and molecular weight loss (B) at pH 7.4 of star-shaped PEG-PLA block
copolymers.
# indicates film fragmentation in small pieces that could not be weighed accurately.
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Like for the linear PEG-PLA copolymers, the molecular weights massively declined for the
star-shaped block copolymers as well. A higher loss of molecular weight was determined for
the branched PEG-PLAs than for the lin70rac with the highest losses for the polymers with
elongated PLA chains (4arm140, 8arm140). Furthermore, with similar initial molecular
weight in both cases the films made of 4arm-shaped copolymers experienced faster
molecular weight losses than the comparable 8arm block copolymers. The faster molecular
weight loss for the branched polymers than for the linear polymer with similar molecular
weight may be due to the preferential ester cleavage of the ester bond between PEG and
PLA. Due to reduced PLA chain lengths with an increasing number of arms, the ester
cleavage led to smaller initial degradation products with increased branching of the block
copolymers.9 The smaller breakdown products resulted in the above-mentioned earlier
fragmentation of the films with increasing branching of the polymer because the integrity of
the film matrix could no longer be maintained. In case of the 8arm70 films, the polymer
breakdown obviously soon led to small water soluble oligomers that diffused out of the film
in the early stages of the experiment because a higher initial mass loss could be determined
for the 8arm70 film than for the 4arm70 and the lin70rac. The results of the GPC analysis
with the higher remaining molecular weight for the 8arm70 film than for the 4arm70 despite
a faster fragmentation confirm a washout effect of the small breakdown products, which is
further reinforced by *H-NMR analysis of the degrading film samples. These measurements
revealed a relatively higher increase in PEG content over time with an increasing number of
arms for the polymers with similar molecular weight referred to the initial films. This signifies
both a washout of PLA oligomers and a longer retention of the hydrophilic PEG within the
film matrix with an increased branching. In contrast to the other star-shaped copolymer
films, the 8arm70 film disintegrated faster during incubation at pH 5.5 (week 4) than at
pH 7.4 (week 6), which can be attributed to a distinctly higher molecular weight loss at
pH 5.5 than at pH 7.4 for the 8arm70 film, which did not occur for the other polymers
(Figure 5.18). The above-mentioned earlier fragmentation of the 4arm140 and the 8arm140
films may be due to the higher PLA content and higher glass transition temperature

compared to lin70rac, 4arm70 and 8arm70, which generally made the films more brittle.
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Figure 5.18 Mass loss of star-shaped PEG-PLA block copolymer films at pH 7.4 (A) and molecular weight loss of
8arm70 and 4arm140 film at pH 7.4 and pH 5.5 (B).

# indicates film fragmentation in small pieces that could not be weighed accurately.

DSC measurements revealed only slight changes of T, over time with a slight increase
followed by a decrease probably due to the occurrence of small degradation products. In
contrast to the films made of the linear copolymers synthesized with 70:30 L-lactide:D,L-
lactide, no crystallization peaks occurred for both investigated pH values for the branched
copolymers and only minor crystallization at week four for the lin70rac film indicating softer

and more rapidly absorbed degradation products (Figure 5.19).
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Figure 5.19 T, of branched polymer films (A) and DSC thermograms of lin70rac film (B) over degradation time
determined via second heating run.
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5.4 Drug release study

The release behavior and the antibacterial efficacy of films loaded with the lipophilic
triclosan were evaluated by an in vitro release study and agar diffusion tests on agar plates
inoculated with Staph. aureus since Staph.aureus counts to the organisms mostly
responsible for surgical site infections related to surgical procedures.231 Figure 5.20 shows the

growth inhibition of Staph. aureus by films of different polymers with varying drug loading.

1pg

PEG coated
PLA film

lin70 film

PLA film

Figure 5.20 Inhibition of Staph. aureus growth of PEG coated PLA film, 1in70 film
and PLA film disks loaded with different amounts of triclosan after 24 h incubation.

While the PLA films with triclosan loaded PEG coating already led to an inhibition of 0.75 cm
with only 1 g triclosan per polymer disk, for films made of lin70 and PLA a loading with 1 ug
was too low to inhibit bacterial growth. By increasing the drug content to 25 ug per disk, an
antibacterial efficacy was observed for the lin70 films whereas for the PLA film no inhibition
zone was obtained. A further increase of drug content to 50 ug per disk still did not result in
visible inhibition indicating a very poor diffusion of the drug through the PLA matrix. A
determination of the released triclosan over time via HPLC was in good accordance with the
results of the agar diffusion test. While the PEG coating showed an immediate release with a
detected release of 70 % already after ten minutes, a sustained release with elongated drug
release was obtained for the lin70 film and a very slow release for the PLA film with lower

drug release (Figure 5.21).
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Figure 5.21 In vitro release curves of PEG coating with 10 ug triclosan (A), lin70 film with 25 ug triclosan (B)
and PLA film with 25 ug triclosan (C). For analytical reasons, the drug release from a 10 ug triclosan loaded
PEG coating was used for the HPLC analysis.

The differences between the polymer films regarding drug release behavior can be
attributed to the varying contents of hydrophilic PEG. The initial burst for the release of
triclosan of the PEG coating with an immediate release of virtually the entire contained drug
was due to the immediate dissolution of the coating in the aqueous release medium. Owing
to the hydrophilic nature of PEG, the coating was washed off the PLA film and consequently
all the triclosan was released into the medium. This effect led to the antibacterial efficacy
already with very low drug loading of 1 ug per disk. The lin70 film and the PLA film cannot be
dissolved in water due to the lipophilicity and high molecular weights of the polymers.
Therefore, drug release was significantly slower without a large burst as the triclosan release
occurred by diffusion of the drug through the polymer matrix. Consequently, with a drug
loading of only 1 pug per disk no inhibition of bacterial growth could be achieved. By
enhancing the drug content to 25 pg per disk, in contrast to the PLA film, for the lin70 PEG-
PLA an inhibition was obtained due to the contained hydrophilic PEG which led to a higher
water uptake of the film (see 5.3) and as a consequence to a faster diffusion of the triclosan
out of the film matrix. The lipophilicity and the very poor water solubility of triclosan led to a
good miscibility of the triclosan with PLA and consequently a higher affinity to the PLA film
than to the aqueous release medium. Together with the low water uptake of the PLA film
this effect obviously hindered the triclosan extremely to diffuse so that diffusion through the
PLA film was so slow that only low amounts were released over three weeks and even a drug
loading with 50 pg per disk did not result in bacterial inhibition despite a released absolute
amount of 2.3 ug within 24 hours for a loading with 25 pg as well as with 50 pg, which is

more than the overall released 1 pg from the PEG coating.
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To evaluate the influence of polymer branching on the release behavior and antibacterial
efficacy, an in vitro release study and an agar diffusion test were conducted with polymer
films made from lin70rac, 4arm70 and 8arm70. After 24 hours, with a determined inhibition
of 0.55 cm each, no difference in antibacterial efficacy was observed with varying polymer
architecture (Figure 5.22). This result was confirmed by HPLC analysis of the released triclosan
amount since after one day with around 20 % of the initial drug content similar amounts
were released for all samples. Over the following weeks, slight differences occurred
regarding the released drug amount. With an increasing number of arms, an increasing
amount of triclosan was released. In this case, the difference cannot be attributed to
differences in water uptake since less swelling occurred with an increasing number of arms
(see 5.3). The difference might be explained by the earlier fragmentation and consequently
higher specific surface with increasing branching leading to a faster release. However, the
overall release of between 27 % (lin70rac) and 31 % (8arm70) of the initial triclosan content
after thirteen weeks was very low and differences only minor so that hardly any differences
for an in vivo release and efficacy can be expected. With regard to the above described
differences in release behavior and efficacy between PLA and PEG-PLA, a variation in
triclosan release can rather be achieved by a variation of the overall content of the
hydrophilic PEG than by a variation of the polymer architecture. By regarding the release
curves over several weeks, it is furthermore remarkable that after an initial drug release of

about 20 % the curves flattened and the release constantly proceeded over the following
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Figure 5.22 In vitro release profiles determined via HPLC (A) and agar diffusion test of polymer films made of
lin70rac (B), 4arm70 (C) and 8arm?70 (D) loaded each with 25 ug triclosan per disk.
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weeks. Taking into account that the films were made of hydrolytically cleavable polymers
and started to fragment after six to seven weeks (see 5.3), one would expect a two-stage
release like manyfold described in the literature?® 2% for devices undergoing bulk
degradation and illustrated in Figure 5.23. The first stage is diffusion controlled with an initial
burst release. With starting erosion or fragmentation of the matrix, an acceleration of the
drug release with a second stage of fast release occurs. The obtained release curves without
the second stage of fast release and only around 30 % release after thirteen weeks despite
film residues which were only tiny pieces indicate that the lipophilic triclosan adhered
strongly to the polymers fragments, which prevented a detectable soaring release into the
medium because of film fragmentation. However, the differences in film fragmentation were
manifested in slight differences in the absolute release values like already mentioned.
Determinations of the residual drug content of the remaining material confirmed that the
residuary triclosan was still in the tiny film pieces and not yet released or decomposed. As
long as the drug content is high enough to lead to an efficacy, the achieved slow and
constant release of the drug could be quite beneficial for applications which require a linear
longterm release. The antibacterial efficacy over time of the here investigated polymer films
and the benefit for an application as drug loaded barrier device for adhesion prevention
were further investigated with additional agar diffusion tests in comparison to drug loaded
electrospun meshes. The obtained results were therefore illustrated and discussed in

Chapter 6.

release —

time —>

Figure 5.23 Expected curve progression from a biodegradable
drug eluting device undergoing bulk erosion.
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5.5 Summary and conclusions

In conclusion, it was shown that with a PLA modification using the hydrophilic PEG, the
properties of solvent cast films can be triggered and consequently films were successfully
tailored for an application as physical barrier device for the prevention of postsurgical
adhesions. Due to the plasticizing effect of PEG on the PLA, the mechanical properties could
be improved and designed for different applications. Films with high flexibility at body
temperature (37 °C) and concurrent low or high flexibility at surgery temperature (20 °C)
were achieved so that depending on the desired application procedure and its requirements
a film with adequate properties for an easy application by the surgeon can be chosen, in
either case providing appropriate flexibility within the patient’s body to adapt to natural
body and organ motion. A suture pullout test confirmed that the films withstand sufficient
forces to stay appropriately fixed, indicating sufficient local residence stability to ensure a

complete coverage of the site of injury during the time of wound healing.

The presence of hydrophilic PEG resulted in an increased hydrophilicity of the polymer films
and consequently to an enhanced water uptake as well. This led together with lower
molecular weights to a massively accelerated degradation of the films compared to pure PLA
so that the degradation time was shortened from several months to four to six weeks. For
drug loaded PEG-PLA films a faster initial release of the lipophilic antiseptic triclosan was
achieved, which, in contrast to PLA films at the investigated drug contents, resulted in a
successful growth inhibition of postsurgical adhesions causing Staph. aureus. With a pure
PEG coating of PLA films, due to a burst release, the highest initial inhibition was obtained so
that combinations of different polymer layers with different drug content for a modified

release system seem promising as well.

By varying the polymer architecture using star-shaped PEG cores with different numbers of
arms for polymer synthesis, the properties of the fabricated films could further be adapted.
Polymer branching resulted in an earlier film fragmentation compared to linear polymers
due to shorter initial PLA chains and consequently degradation products. However, a longer
persistence of the mechanical properties over time was achieved because with a higher

number of arms more connecting points to the PLA chains are provided, leading to a better
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anchorage of PEG within the film matrix. Polymers with racemic PLA chains seemed superior
to the polymers synthesized with 70 % L-lactide and 30 % D,L-lactide. Racemic films
degraded in softer film pieces without occurring crystallization and showed a higher stability
towards electron beam irradiation. This improved resistance towards the sterilization
process is very crucial to ensure the film’s quality since sterilization is stringently required

before application.
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Chapter 6
Evaluation of electrospun meshes particularly in comparison
to films

In this chapter, the establishment of solution electrospun meshes of PLA and PEG-PLA
copolymers is described and the results of the subsequent experiments with these meshes
with regard to an application as physical barrier device are illustrated and discussed.
Thereby, the special focus lies on the comparison with solvent cast films of the same
polymers. For a best possible comparability, analogous to the films, 20 um thick solution
electrospun meshes were used unless otherwise stated and as far as possible similar
experimental conditions were applied. Thus, also swelling and degradation studies as well as
mechanical tests were conducted with regard to the influence of hydrophilic PEG and
polymer architecture. Furthermore, an agar diffusion test with triclosan loaded meshes and
films was carried out to evaluate the particular antibacterial efficacy of the different delivery
devices. Cell culture tests were also performed to determine cell adhesion and viability on

the differently structured surfaces.

Parts of this chapter have been submitted:

M. Kessler, J. Groll, J. Tessmar
Application of linear and branched poly(ethylene glycol)-poly(lactide) block copolymers for the preparation
of films and solution electrospun meshes

Macromolecular Bioscience, under review
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6.1 Establishment and surface properties of solution electrospun meshes

6.1.1 Concentration and solvent effects

Non-woven meshes of the previously synthesized PEG-PLA copolymers and the commercial
high molecular weight PLA first had to be established for further investigations on the
impact of the different manufacturing techniques. To obtain best possible uniform fibers and
meshes that were good to handle, varying polymer concentrations and solvents were used
for the solution electrospinning process. For all PEG-PLA copolymers, uniform cylindrical
fibers could be obtained by electrospinning with a polymer solution in an acetone/DMSO
mixture (90:10 % (v/v)). SEM images of electrospun 8arm70 solutions with varying polymer
concentrations (Figure 6.1) exemplarily illustrate a concentration and a concomitant viscosity

283-285 3nd which

effect, which is already well-known for electrospinning of other polymers
was observed for the other investigated PEG-PLA copolymers as well. By applying a high
voltage to a solution with low polymer concentration, no fibers but only beads were

generated so that the process was rather electrospraying than electrospinning. This can be
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Figure 6.1 SEM images of electrospun meshes of 28 % (A), 32 % (B), 36 % (C) and 44 % (D) 8arm70 solutions in
acetone/DMSO.

explained by insufficient molecule chain entanglements for the formation of a stable jet to
create fibers and an occurring capillary breakup of the jet into droplets by surface tension
known as Rayleigh instability. By increasing the polymer concentration, at first fibers with
incorporated beads were obtained. The shape of the beads changed from spherical to a
spindle-like appearance until with enough net charge density the beads became smaller and
finally, with sufficient polymer concentration, continuous fibers without beads were

obtained, 2832867288

By further increasing the polymer concentration, fiber diameters
increased. To achieve similar fiber diameters, concerning the linear triblock PEG-PLA

copolymers, a lower polymer concentration was necessary for the lin90 than for the lin70.
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For the lin130 an even lower concentration than for the 1in90 led to similar fiber diameters
(Figure 6.2). In this case, the results can be explained by the overall extended polymer chains
and higher molecular weights with extended PLA chains which consequently enhanced the
polymer solution viscosity and led to thicker fibers rather than by the varying PEG content of
the polymers. Unless otherwise stated, in the following investigations with electrospun
meshes of triblock copolymers, a 24 % solution of 1lin70, a 28 % solution of lin90 as well as a
32 % solution of lin130 in acetone/DMSO were used for the electrospinning process to
achieve uniform fibers with diameters of 1.07 um = 0.21 um. By using solely non-wovens
with fiber diameters in the same range, occurring differences in the results of further
experiments can be mainly attributed to the properties of the polymers rather than to

differences in the achieved and applied fiber morphology.
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Figure 6.2 Fiber diameters of triblock PEG-PLA copolymers at different polymer concentrations (A) and
exemplarily a SEM image of a lin130 mesh processed with a 24 % polymer solution (B).

Regarding the star-shaped PEG-PLA block copolymers with equivalent molecular weights,
higher polymer concentrations were necessary to obtain uniform fibers without beads with
increasing branching of the polymer (Figure 6.3). Moreover, by applying the same polymer
concentration, the higher the number of arms of the polymer the smaller the resulting fiber
diameters were. These observations can be explained by the smaller hydrodynamic volume
of the branched polymers due to a higher segment density resulting from the increased
branching. Together with the branching points, which additionally prevent an overlapping of

the molecule chains, this led to reduced and then insufficient chain entanglements
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Figure 6.3 Fiber diameters after electrospinning different concentrations of
star-shaped block copolymers with equivalent molecular weights.

O indicates the lowest concentration leading to fibers without beads.

preventing the formation of a stable jet and consequently uniform fibers during the
electrospinning process at concentrations which already led to a stable jet for the linear

263 However, also the lowest concentration to

copolymer with similar molecular weight.
generate fibers without beads not always led immediately to uniform fibers but meshes
consisting of fibers of quite various diameters so that for the preparation of meshes for the
following experiments electrospinning was partly carried out with slightly higher polymer
concentrations in the spinning solutions. Unless otherwise stated, meshes for further
investigations were processed with the concentrations given in Table 6.1 and a fiber
morphology that can be seen in Figure 6.4. For the star-shaped copolymers with extended PLA

chains (4arm140, 8arm140), lower concentrations were sufficient to achieve uniform fibers

without beads than for their analogs with shorter PLA chains (4arm70, 8arm70) due to

Table 6.1 Polymer concentrations of star-shaped PEG-PLA block copolymers in acetone/DMSO
applied for electrospinning in the following experiments and resulting fiber diameters.

Polymer concentration (m/V %) fiber diameter (um)
lin70rac 28 1.32+0.12
4arm70 32 0.93+0.12
8arm70 44 1.19+0.13
4arm140 24 1.03+0.16
8arm140 32 1.30+0.19
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Figure 6.4 SEM images of lin70rac (A), 4arm70 (B), 8arm70 (C), 4arm140 (D) and 8arm140 (E)
meshes electrospun with concentrations given in Table 6.1.

higher hydrodynamic volumes and chain lengths facilitating chain entanglements and fiber
formation. The fiber diameters of the non-woven meshes of the star-shaped block
copolymers could not be as exactly brought onto the same value as the fiber diameters of
the triblock copolymers, but in a narrow range that still allows drawing conclusions about

the effects of the different polymers.

Electrospinning of solutions of the high molecular weight PLA was carried out in distinctly
lower concentrations than the PEG-PLA copolymers due to the massively higher molecular
weight of the polymer and the consequently higher viscosity of the resulting polymer
solutions. Moreover, various different fiber morphologies were obtained based on the
chosen solvent and the spinning conditions. By electrospinning PLA in acetone/DMSO the
process did in contrast to the PEG-PLA copolymers not lead to uniform cylindrical fibers but
resulted in flat ribbon-like fibers (Figure 6.5A). By varying the concentration of the polymer
solution, the ribbon-like morphology of the fibers remained but despite the flat appearance
the already mentioned phenomenon occurred that with increasing concentration the fiber
diameter increased (Figure 6.5B). A variation of the applied high voltage and the feeding rate

also did not change the fiber morphology but only the fiber diameter. Other researchers
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Figure 6.5 SEM image of a PLA mesh made of a 4 % solution in acetone/DMSO (A) and fiber diameters of PLA
meshes after electrospinning with different concentrations in acetone/DMSO (B).

suggested that the ribbon-like morphology emerges when the solvent rapidly evaporates of
the surface of the jet. Thus, the remaining solvent is partly trapped within the fibers as a thin
polymer skin is formed on the jet. The fiber skins collapse and flatten through the
atmospheric pressure when the solvent finally evaporates.’’***® Wwith the additionally
investigated solution electrospinning in methylene chloride the obtained fibers were
cylindrical but porous (Figure 6.6A). According to Bognitzki et al.,”®® who obtained porous
PLLA fibers with electrospinning solutions in methylene chloride, the regular pore structure
may be caused by a high solvent vapor pressure, especially since pore formation was
reduced by using solvents with lower vapor pressure. They hypothesized a rapid phase

separation during the electrospinning process whereby the pores were formed in solvent

Figure 6.6 SEM images of PLA meshes showing fiber morphologies after electrospinning of
solutions in methylene chloride with 12 kV and 1 mL/h (A) or DMF with 12 kV and 0.5 mL/h (B).
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rich regions. Another explanation of pore formation on fibers during electrospinning is an
effect called “breath figures”. Upon rapid solvent evaporation the cooling effect may lead to
condensation of air moisture on the surface of the jet. When the jet is drying, pores are
formed on the former position of the water droplets.?®* Electrospinning of PLA solutions in

292) than acetone (245 hPa at

DMF with its distinctly lower vapor pressure (3.60 hPa at 20 °C
20 °C**) and methylene chloride (470 hPa at 20 °C***) led to the desired cylindrical non-
porous fibers (Figure 6.68) for comparison with the PEG-PLA meshes. However, the resulting
non-wovens were impossible to handle accurately for further experiments as no plane
cohesive mesh could be obtained and the fibers were very sticky most likely due to residual
solvent. Due to a similar behavior of the porous fibers, the following experiments were
conducted with PLA meshes consisting of ribbon-like fibers. Unless otherwise stated, the
here studied meshes were prepared by electrospinning a 4 % PLA solution in acetone/DMSO

since this concentration led to the best mesh with the most comparable fiber diameters to

the PEG-PLA meshes.

6.1.2 Rheology

Since a critical polymer concentration and consequently viscosity is necessary to achieve
uniform fibers, rheological investigations on the solutions utilized for electrospinning were
conducted to reveal exact relations between the particular viscosity of the investigated
electrospinning solutions and fiber formation in order to facilitate the establishment of
further polymer meshes. The results confirm that with increasing polymer concentration
naturally the viscosity of the solution increased like illustrated in Figure 6.7A exemplarily on
solutions of 8arm70. The measurements also revealed that for branched copolymers a
higher concentration was necessary to achieve the same viscosity than for a linear
copolymer with equivalent molecular weight due to the already mentioned smaller
hydrodynamic volume of the branched polymers. The interesting and useful finding is that
the viscosities and shear stresses of the concentrations yielding uniform fibers were all in the
same range (Figure 6.7B). As a consequence of these findings, by knowing the rheological
properties of polymer solutions with varying concentrations, it can be inferred on the

appropriate polymer concentration that may lead to uniform fibers without time-consuming
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Figure 6.7 Rheological properties of 8arm70 solutions in different concentrations (A), PEG-PLA solutions
leading to uniform fibers (B) and PLA solutions (C) in acetone/DMSO.
The red shading indicates the viscosity range where uniform fibers were generated.

electrospinning trials with subsequent SEM observations. However, the ideal range of
viscosity is probably only valid for PEG-PLA copolymers or comparable polymers in a certain
molecular weight range, since the viscosities of the also processed high molecular weight

PLA massively differed from the values of the PEG-PLA solutions (Figure 6.7€).

6.1.3 Contact angle measurements

To get an idea of the surface wettability and hydrophilicity of the different meshes, water
contact angles on the meshes were determined. By measuring the contact angles of dry
meshes, no significant differences occurred between the different polymers in contrast to
the also investigated films. Moreover, the initial contact angles of dry as-spun meshes were
distinctly higher than those of the dry as-cast films of the same polymers like Figure 6.8
exemplarily shows for the linear polymers. While the measured contact angles of films
represent the particular hydrophilicity of the polymer, the very hydrophobic values of the

meshes can rather be attributed to the fiber or mesh morphology than to the chemical
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composition of the fibers, since it is known that surface roughness heavily influences the
contact angle, which may be explained by two different models. For one thing, a higher
surface roughness brings along an increase of the surface area of the material and
consequently an increase of the surface energy in comparison to a smooth surface of the
same material proposing a geometrical enhancement of hydrophobicity (Wenzel model*®).
For another thing, trapped air within the pores of the material below the droplet may lead to
the effect that the water droplet is partially located on air so that the contact angle is
measured of a surface composed of a solid material and air. With increasing surface
roughness and air entrapment and consequently a decrease of the contact area between the

droplet and the solid material the hydrophobicity increases (Cassie model**?).2%772%8
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Figure 6.8 Water droplet on 1in90 mesh (A) and 1in90 film (B) and results of determined water contact angles
of dry as-fabricated linear polymer meshes and films (C).

However, a varying wettability of the meshes of the different polymers could be observed by
an iterated measurement two minutes after initial contact with the water droplet and
especially by determining the contact angles of dry-blotted meshes that were pre-incubated
overnight in phosphate buffer pH 7.4. After the long time in water contact the chemical
composition of the different meshes came into effect, now exhibiting significant differences
of the water contact angles. Depending on the content of the hydrophilic PEG within the
linear polymers the water droplet partially infiltrated into the mesh. While the initial contact

angles on the dry as-spun meshes hardly differed like already mentioned, after two minutes
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Figure 6.9 Contact angles of dry and dry-blotted incubated meshes of
linear polymers.

the contact angle of the mesh with the highest PEG content (lin70) was massively lower than
initially and also than the contact angles of the meshes with lower PEG content that were
only slightly smaller after two minutes (Figure 6.9). After the incubation in buffer overnight,
further influences of the enhancement of the hydrophilicity through the incorporation of
PEG became visible. The water droplets still did not penetrate into the PLA and the lin130
mesh immediately after dry-blotting and two minutes afterwards, but a complete infiltration
of the water droplets into the meshes with higher PEG contents became clearly visible. For
those polymer meshes, the contact angles immediately after dry-blotting were very small

and the droplets were completely soaked up after two minutes.

For meshes prepared of the star-shaped PEG-PLA block copolymers, both a dependence on
the PEG content and on the number of arms was detected. Thereby, the lin70rac showed the
best wetting properties since in contrast to the other polymers already after two minutes on
the dry mesh a diminution of the contact angle was observed (not shown) like for its 70:30
L-lactide: D, L-lactide analog. After incubating the meshes in buffer overnight, the immediate
contact angles of the dry-blotted meshes of the polymers with 12.5 % PEG (lin70rac, 4arm70,
8arm70) were massively lower than those of the dry meshes (Figure 6.10). Despite similar
molecular weights and PEG contents, thereby the contact angle was the higher the higher
the number of arms of the polymer, probably due to a worse accessibility of the PEG core for

water with an increasing number of PLA chains. However, after two minutes the water
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Figure 6.10 Contact angles of dry and dry-blotted incubated meshes of
star-shaped polymers.

droplets were completely absorbed by all of the meshes with 12.5 % PEG. In contrast, the
contact angles of the meshes of the polymers with elongated PLA chains (4arm140,
8arm140) only slightly decreased after buffer incubation and also no absorption of the water
droplets into the meshes could be observed, but instead the droplets were still sitting on top
of the meshes after two minutes. This relatively poor wettability may be attributed to the
higher length of the hydrophobic PLA chains which prevents a rapid water infiltration by a
shielding effect. In contrast to the meshes, for massive polymer films that were incubated in
buffer overnight, the contact angles only slightly differed to those on dry films indicating that
hardly a better spreading let alone an infiltration of the water droplets occurred during the
shortness of the investigated time. The high density of the relatively hydrophobic polymers
and consequently the massive surface character of the films made it difficult for water to

penetrate into the polymer films.

6.2 Mechanical properties

To evaluate the mechanical properties of the established solution electrospun meshes,
analogous to the methods applied to the solvent cast films a tensile test, a puncture test as
well as a suture pullout test were conducted. In Table 6.2 T of the meshes of the linear and
star-shaped polymers were summarized since Ty highly influenced the results of the
mechanical tests. Like for the polymer films, T, of the polymer meshes decreased

significantly with increasing PEG content of the polymer, while no obvious correlation
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regarding the number of arms could be assessed. Generally, T, of the electrospun meshes
was higher than of the raw polymers and of cast films prepared of the same polymer (see
Table 4.6 and Table 5.1), which can be attributed to the orientation and dense packing of the
polymer chains resulting from the electrospinning process.”®

Table 6.2 Glass transition temperatures of polymer meshes determined from the second heat of DSC
measurments.

linear polymers Tg (°C) mesh
lin70 25.7
lin90 35.0
lin130 41.0
PLA 55.1

star-shaped copolymers Tg (°C) mesh

lin70rac 26.1
4arm70rac 21.2
8arm70rac 22.6
4arm140rac 36.5
8arm140rac 334

Prior to each measurement standardly the test specimens are conditioned for several hours
at the particular test conditions.?** However, an incubation of selected polymer meshes at
37 °Cin air with subsequent SEM observation at defined time points showed that, depending
on their Tg, the meshes suffered upon the temperature treatment and partly lost their fiber
structure. For PLA meshes with a T, clearly above 37 °C (T; 55.1 °C) and for 4arm140 meshes
with a Tg near the incubation temperature fibers did not noticeable change over several
hours and showed a slight coalescence only after 24 h. In case of the lin70rac mesh with a T,
distinctly below 37 °C (T; 26.1 °C) already after half an hour first signs of fiber coalescence
appeared (Figure 6.11). After 24 h the lin70rac meshes had more a film-like appearance with
almost no recognizable fiber structure anymore. Consequently, the electrospun meshes
were only hold at test temperature for two minutes prior to the test to avoid a destruction
of the fibers and to maintain the comparability between the different polymers. Moreover,
the SEM images make clear that the meshes need to be stored cool to preserve the meshes

from fiber coalescence and to keep the matrix integrity for subsequent tests.
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4arm140 lin70rac

Figure 6.11 Solution electrospun meshes of PLA, 4arm140 and lin70rac as-spun and after dry incubation at
37 °C.
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6.2.1 Tensile test

The tensile test was carried out in two ways for each polymer mesh, both with specimens
cut in longitudinal direction as well as in transverse direction. The reason therefor was that
during the electrospinning process with a rotating drum as collector a preferential fiber
orientation may take place that influences the mechanical properties of the mesh. The
implementation of the tensile test with test specimens in both cutting directions aimed both
to the evaluation and quantification of the influence of fiber orientation and to the exclusion
of falsifications of the results due to varying cutting directions within one test row. In
general, the temperature also highly influenced the mechanical properties of the
electrospun meshes. Both for all investigated polymers and in both cutting directions strain

at break increased and the tensile strength decreased with increasing test temperature.
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Figure 6.12 Load — strain diagrams of 4arm70 mesh obtained at different test temperatures.

Similar to the polymer films, this can be attributed to a higher mobility of the polymer chains
at elevated temperatures especially by overstepping T,. Depending on the particular test
temperature and the polymer, each mesh resulted in various load — strain diagrams like
exemplarily illustrated in Figure 6.12 for a 4arm70 mesh. In contrast to the cast polymer films,
none of the electrospun meshes was brittle and tore already after minor deformation (see
films with high PLA content) but all meshes experienced a certain elongation owing to the

fiber morphology. The meshes either exhibited ductile properties with a recognizable yield
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point and subsequent plastic deformation (Figure 6.12 20°C) or at elevated temperatures
showed elastic properties without a detectable yield point (Figure 6.12 37 °c). With increasing

tensile strain the force to stretch the mesh increased until the samples finally ruptured.

By examining the results of the test specimens in different cutting directions, the test
direction of the meshes turned out to be relevant. It is described in the literature that fiber
alignment depends on the rotational speed of the collector drum and that the alignment of
fibers affects the mechanical properties. By applying a rotational speed that concurs with the
evaporation rate of the solvent, the fibers are deposited in an aligned manner on the
collector drum whereby the alignment increases with an increasing rotation speed. With a
rotational speed that is too high though, no continuous fibers can be obtained because the
fiber jet is already torn apart by the take-up velocity.?** From a mechanical point of view,
uniaxial, aligned fibers evidently show different properties than randomly oriented fibers.
The tensile strengths and modulus were found to be higher than for random fiber
orientation by aligning the fibers in the direction of the applied load because then the
applied force is distributed equally on all fibers. With a rotational speed which is lower than
the fiber take-up speed fibers are collected randomly oriented on the rotating drum,*!
which furthermore favors evenly strong fiber meshes. In the electrospinning process of the
meshes which were used in this study a low rotational speed was applied so that fibers
appeared to be randomly oriented on SEM images. Nevertheless, for all test conditions and
polymers, lower tensile strengths and higher strains at break could be determined for the
specimens tested alongside the fiber jet and rotating direction of the collector drum
(longitudinal) than for the mesh specimens in transverse direction (Figure 6.13). Obviously the
here obtained fibers still experienced a discreet orientation during the electrospinning
process and the deposition on the collector drum. If the fiber orientation was caused by the
rotation of the collector drum, mechanical properties would be expected contrary to the
obtained results, with a higher tensile strength in longitudinal direction. The observed higher
tensile strength in transverse direction might be caused by a preferential fiber orientation in
transverse direction provoked by the typical behavior of the fiber jet to deposit on the

closest location on the collector with low fiber density. As a consequence, at relatively low
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Figure 6.13 Strain at break (A) and tensile strength (B) of solution electrospun meshes cut in longitudinal and
transverse direction determined at 20 °C.

rotational speeds of the drum the fibers were probably preferably deposited along the
bending of the drum and thereby slightly oriented in transverse direction, which is

additionally promoted by the reciprocating motion of the drum.

Despite the occurring differences in the results of mesh specimens with different cutting
directions, similar trends were detected by comparing the different polymers to each other.
Therefore, in the following only the results of the meshes cut in transverse direction are
shown to illustrate the trends. Regarding the linear polymers, generally higher strains at
break were determined with increasing PEG content due to the still observed plasticizing
effect of PEG (Figure 6.14A). The tensile strength decreased for the same reason with
increasing PEG content at 20 °C, while at 30 °C and 37 °C no obvious trend was observed

(Figure 6.14B).

For the non-woven meshes of star-shaped copolymers, a dependence on the PEG content
was determined as well. The meshes of the branched polymers with extended PLA chains
and consequently lower PEG contents (4arm140, 8arm140) exhibited smaller strains at break
and higher tensile strengths than the polymer meshes with 12.5 % at all investigated test
temperatures (Figure 6.14C, D). At 20 °C, also a dependence on the number of arms was
observed. At equivalent molecular weights, lower strains at break were determined with
increased branching. Like already mentioned for the polymer films, this may be attributed to
the shorter lengths of the polymer arms and less chain mobility due to more chain

entanglements with increased branching, which leads to an earlier slipping of the molecule
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Figure 6.14 Strain at break (A, C) and tensile strength (B, D) of electrospun meshes of linear polymers (A, B)
and star-shaped copolymers (C, D) determined at different test temperatures.

chains as well as rupture of chemical bonds and consequently of the sample. At elevated

temperature, no clear trend was detected anymore.

SEM images of the meshes after conducting the mechanical test revealed significant changes
in fiber morphology compared to the initial appearance. Partly a parallel alignment of the
fibers both in longitudinal as well as in transverse direction caused by the applied tensile
forces was observed (Figure 6.15). Moreover, despite the precaution to condition the samples
for only two minutes at test temperature prior to the test to avoid coalescence, the fibers of
the polymers with 12.5 % PEG obviously fused during the test at 37 °C, while the fibers of the
polymers with lower PEG content and higher T, remained individual fibers. As it is known
that bonding points between the fibers affect the mechanical properties of electrospun
meshes,>*® it can be assumed that the occurring fusion of the fibers during the test is
responsible that at elevated temperatures no obvious trends in the mechanical properties
could be detected like for the massive polymer films. After tensile testing at the lowest
temperature of 20 °C, on the SEM images of the investigated meshes necking of single fibers
made from the stiff polymers with high PLA content and T; could be clearly recognized

(Figure 6.16).
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Figure 6.15 SEM images of electrospun meshes of lin70rac (A), 4arm70 (B), 8arm70 (C), 4arm140 (D)
and 8arm140 (E) after tensile testing in transverse direction at 37 °C.

Figure 6.16 SEM images of electrospun meshes of 4arm140 (A), 8arm140 (B) and lin130 (C) after
tensile testing in transverse direction at 20 °C.

This phenomenon of multiple necking of single fibers was also reported and explained by

other researchers. Zussmann et al.3*

obtained multiple necking of their investigated
electrospun PEO nanofibers directly after the electrospinning process without applying
further mechanical stresses through a mechanical test. They attributed the observation to a
stretching of the fibers by the rotating collector wheel since the necking phenomenon did
not occur for fibers which were electrospun without tension on an aluminium plate.
Liu et al.>®® explained the multiple necking of electrospun PMMA fibers after tensile testing
by a heterogeneous distribution of the molecule chain entanglement density caused by the

electrospinning process. Subsequently, the occurring segments with a low entanglement

density can easier be elongated leading to the observed necking phenomenon.
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Figure 6.17 Strain at break (A,C) and tensile strength (B, D) of star-shaped polymer films and electrospun
meshes (transverse direction) determined at 20 °C (A, B) and 37 °C (C, D).

The generally observed trends of the tensile properties of the meshes resembled the trends
the solvent cast films of the same polymers displayed, but with divergent absolute values.
Concerning strain at break, partly the respective meshes and partly the films displayed
higher values in direct comparison. At the lowest applied test temperature of 20 °C the
strains at break for polymers with high PEG contents were higher for the polymer films,
whereas with lower PEG content higher strains at break were determined for the respective
meshes (Figure 6.17A). Obviously the fiber structure promoted the extensibility of polymers
with low plasticizer content in contrast to the massive films. At elevated test temperature,
the effect of the fiber structure was diminished since strains at break were mainly higher for
the films (Figure 6.17¢). In contrast, the tensile strengths of the films were always way higher
than that of the respective meshes, which can be explained by an overall higher polymer
content and a higher polymer density with similar thickness of the sample that strengthens

the implant device (Figure 6.178B, D).
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6.2.2 Puncture test

Apart from the tensile test, a puncture test was conducted to additionally determine the
resistance to deformation by puncturing the meshes. Since the cutting and clamping
direction was irrelevant due to square-shaped test specimens and the application of a
centrical force acting equally in all fiber orientations, the experiment was in contrast to the
tensile test carried out in only one test row. The appearance of the resulting load —
displacement diagrams from the measurements with the electrospun meshes is exemplarily
shown in Figure 6.18 on 8arm140 meshes. Similar to the diagrams of solvent cast films, the
load increased with increasing displacement. Initially the curves steeply ascended until an
inflection point from where on the slope decreased. Finally, at the point of maximum load
the meshes ruptured. By increasing the temperature, due to an enhanced flexibility of the

polymer chains, the elongations to puncture increased and the maximum loads decreased.
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Figure 6.18 Load — displacement diagrams of 8arm140 mesh obtained at different temperatures.

The recognizable overall trends were similar to the results of the tensile test, but with a
more distinct differentiation of the particular polymers over all investigated temperatures.
The results of the linear PEG-PLA copolymers clearly display the plasticizing effect of PEG
since at all test conditions the elongation to puncture was increased with increasing PEG
content (Figure 6.19). The results of the meshes of pure PLA did not exactly fit in the trend,
but this may be attributed to the massively higher molecular weight and molecule chain

length of the utilized PLA making a direct comparison to the PEG-PLA copolymers difficult.
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Apart from the generally higher strength of pure PLA in comparison to plasticized PLA, the
massively higher molecular weight might have also led to the determined load to puncture

values that were partly more than twice as high as the values of the PEG-PLA meshes

(Figure 6.198B).
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Figure 6.19 Puncture properties of solution electrospun meshes of linear (A, B) and star-shaped polymers (C,D).

The measurements with star-shaped copolymer meshes again showed a strong dependence
not only on the PEG content but also on the number of arms. The loads to puncture
depended apparently only on the PEG content since the differently branched polymers with
equivalent molecular weights withstood similar loads in each case, but the polymer meshes
with extended PLA chains exhibited higher loads than the polymer meshes with higher PEG
content (Figure 6.19D). However, elongation to puncture both varied with the PEG content
and the number of arms. The values generally decreased with increased branching and

elongation of the PLA chains (Figure 6.19C).
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Similar to the films, a puncture test was conducted with electrospun meshes after incubation
in phosphate buffer pH 7.4 at 37 °C as well to study the behavior during application in the
body. Prior to measuring at 37 °C, the meshes were removed from the buffer and dry
blotted. Again the puncture test was preferred to a tensile test after degradation since
similar trends were observed as with the tensile test but with a better differentiation of the
polymers like already seen for the films. Moreover, the cutting direction is obviously
irrelevant for the test and the shrinkage of the meshes does not affect the execution of the
test, especially by incubating mesh pieces that are large enough even after shrinkage to
allow both an accurate fixation of the samples in the sample holder and the coverage of the
defined area to puncture. In contrast, the required 5 cm x 1 cm test specimen size for an
accurate and comparable tensile test is almost impossible to achieve as owing to shrinkage
either the width would be to low or the specimen too short for a fixation in the instrument’s
clamps. In Figure 6.20 the results of the puncture test of degraded samples of 4arm140

meshes and lin70rac meshes are presented in comparison to degraded films of the same
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Figure 6.20 Elongation to puncture (A) and load to puncture (B) of lin70rac and 4arm140 meshes and films
during degradation in phosphate buffer pH 7.4 at 37 °C.

polymers. Similar to the corresponding films, the elongation to puncture decreased for the
investigated meshes exhibiting also the same reversion that after four hours incubation the
elongation value of lin70rac was lower than that of 4arm140. However, resembling
elongations to puncture were determined for the investigated films and meshes after one
week since the decrease of elongation to puncture was massively higher for the films. The
load to puncture of the meshes increased at the beginning of buffer incubation probably due

to relatively increased polymer contents per test area due to shrinkage of the meshes.
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Nevertheless, the loads still remained distinctly lower than the loads of degraded massive
films, so that it remains questionable if the 20um thick meshes alone could withstand an

application in the body.

6.2.3 Suture pullout test

A suture pullout test was conducted to determine the maximum axial forces that can be
applied until the surgical suture is pulled out of the suture hole of the mesh. Photographic
images of the test specimens after the test demonstrate how the suture interacted with the
meshes (Figure 6.21). While the suture neatly slid through the brittle films with high PLA

content and the more flexible films tore sideways (see Figure 5.11), all of the meshes tore

Figure 6.21 Test specimens of lin70 mesh after suture pullout test.

sideways before releasing the suture since the suture was caught by the mesh and did not
slide through it. Figure 6.21 exemplarily shows the test specimens of lin70 after conducting
the suture pullout test. The resulting maximum pullout forces decreased for the linear
polymers from PLA (0.71 N) to lin70 (0.29 N) and increased with branching of the polymers
(by having similar molecular weights) and elongation of the PLA chains (4arm140, 8arm140)
(Figure 6.22). The results display opposite trends than for cast films made of the same
polymers (see Figure 5.10) and can in that case probably rather be attributed to the fiber
structure, the particular molecule size and branching than to the PEG content. The suture
intertwines with the fibers so that the test might reflect the mechanical resilience of the
particular fibers to lateral forces. Longer polymer chains and higher branching lead to more
chain entanglements within the fibers and might consequently result in a higher resilience to

lateral forces aggravating it for the suture to neatly slide through the mesh.
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Figure 6.22 Results of the suture pullout test of linear polymer (A) and star-shaped copolymer (B) meshes.

According to surgeons, due to the weakness and relatively small thickness, suturing of a
20 um mesh is very difficult and rather impossible so that a successful application of a
monolayer is questionable. As a consequence, non-woven meshes with a thickness of 40 um
were also fabricated and subsequently a suture pullout test was conducted. Figure 6.23
illustrates that the resulting pullout forces of the meshes were about three times higher than
with half of the thickness so that in case of 4arm140 the pullout force even reached the
same level as the corresponding film. The results indicate that with the twofold thickness the

meshes can successfully be sutured.
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Figure 6.23 Suture pullout forces of 20 um and 40 um thick meshes
and 20 um thick films.
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6.3 Swelling and degradation studies

Similar than for the films, electrospun meshes of PLA experienced hardly any changes over
the investigated eight weeks incubation time. Thus, in the following only the degradation of
PEG-PLA meshes is discussed. Macroscopically, the electrospun meshes of the linear
copolymers started to tear earlier than the films but displayed the same trend since meshes
started to fragment the earlier the higher the content of hydrophilic PEG in the mesh
polymer was. Thus, the mesh with the highest PEG content (lin70) experienced first ruptures
during removal from the buffer already after two weeks of incubation, while the 1in90 stayed
intact until week four and lin130 even until week eight. Additional differences were
recognized concerning the appearance of the meshes and the handling. While the lin70
mesh was very soft and turned transparent immediately after buffer contact confirming a
good wettability with water, the meshes with higher PLA content were stiffer and partly
stayed white over several weeks indicating a much lesser wettability. Regarding the meshes
of star-shaped PEG-PLA copolymers, similar to the linear copolymer meshes but in contrast
to the films, the meshes with lower PEG content were stiffer in buffer and maintained stable
and intact over a longer time period than meshes with higher PEG content. However, despite
an overall higher PLA content than lin90 and lin130, the meshes exhibited no white parts in
buffer but appeared completely transparent immediately after buffer contact indicating a
better wettability. Furthermore, again an influence of the number of arms of the polymer
and of the composition of the PLA chains with similar molecular weights could be observed.
With increasing branching of the polymers, the meshes started to fragment faster. The
8arm70 mesh tore already after two weeks and the 4arm70 mesh after four weeks while the
lin70rac mesh did not rupture until week six, which thereby also showed a higher stability
than the lin70 polymer with PLA arms synthesized with 70:30 L-lactide:D, L-lactide. The
influence of branching was observed for the polymers with elongated PLA chains as well. The
8arm140 mesh started to rupture after six weeks whereas the 4arm140 mesh remained
intact until week eight. In general, longer PLA chains and a low PEG content led to meshes
with longer stability probably because of a slower washout of the longer chained
degradation products that stabilized the fibers and due to the higher stiffness through the
high content of PLA in comparison to the soft meshes with higher PEG contents. Besides the

softness, optical appearance and the start of fragmentation of the investigated meshes,
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another phenomenon could be observed macroscopically. In contrast to the films, which
maintained their dimension or experienced slight extension, the electrospun meshes shrank
significantly upon incubation in phosphate buffer pH 7.4 at 37 °C. This effect can be

explained by an occuring relaxation of the polymer chains of the fibers which underwent

303-304

high alignment and orientation through the electrospinning process.
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Figure 6.24 Shrinkage of star-shaped PEG-PLA block copolymer meshes. A illustrates the remaining surface area
of the meshes with proceeding incubation time. B shows an initial lin70rac mesh specimen and C the same test
specimen shrunk after one week incubation.

# indicates fragmentation in small pieces so that an accurate measurement was not possible.

White circle indicates the original mesh dimension to visualize the dimension of shrinkage.

The meshes massively shrank immediately at the beginning of incubation in buffer at 37 °C
and subsequently the remaining surface area largely plateaued until the end of the
investigation indicating that the relaxation was a relatively fast process. Thereby, the extent
of shrinkage depended on the polymer of which the meshes consisted as Figure 6.24
illustrates for the star-shaped block copolymers. With increasing branching of the PEG core
molecule less shrinkage occurred, while longer polymer chains led to a higher loss of the
mesh dimension. The reason therefore probably was the higher flexibility of long and
especially linear polymer chains leading to a higher alignment and orientation during the
electrospinning process in comparison to the higher branched polymers, which consequently

resulted in a higher shrinkage. At any rate, shrinkage is very unfavorable for an application as
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barrier device since a complete coverage of the wound site may not be ensured. Hence, a
way to overcome shrinkage ideally has to be found or at least a tolerable extent of shrinkage

for the application has to be identified in further studies.

lin70rac

4arm70

8arm70

4arm140

Figure 6.25 SEM images of the initial mesh (week 0) and meshes after four weeks and eight weeks
degradation made of lin70rac, 4arm70, 8arm70, 4arm140 and 8arm140. (identical magnifications)
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The observation of SEM images of the meshes revealed the morphology of the fibers during
incubation in buffer. In contrast to the dry incubation at 37 °C (see 6.2), incubation in
phosphate buffer pH 7.4 at 37 °C did not result in a coalescence of the fibers, but the fibers
retained their shape and remained individual fibers over the whole investigated time frame
(Figure 6.25). Only for the 8arm70 mesh a slight adherence occurred after eight weeks.
Obviously incorporated water or buffer salts had a stabilizing effect on the fibers and
prevented coalescence even for polymer fibers with a T, way below the incubation
temperature of 37 °C. Nevertheless, some obvious changes upon incubation in buffer were
observed. The already mentioned relaxation of the fibers, which led to shrinkage of the
meshes, could be recognized on the SEM images as well, since the fibers lost their stretched
appearance and partly even started to curl over time. Moreover, for some polymers, e.g. for
4arm140 or 8arm140, increased fiber diameters could be observed probably due to a
contraction of the fibers during shrinkage or due to swelling and also ageing phenomena
such as indentations on the fibers emerged after several weeks (lin70rac). The fiber stability
without coalescence may be advantageous for an application in adhesion prevention
because the maintenance of the porosity of the meshes can, in contrast to solid devices,
promote the supply of the wound area with nutrients which are necessary for an accurate

wound healing.10

The swelling and degradation study of the electrospun meshes revealed a clear influence of
the polymer composition and architecture on the extent of water uptake of the meshes. For
non-wovens made of the linear copolymers, increasing swelling was obtained with an
increasing content of hydrophilic PEG (Figure 6.26A). This is in good accordance with the
above-described macroscopic sensation of white and transparent meshes and with the
results of the contact angle measurements that showed lower water contact angles and a
faster infiltration of the water droplet into the mesh with increased PEG content for dry-
blotted meshes, which were incubated in buffer overnight (see 6.1.3). A dependence of the
extent of swelling on the PEG content of the polymer could be observed for the meshes
consisting of star-shaped PEG-PLA block copolymers as well, but also on the number of arms

(Figure 6.26B). Thus, the meshes of polymers with elongated PLA chains and thereby less PEG
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Figure 6.26 Swelling of electrospun meshes of linear (A) and star-shaped (B) block copolymers.

content (4arm140, 8arm140) showed less water uptake than the polymers with 12.5 % PEG
(lin70rac, 4arm70, 8arm70).

Moreover, with similar PEG contents and molecular weights, the higher the branching of the
polymer the less swelling was achieved for the mesh. These results are also in good
accordance with the contact angle measurements since for the copolymers with 12.5 % PEG
the water contact angles on dry-blotted meshes after buffer incubation decreased with an
increasing number of arms and also the water droplets penetrated faster into the meshes
with higher branching of the polymers, whereas the water droplets did not penetrate into
the meshes of the polymers with elongated PLA chains within the investigated time
(see 6.1.3). The effect that less swelling occurred with increased branching can for one thing
be attributed to a worse accessibility of the star-shaped PEG cores than for a linear PEG core
for water like already discussed for the films (see Chapter 5). For another thing, the restricted
mobility of branched polymers with more chain entanglements, while the linear polymer can

264

diffuse freely,”” may facilitate a PEG orientation towards the water phase within the fibers

of the linear polymer and affect the overall swelling as well.

The GPC analysis of the degrading linear polymer meshes showed a massive loss of
molecular weight to around 50 % of the initial molar mass for all investigated triblock
copolymers (Figure 6.27A). The obtained curves for the lin130 and the [in90 were in
accordance with the swelling study and the macroscopic findings as the 1in90 with the higher

PEG content and water uptake displayed an initially relatively higher molecular weight loss
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leading to a faster fragmentation. The triblock with the highest PEG content (lin70) and
swelling values did not result in the highest molecular weight loss like expected but the
curve proceeded in the range of the lin130 mesh. However, the relatively high remaining
molecular weight that was determined can be explained by an enhanced washout of small
breakdown products in comparison to the lin90 and the 1in130 as a distinctly higher mass
loss occurred for the lin70 mesh than for the meshes made of the other triblock copolymers
(Figure 6.278B). Due to a preferential ester cleavage of the esters between the PLA blocks and
the PEG block and relatively shorter PLA chain lengths of the lin70 in contrast to the lin90
and the 1in130, the degradation products were already in the first few weeks small enough
to be washed out of the meshes and were not gathered by GPC analysis anymore, while the
degradation products of lin130 and 1in90 largely were still entrapped within the meshes due

to higher molecular weights and consequently determined via GPC measurements.
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Figure 6.27 Molecular weight loss (A) and mass loss (B) of linear triblock copolymer meshes.

Regarding the star-shaped PEG-PLA block copolymers, a massive loss of molecular weight
was determined as well (Figure 6.28). Thereby, different than expected, because the results
seemed at first view contradictory to the swelling trend and the order of fragmentation of
the meshes, for the branched copolymers with the highest molecular weights the highest
molecular weight loss was detected. Moreover, for the copolymers with similar molecular
weights less molecular weight loss was detected with an increasing branching of the polymer
despite a faster fragmentation of the meshes. However, similar to the linear copolymer

meshes, by regarding the mass loss of the meshes, these findings can be attributed to
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Figure 6.28 Molecular weight loss (A) and mass loss (B) of star-shaped block copolymer meshes.

varying washout effects. The highest mass loss occurred for the 8arm70 mesh due to the
shortest PLA chains which could earlier be washed out than the degradation products of
4arm70 and lin70rac meshes and were not gathered by the later GPC analysis. The minor
washout of the longer cleaved PLA blocks of the 4arm140 mesh may have led to a
stabilization of the fibers and consequently to a longer matrix integrity. *H-NMR analysis of
the remaining mesh fragments after eight weeks incubation generally revealed an increased
PEG content within the meshes in comparison to the initial polymer. Thereby, with
increasing branching of the polymers the increase of PEG content was relatively higher,
indicating both a washout of mainly small PLA oligomers and an improved anchorage of PEG

within the mesh by the usage of the different star-shaped PEGs.

Analogous to the films, DSC measurements of the meshes showed a slight increase of T,
during the first weeks with a subsequent slight decrease but with the overall consistent
trend of lowered glass transition temperatures with increased PEG content (Figure 6.29).
However, in contrast to the films, which partly showed crystallization phenomena, all
investigated meshes were totally amorphous over the investigated time and only exhibited a
detectable T,. Thereby, T, of the meshes was consistently higher than T; of the
corresponding films. Like already mentioned (see 6.2), the initial higher T, of the meshes can
be explained by the higher orientation and dense packing of the polymer chains caused by
the electrospinning process. Obviously this orientation persisted over the degradation time

in the polymer meshes.
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Figure 6.29 T, of linear (A) and branched (B) PEG-PLA block copolymer meshes over degradation at pH 7.4.

In comparison to the massive films prepared of the same polymers and in comparable
thickness, the electrospun meshes generally started to fragment earlier (exceptions:
4arm140, 8arm140) and in softer pieces. The swelling results of the electrospun meshes
exhibited the same trends as the swelling study of the solvent cast films. However, with
water uptakes up to nearly 300 % (lin70rac), the absolute values of the meshes were
generally massively higher than those of the films and differences between the various
polymers could be observed more marked (Figure 6.30A). The overall higher swelling of the
meshes can obviously be explained by their high porousness in contrast to the massive films
and the associated higher specific surface facilitating the infiltration of the buffer. As a
consequence of the higher specific surface and the water infiltration, the polymers within
the meshes were better accessible for hydrolytic ester cleavage than the polymers within

the massive films leading to a higher mass loss and together with the overall lower polymer
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Figure 6.30 Swelling (A) and molecular weight loss (B) of solution electrospun meshes in comparison to solvent
cast films of selected polymer.
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content also leading to a faster fragmentation of the meshes in comparison to the films.
However, despite a higher swelling, a higher specific surface and a higher mass loss in the
first weeks, the expected faster molecular weight loss for the meshes could not be observed.
The molecular weight loss of the meshes was either congruent or slower than the loss of the
films (Figure 6.30B). This can probably be attributed both to a faster washout of the
breakdown products of the meshes due to a higher porosity than the films that consequently
were not gathered by GPC analysis of the residues and to an autocatalytic effect of the
remaining acidic oligomers that influenced the degradation of the massive films>® but did
not affect the degradation of the meshes due to a shorter diffusion path for the degradation

products out of the fibers and the whole meshes, respectively.?”

6.4 Cell culture tests

Cell viability and cell adhesion tests of L929 mouse fibroblasts on both films and meshes of
PLGA, PLA and lin70rac in comparison to a flat PS surface were performed to evaluate the
anti-adhesive potential of films and meshes of the commercial PLA and especially the
synthesized PEG-PLA lin70rac in relation to polymer surfaces which are known as good
substrates for cell adhesion and proliferation. Thereby, an influence of the used polymer as
well as of the surface morphology on cell attachment and morphology could be observed.
Figure 6.31 shows microscopic images of the cells 24 h after seeding onto polymer films and
PS, giving a first impression of cellular behavior on the different polymer surfaces. While on
the cast PLGA films similar to the PS reference a lot of cells were visible and the cells also
spreaded nicely, a distinctly lower amount of cells could be observed on PLA as well as on
PEG-PLA films. Moreover, cells on PLA and lin70rac films were spherical, on lin70rac even
partially appeared as clusters, indicating poor cell adhesion on these surfaces so that the
cells can easily be shook off. Instrument-based, analogous images of the investigated
electrospun polymer meshes were not possible due to the intransparency of the investigated

polymer meshes.

A live/dead staining of the seeded cells after one, three and seven days after cell seeding

illustrates the viability of the cells on the different surfaces. The mainly visible green
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Figure 6.31 Microscopic images of L929 cells on the PS reference (A) and on polymer
films of PLGA (B), PLA (C) and lin70rac (D) 24 h after cell seeding (identical
magnifications).

fluorescence of living cells and the almost complete absence of red fluorescing dead cells
confirmed the good biocompatibility of the investigated materials (Figure 6.32, Figure 6.33). For
polymer films, similar to the simple light microscopic images, distinctly denser cell
colonization was observed for the PS reference and for the cast PLGA films as for the PLA
films and the PEG-PLA films (Figure 6.32). With proceeding incubation time a good cell
proliferation was visible on PS and the PLGA films with a very dense population after seven
days. In contrast, less cells were observable on the PLA films and even less on the lin70rac
films, confirming the anti-adhesive properties of the commercially available PLA film in
contrast to cast PLGA films and furthermore illustrating the enhanced properties of a PEG-
PLA film compared to the PLA film. The difference in cell attachment between the polymer
films can be ascribed to their different chemical composition. PLGA in comparison to pure
PLA possesses less hydrophobic methyl side groups, which generally leads to an enhanced
hydrophilicity of PLGA compared to PLA. This compositional difference is in favor of better

cell attachment.>¢3%

On the other hand, the presence of sufficient PEG on a material’s
surface reduces protein adsorption, which is necessary for cell attachment.® Consequently,

fewer cells attached and proliferated on the PEG-PLA film than on the PLA film.
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Figure 6.32 Fluorescence images of L929 cells on polymer films and PS after live/dead staining on days 1, 3 and
7 after cell seeding (identical magnifications). Green fluorescence indicates living cells, red fluorescence dead
cells.

Regarding live/dead staining of electrospun meshes (Figure 6.33), analogous to the films
almost solely green fluorescing living cells were visible. Similar to the PLGA films, PLGA
meshes constituted good substrates for cell proliferation since a dense population was
recognizable. In contrast to the corresponding polymer films, PLA meshes appeared similarly
densely populated than PLGA meshes indicating a better cell adhesion on PLA fibers than on
smooth PLA films. This finding can be attributed to the rough fiber morphology in contrast to
the smooth film surface, since other researchers found that the surface morphology and
porosity of a PLA substrate can highly influence cell attachment, cell morphology and cell

308-310

proliferation. On the more hydrophilic lin70rac meshes rarely any cells were visible

after seven days illustrating again good anti-adhesive properties of PEG-PLA devices.

135



Chapter 6 Evaluation of electrospun meshes particularly in comparison to films

day 1 day 3 day 7

PLGA

lin70rac

Figure 6.33 Fluorescence images of L929 cells on polymer meshes after live/dead staining on days 1, 3 and 7
after cell seeding (identical magnifications)

The WST-1 assay and the cell adhesion test (Figure 6.34) displayed similar trends as the
microscopic images. For both films and meshes, L929 cells clearly adhered in higher numbers
and consequently showed higher cell viability on PLGA devices than on PLA devices and
especially on lin70rac devices on days one and three after cell seeding. After seven days, less
cells were counted on most of the investigated devices and trends changed, probably

because the cell layers were partly washed off the surfaces. This limits the value of long term

A BPLGAfilm PLA film M lin70rac film B MPLGAfilm PLA film M lin70rac film
120 o MPLGA mesh W PLA mesh lin70rac mesh 100 7 ®PLGA mesh H PLA mesh lin70rac mesh
110 A
100 A I

optical density (%)
3
cell counts (%)

day 1 day 3 day 7 day 1 day 3 day 7

Figure 6.34 Results of WST-1 assay (A) and cell counting (B) of films and electrospun meshes of PLGA, PLA as
well as lin70rac in relation to the PS reference.
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biocompatibility testing on the anti-adhesive materials. As a result, the conducted cell
culture tests confirmed the anti-adhesive potential of the marketed PLA films and revealed
moreover that the properties could be further enhanced by using PEG-PLA copolymers both

for the fabrication of solid films and electrospun meshes.

6.5 Drug release study via Agar diffusion test

Since via HPLC a release of only small amounts of triclosan from drug loaded films into the
release medium was detected over many weeks due to an adherence of the drug to the
polymers (see Chapter 5), no in vitro release study was conducted for the electrospun meshes
with an even larger surface area. Instead, a long-term agar diffusion test in comparison to
drug loaded cast films was performed to gain immediate information about the antibacterial
performance of the mesh based devices. A direct drug loading of electrospun meshes with
triclosan by adding the drug to the electrospinning solution was not immediately successful,
since the usually applied polymer concentrations for electrospinning did not lead to
adequate fibers for PEG-PLA copolymers as Figure 6.35 illustrates on the example of lin70rac.
While electrospinning with a pure 28 % solution of lin70rac in acetone/DMSO usually leads
to uniform fibers without coalescence, a 28 % solution of lin70rac with 0.26 % added
triclosan led to irregular fused fibers. This morphology appeared probably due to a change of
the charge conditions of the electrospinning solution which influenced the jet formation and

fiber deposition.

Figure 6.35 SEM image of 28 % lin70rac mesh electrospun without (A) and with (B)
triclosan in the electrospinning solution.
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By increasing the PEG-PLA polymer concentration of the triclosan containing electrospinning
solution, uniform fibers without fusion were successfully obtained, which were then used for
the following experiment (Figure 6.36). The electrospinning solution of PLA was less
influenced by triclosan as additive since for the fabrication of triclosan loaded PLA meshes
the usually used concentration of 4 % already led to uniform fibers without bonding points.
The obtained fibers of the triclosan loaded meshes all had comparable fiber diameters of
around 1.3 um so that occurring differences during the agar diffusion test can be mainly
attributed to differences in the chemical composition of the polymers rather than to the

fiber morphology and the resulting surface area.

Figure 6.36 SEM images of triclosan loaded electrospun meshes after electrospinning solutions with
triclosan and 32 % lin70rac (A), 28 % 4arm140 (B) or 4 % PLA (C).

Apart from the meshes loaded directly during the electrospinning process with triclosan,
additional drug loaded meshes were fabricated by impregnating regular drug-free meshes
with an ethanolic triclosan solution. While due to the very poor solubility of PLA in ethanol a
change of the PLA fibers was not to be feared, for the more hydrophilic PEG-PLA copolymers
the fiber morphology after impregnation was precautionally examined via SEM. Figure 6.37
illustrates that the meshes suffered only slightly under the ethanolic treatment. Negligible
shrinkage of the meshes occurred and the fibers appeared slightly denser than untreated,
but the fibers were still uniform without fusion so that they could be used for the agar

diffusion test.

138



Chapter 6 Evaluation of electrospun meshes particularly in comparison to films

Figure 6.37 SEM images of lin70rac mesh (A) and 4arm140 mesh (B) after
ethanolic impregnation.

Figure 6.38 shows photographic images of inoculated agar plates with the obtained inhibition
zones from drug loaded meshes and films after 24 hours, where some of the trends
(Figure 6.39) that were manifested over time were already visible. The antibacterial efficacy
against Staph. aureus both depended on the chemical constitution of the polymer and on
the fabrication of the drug loaded sample. The results of triclosan loaded films confirmed the
in vitro release results determined via HPLC which revealed a faster drug release with
increasing PEG content (see Chapter 5). The agar diffusion test showed that with increasing

PEG content of the films also a higher inhibition and a longer maintenance of the efficacy

lin70rac 4arm140
) -
. -
impregnated
mesh

Figure 6.38 Inhibition zones of triclosan loaded films and meshes after 24 h incubation.
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Figure 6.39 Bacterial inhibition by triclosan loaded polymer films and electrospun meshes. The results of films
(A) and meshes (B) of the different polymers both drug loaded during the manufacturing process as well as the
comparison of loaded film, loaded mesh and impregnation loaded mesh of lin70rac (C) and 4arm140 (D) are
shown. Each of the investigated devices contained around 25 ug triclosan per sample disk.

# indicates that no further inhibition was achieved.

occurred (Figure 6.39A). For the PLA film no bacterial inhibition was observed and for the
lin70rac film a higher and with an efficacy over six days also a longer inhibition than for the
4arm140 film was determined. An influence of PEG content was also visible in the results of
the electrospun meshes (Figure 6.39B). While during the first days of the test only slight
differences between the polymers were measured, after five days the same trend as for the
films became visible with higher bacterial inhibition with increasing PEG content until no
more inhibition was detectable. This effect can be attributed to the hydrophilicity of PEG,
which promoted water uptake and consequently facilitated drug diffusion out of the matrix.
Comparing the manufacturing processes, drug loaded film and mesh as well as drug
impregnated mesh of the same polymer, for all investigated polymers similar trends were
observed like illustrated in Figure 6.39C, D for lin70rac and 4arm140. For the drug loaded
electrospun meshes a higher inhibition as well as a longer efficacy against Staph. aureus was
obtained than for the drug loaded films. Furthermore, the drug impregnated meshes

resulted in distinctly larger inhibition zones than the meshes which were drug loaded during

140



Chapter 6 Evaluation of electrospun meshes particularly in comparison to films

the electrospinning process with at least the same duration of the antibacterial efficacy. The
relatively poor efficacy of the films can be explained by the smaller specific surface and
longer diffusion path combined with an occurring lower water uptake and higher polymer
density in comparison to the meshes, which generally makes the release of the drug more
difficult. The further enhanced efficacy of drug loaded meshes by impregnating drug-free
meshes with an ethanolic triclosan solution can be attributed to a location of the drug
mainly on the fiber surface in contrast to the electrospinning-loaded meshes where the drug
should be distributed quite homogenously within the fiber. After seven to eight days,
transferring the PEG-PLA meshes to fresh agar plates became more and more demanding
since the meshes started to tear while removing them. Hence, the surrounding conditions
also highly influenced the mechanical properties of the meshes since degradation studies in

phosphate buffer pH 7.4 initially suggested longer stabilities.

6.6 Summary and conclusions

The synthesized different PEG-PLA copolymers and the also investigated commercial PLA
could successfully be processed to uniform fiber meshes without fusion points by a solution
electrospinning process. Apart from processing parameters like flow rate and high voltage,
the choice of a suitable solvent as well as an adequate viscosity of the spinning solution were
crucial in order to achieve fibers without incorporated beads or pores. With a sufficient PEG
content the meshes showed high strains and elongations at break indicating a high flexibility,
which is desirable for an appropriate performance within the patient’s body. Different
tensile properties of every electrospun mesh by testing in opposite cutting directions were
revealed, which can be explained by the chosen motion of the rotating and reciprocating
collector drum. These observed differences were nevertheless only minor, so that during

application the implantation direction may not affect the performance of the whole mesh.

During degradation in phosphate buffer pH 7.4, elongation to puncture and after an initial
increase the load to puncture also decreased but the mechanical properties were generally
more stable over time than the mechanical properties of the solid films. However, the forces
the 20 um thick meshes withstood until they ruptured or until a surgical suture was pulled

out of the suture hole were relatively low so that an application as individual monolayer
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remains quite questionable. A suture pullout test with 40 um thick electrospun meshes
resulted in similar values as for the stable applicable solid films indicating that appropriate

properties can be achieved with increased mesh thickness.

Initially, a massively higher surface hydrophobicity was determined for the electrospun
meshes than for the solid film. This effect can be attributed to the higher surface roughness
and was negated with time since with sufficient PEG content already after two minutes
water started to infiltrate into the mesh. Due to the porosity of the meshes and the higher
specific surface the swelling of the meshes was many times higher than the water uptake of
the solid films and consequently the fragmentation of most meshes started earlier than film
fragmentation of the same polymer as well. However, for some polymers still appropriate in
vitro degradation times were found for 20 um thick meshes and can probably further be
adapted by using meshes with a higher thickness, which are anyway required for enhanced

mechanical properties like already mentioned.

The occurring mesh shrinkage during buffer incubation at 37 °C of as-spun meshes may
negatively affect the required coverage of the entire wound area so that either a
modification of the electrospinning process to prevent mesh shrinkage or an appropriate
preshrinking process has to be established, like since long been practiced in textile
industry,311 to ensure constant mesh dimensions during an application as monolayer. SEM
observations of incubated meshes in dry and wet state in conjunction with the degradation
study and mechanical tests made obvious that the meshes need to be stored dry and cool to
not only preserve the meshes from degradation but also from fiber coalescence and to keep

the matrix integrity.

The performed cell adhesion and viability tests confirmed the non-toxicity and the anti-
adhesive potential of the clinically used PLA films and even more the enhanced properties of
devices made of PEG-PLA copolymers. On both lin70rac films and meshes very few cells

attached.
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A long-term agar diffusion test revealed a longer inhibition of Staph. aureus growth on agar
plates and also a higher efficacy of triclosan loaded meshes than of triclosan loaded films
due to a higher specific surface and a shorter diffusion path for the drug out of the matrix.
Meshes which were drug loaded by impregnating drug-free meshes with an ethanolic
triclosan solution thereby showed an even enhanced efficacy in comparison to meshes
which were drug-loaded directly during the electrospinning process. With the achieved
antibacterial efficacy of more than one week especially the triclosan-loaded meshes appear
a promising component for a drug eluting device in combination for example with a water
soluble drug-loaded PEG coating like described in Chapter 5 and a mechanically stabilizing film
to obtain a device with a burst release for initial antibacterial efficacy and subsequent
sustained release to fight persistent bacteria, which is generally recommended for local
antibiotic delivery.**? During the agar diffusion test the investigated meshes started to
fragment substantially earlier than during the degradation studies in buffer indicating that
the surrounding conditions (enzymes or agar components) highly influence the device
performance. This makes obvious that a future in vivo animal study is inevitable for a
conclusive evaluation of the properties of the investigated devices and their efficacy since
additional factors like body motion and enzymes stress the membranes which cannot be

simulated all-embracing in an in vitro model.
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Chapter 7
Electrospun meshes as cohesion promoter for bilateral
PLA/alginate membranes

In this chapter, the results of the investigations concerning the processability, cohesion and
bioadhesion of bilayered and trilayered bilateral membranes with one smooth PLA side and
one mucoadhesive alginate side are summarized and discussed. The bilayers simply
consisted of an alginate film and a PLA film, whereas the trilayers additionally contained an
electrospun mesh as intermediate cohesion promoting layer between the chemically
different alginate and PLA. The well-established PLA film for adhesion prevention is
supposed to keep the affected tissues glidingly separated, while the bioadhesive alginate
side may prolong the residence time of the barrier at least long enough to keep the barrier in
place during the time of fixation by sutures or staples to facilitate the surgical application or
ideally long enough to cover the injured site for the entire duration of wound healing to get
along completely without suturing since suturing additionally increases adhesion

formation.*!

Parts of this chapter are published:
M. Kessler*, E. Esser*, J. Groll, J. Tessmar
Bilateral PLA / alginate membranes for the prevention of postsurgical adhesions

Journal of Biomedical Materials Research Part B: Applied Biomaterials, accepted

*equally contributing authors
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7.1 Optical evaluations

7.1.1 Contact angle measurements

To get an idea of the hydrophilicity of the polymers used for further processing to solution
electrospun meshes as cohesion promoter between alginate and PLA film, contact angle
measurements were conducted of solvent cast PLA and PLA-PEG-PLA films immediately after
contact with a water droplet. Solvent cast films were used for this determination as contact
angles of solution electrospun meshes measured immediately after water contact rather
depend on the rough surface morphology than on the chemical composition of the

. 129,313
fibers,”™™

whereas the immediate contact angles on smooth films of different materials
reflect the particular hydrophilicity as already mentioned in Chapter 6. The resulting water
contact angles showed only slight differences between the different polymers, but attested
an increasing hydrophilicity with increasing PEG content as the contact angles decreased

from about 77° to 69° from PLA to PLA-PEG-PLA with the highest PEG content though

(Figure 7.1).
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Figure 7.1 Water contact angles of polymer films (immediately) (A) and solution electrospun meshes (B).

In addition, contact angle measurements on solution electrospun meshes were conducted
since repeatedly determined contact angles sometime after the first water contact are then
mainly caused by the chemical composition of the fibers and reflect the infiltration of the

droplet.*?

As a consequence, water contact angles of solution electrospun meshes were
determined immediately after water contact and again two minutes after the initial water
contact. The immediately determined contact angles of the meshes generally resulted in

more hydrophobic values than those of the films due to the above-mentioned higher surface
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roughness of the meshes. However, after two minutes the contact angles massively
decreased depending on the PEG content indicating a better infiltration of the water droplet

into the mesh with augmented PEG content.

7.1.2 Macroscopic and microscopic evaluations

For investigations with bilayers, the cast PLA films were unstained and consequently totally
transparent and colorless, while the alginate solutions were stained with Water Blue prior to
film casting on top of the PLA film to facilitate visual examinations. Directly cast onto the PLA
film, the 3 % alginate solution immediately became narrower than the width of the film
applicator after film casting, while the 5 % alginate solution spread much better and resulted
in a bilayer with as-cast width after drying (Figure 7.2). While a dried alginate monolayer cast
from a 3 % solution with a similar gap clearance is naturally thinner than a monolayer
prepared of a 5 % alginate solution, the contraction of the 3 % solution on the PLA film led to
similar final thicknesses (~45 um) for both dry PLA/alginate bilayers so that occurring
differences in the results between them in the following experiments were caused only by

the manufacturing process and not by thickness effects.

Figure 7.2 Photographic image of bilayers prepared with a 3% (A) or 5% (B)
alginate solution cast on top of a PLA film.

By solution electrospinning onto the PLA film, uniform fibers were successfully generated for
all investigated polymers as SEM images confirmed (Figure 7.3). Thereby, the resulting fibers
on the film had slightly smaller diameters than electrospun fibers that were produced under
analogous conditions with similar polymer solutions but electrospun directly onto the
rotating collector drum without film (see Chapter 6), but displayed the same shape. Ribbon-

like fibers were formed by PLA while cylindrical shaped fibers were obtained for all PLA-PEG-
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PLA copolymers having all similar diameters (Table 7.1) so that it can be assumed that the
results of further investigations depended only on the chemical composition of the fibers

rather than on structural effects.

Figure 7.3 SEM images of lin70rac (A), lin70 (B), lin130 (C) and PLA (D) fibers fabricated by solution
electrospinning onto a PLA film.

Table 7.1 Fiber diameters of meshes directly electrospun onto a PLA film.

fiber diameter (um)

mesh polymer mean standard deviation
(A) lin70rac 0.904 0.109
(B) lin70 0.892 0.140
(C) lin130 0.913 0.086
(D) PLA 1.350 0.206

To visualize differences in the infiltration behavior of the alginate solution into the various
electrospun meshes, like for the bilayer preparation, the alginate solution was stained with
Water Blue before casting for the trilayer preparation as well. Photographic images of the
dry trilayers from the upper side (alginate on top) and from the bottom (PLA film on top)
show the extent and uniformity of the infiltration of the stained alginate solution into the
mesh (Figure 7.4). The mesh on top of the transparent PLA film originally had a whitish
appearance. After casting the alginate on top of the meshes, various steps of increasing
translucency of the mesh occurred, depending on the actual chemical composition of the
fibers. In good accordance with the contact angle measurements, with increasing PEG
content of the mesh polymer, the infiltration obviously was facilitated due to an elevated
hydrophilicity and a consequently better assimilation to the aqueous solution of the alginate.

After alginate casting, the pure PLA fibers kept their whitish appearance and remained
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Figure 7.4 Photographic images of trilayers after alginate casting: lin70rac mesh with 5 % alginate
(A), lin130 mesh with 5 % alginate (B) and PLA mesh with 3 % alginate (C) on a PLA film. The upper
sample shows the membranes with the alginate side on top, the lower sample the PLA film on top.

completely untransparent, which indicated that hardly any infiltration of the alginate
solution took place. Moreover, the dried alginate layer even started to dissociate from the
PLA mesh. In contrast, the fiber layer made of the copolymers with the highest investigated
PEG content (lin70 and lin70rac) became completely translucent indicating a good
penetration of the alginate as the change in light refraction is indicative for the wettability of
the polymer mesh. The PLA meshes appeared white when light was scattered at the air/fiber
interface due to the lacking alginate infiltration, while light is not refracted and reflected on
the material/fiber interface for a material with a more similar refractive index as the mesh

314 than air, which was the case as soon as the alginate replaced the air between the

polymer
PLA-PEG-PLA fibers. For trilayers with meshes of the copolymer with intermediate PEG

content (lin130), the mesh layer partly turned transparent but some white spots remained
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which displays infiltration properties in between those of the pure PLA and the copolymers

with the highest investigated PEG contents.

On cross-sectional stereomicroscopic images of the trilayer membranes only two tight layers
were recognizable with PLA-PEG-PLA fibers, while for the trilayers with PLA mesh a clear
intermediate mesh layer without blue alginate traces was observed (Figure 7.5). Moreover,
the above-described beginning separation of the layers of the trilayer with PLA mesh can be

seen as well and confirmed the results of the macroscopic evaluations.

Figure 7.5 Cross-sectional images of trilayers of a PLA film with a lin70rac mesh (A) or a PLA
mesh (B) with a 5 % alginate layer on top.

As a consequence, the use of PLA fibers on top of a PLA film as a mere surface modification
of the PLA film without any chemical modification did not improve the cohesion between
PLA film and alginate layer. To the contrary, since the alginate solutions did not infiltrate into
the PLA mesh and the alginate layer was deposited loosely on top of the lipophilic mesh, the
PLA mesh layer easily dissociated from the alginate layer due to an even worse spreading
than on the smooth PLA film. For this reason, the trilayers with PLA mesh were excluded
from the following mechanical and bioadhesive evaluations and only the promising
membranes with PLA-PEG-PLA copolymer meshes were further investigated. Visually, hardly
any difference between the membranes prepared with 3 % and with 5 % alginate solutions
could be observed. Nevertheless, both types of samples were used for further investigations
in the case that differences in manufacturing resulted in different mechanical or

mucoadhesive properties.
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7.2 Mechanical evaluations

A tensile test, a t-peel test as well as a bioadhesion test were performed on a universal
testing machine with samples of the prepared PLA/alginate bilayers, the prepared trilayers
with PLA-PEG-PLA meshes as intermediate layer between PLA film and alginate layer using a
3 % or 5 % alginate solution to create the alginate layer and partly also with alginate or PLA

monolayers to expose relevant differences.

7.2.1 Tensile test

A standard tensile test was performed with rectangular test specimens (1 cm x5 cm) to
determine the tensile properties of the membranes and to evaluate both the enhancements
of multilayers towards monolayers and potential beneficial effects of the intermediate
meshes on the multilayer membrane stability. A PLA monolayer resulted in a distinctly
higher maximum load than the alginate monolayers, whereby the alginate film cast from a
5 % solution withstood higher forces (4.7 N) than an alginate film cast from a 3 % solution
(3.0 N) (Figure 7.6). This can be attributed to the higher thickness of the 5 % alginate film that
occurred because of a higher solid content in dried state and because by casting on

uncoated glass plates no contraction occurred in contrast to the casting of a 3 % alginate
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Figure 7.6 Tensile properties of the prepared bilateral membranes as well as of PLA and
alginate monolayers.

* indicates a significant difference to the PLA film.

** indicates a significant difference to the bilayer with similar alginate layer.

# indicates a significant difference between the respective coatings with 3 % or 5 % alginate
solutions.
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solution onto a PLA film as already mentioned. By adding additional layers to the PLA film,
the membranes naturally gained thickness and consequently maximum loads increased in
comparison to a simple PLA film. Trilayers showed significant increases in maximum loads
with increasing PEG content of the mesh and especially with racemic PLA chains in
comparison to bilayers. The increasing tensile forces from bilayer to trilayer and with
increasing PEG content and even with a change to racemic PLA parts within the mesh
polymer of the trilayers may be attributed to the known phenomenon that fibers within
another polymer phase stabilize the construct and consequently lead to improved

mechanical properties.‘:”S_316

This effect may be seen as a beneficial side effect to the
desired application as improved mechanical properties facilitate surgical handling. In
addition, these findings confirm the results of the optical evaluations which revealed a
better infiltration of the alginate solutions into meshes with higher PEG contents. Since the
trilayers with the highest PEG contents withstood the highest forces although pure meshes
show lower maximum loads and tensile strengths with increasing PEG content due to the
plasticizing effect of PEG (see Figure 6.14), it can be concluded that the mesh properties itself
hardly contributed to the tensile properties of the trilayers but that the meshes with the

highest PEG contents were best embedded in the alginate phase because they contributed

the most to the tensile properties of the membrane.

7.2.2 T-peel test

A t-peel test was performed to verify the intended cohesion promotion between the
hydrophilic alginate and the lipophilic PLA through a solution electrospun polymer mesh as
intermediate layer for a better fixation of the bioadhesive alginate layer on the PLA film. The
test was conducted with rectangular test specimens (1 cm x 5 cm) of the trilayers with PLA-
PEG-PLA meshes and compared to the performance of samples of the PLA/alginate bilayers.
The resulting load — distance diagrams of the bilayers (Figure 7.7) revealed a load maximum at
the beginning of the test, followed by a load plateau over the main distance of the
measurements and a second load maximum right before the final separation of the layers
indicating a very even alginate coating on top of the PLA film. Because of the peaks of the
load maximums, standardly the load values of the plateau after the initial load maximum

peak are averaged for peel strength calculations.?*
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Figure 7.7 Load — distance diagrams of the t-peel test of the bilayer (A) and the trilayers with various PLA-PEG-
PLA mesh (B) with 3 % alginate.

The load — distance diagrams of the trilayers showed more inequalities during the load
plateau in comparison to the bilayers due to naturally occurring irregularities in the fiber
distribution and merging of the fibers with the film during the electrospinning process and in
case of the lin130 probably additionally because of the uneven infiltration of the alginate
solutions and consequently an inhomogenous membrane. However, the measurements
confirmed significantly higher necessary peel strengths to separate the alginate/mesh layer
from the PLA film than to separate the bilayers (Figure 7.8). Moreover, the cohesion between
the layers was stronger the higher the PEG content of the intermediate mesh was and was
further increased by the use of the copolymer with racemic PLA chains compared to the PLA-
PEG-PLA synthesized with 70:30 L-lactide:D, L-lactide. Although the PLA-PEG-PLA copolymer
with 70:30 L-lactide:D, L-lactide PLA is totally amorphous like the copolymer synthesized
with completely racemic PLA, a still higher flexibility of the racemic polymer chains®"’ may
lead to a more flexible orientation of the PEG blocks and consequently enable a more
consistent infiltration of the hydrophilic alginate solutions. Furthermore, the trilayers
prepared with 3 % alginate solutions showed always higher peel strengths than the trilayers
prepared with 5 % solutions, which may be attributed to a significantly better infiltration of
the alginate solution into the mesh due to the lower viscosity of the solution and
consequently a more stable connection of the different layers. In conclusion, the conducted
t-peel test nicely illustrated the successful realization of the desired cohesion promotion
between PLA film and alginate by means of an intermediate electrospun mesh layer and

confirmed the best results for the trilayer consisting of a PLA film with the PLA-PEG-PLA
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mesh with the highest investigated PEG content and racemic PLA chains and an alginate

layer prepared with a 3 % solution.

0.35 - M3 9% alginate =5 % alginate rE

o o
[\%] w
w o
1 1
—

peel strength (N/cm
¥
o

0.15 4
0.10 - i
I
0.05 - _
I
bilayer trilayer trilayer trilayer
lin130 lin70 lin70rac

Figure 7.8 Peel strengths of bilayers and trilayers.
** indicates a significant difference to the bilayer with similar alginate coating.
# indicates a significant difference between coatings with 3 % and 5 % alginate.

7.2.3 Bioadhesion test

A specially designed bioadhesion test was performed to evaluate the desired better
adhesion to tissue surfaces of a side made of alginate, which is known for its
mucoadhesiveness due to the formation of hydrogen bonds with mucin-type
glycoproteins,®*® in comparison to the smooth PLA surface. As bioadhesive polymeric
systems have been widely investigated especially for targeted drug delivery formulations
through mucosal membranes like for buccal, ophthalmic, vaginal, nasal or intestinal

delivery,?*®

the implementation of a comparable standardized test setup to evaluate the
bioadhesive strength is of high interest. However, despite the findings of Wong et al.>® that
the outcomes of adhesion measurements depend on instrument variables such as contact
force, contact time and speed of the probe during removal, up to now there is no agreed

standard test method.?**3%

As a consequence, an appropriate test method was developed
that was tailored to the intended application as physical barrier device for the prevention of
postsurgical adhesions. Since adhesions often affect the small intestine and lead to small
bowel obstructions,? the outside of a small intestine of a male domestic pig was chosen as
test surface for the mucoadhesive properties of the prepared membranes and the alginate

sides of the trilayers were tested in comparison to a simple PLA film. During the test, no
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Figure 7.9 Results of the bioadhesion test.
* indicates a significant difference to the PLA film.

separation of the individual layers of the trilayers was observed but only the detachment
forces of the alginate layer from the small intestine were determined indicating that the
achieved cohesion forces between the layers were sufficient for the mechanical stability of
the whole construct. Thereby, all investigated alginate sides of the trilayers resulted in
bioadhesive strengths around twice as high as the unmodified PLA film, which illustrates a
significantly better adhesion to the intestine for the trilayers (Figure 7.9). The results confirm
the bioadhesive properties of the alginate and that the PLA film becomes stickier to tissue
surfaces by a modification with this natural polysaccharide on one side. The higher
bioadhesive strength may lead to a prolongation of the residence time of the membrane on
the site of injury and successfully facilitate the application by the surgeon as the membrane
does not slip out of place during suturing. However, the here utilized un-cross-linked alginate
is highly water soluble and consequently potentially quickly washed away so that persistence
during the entire time of wound healing without any fixation is questionable without further
adaptions. A possible cross-linking of the alginate can improve the stability and persistence
by making the layer less water soluble but with increasing cross-linking the mucoadhesive
properties are also diminished.”®® As a consequence, following studies for an eventual
necessary further improvement of the bilateral PLA/alginate membranes will have to deal
both with the nontrivial development of an appropriate test set-up for the quantification of
the residence time of the membrane on tissue surfaces and with the achievement of an

appropriate balance between layer stability and bioadhesive strength at the application site.
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7.3 Summary and conclusions

In conclusion, promising bilateral PLA/alginate membranes for the prevention of post-
surgical adhesions were established. Thereby, the aim was to cover a smooth PLA film, that
keeps the affected tissues and organs glidingly separated, on one side with the
mucoadhesive natural polysaccharide alginate to achieve a one-sided attachment of the
membrane on the site of injury to facilitate surgical handling or ideally make an additional
fixation redundant. Solution electospun PLA-PEG-PLA copolymer meshes as intermediate
layer proved to be versatile tools to promote the cohesion between the otherwise easily
separable layers of PLA film and alginate, while a mere surface modification with a PLA mesh
without chemical modification did not improve the cohesion. With increasing PEG content of
the mesh, infiltration of the alginate solution during the manufacturing process was
facilitated which led to uniform membranes with improved mechanical properties, adequate
peel strengths proving a good cohesion between the layers and enhanced bioadhesive
properties that may prolong the residence time on tissue surfaces. Since solutions with
lower alginate concentration (3 %) led to a better embedding of the fibers because of an
easier infiltration due to a lower viscosity, a PLA film with an electrospun mesh of the PLA-
PEG-PLA with the highest PEG content and racemic PLA chains (lin70rac) as cohesion
promoter and an alginate coating with a 3 % solution turned out to be the best suited
combination of the investigated trilayers. Apart from an enhanced bioadhesiveness, the
achieved combination of lipophilic with hydrophilic polymer layers could be further
beneficial with regard to a modified drug release. For a final evaluation of the actual
effectiveness of the developed trilayers, with or without drug loading, subsequent animal

studies are necessary.
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Chapter 8
Summary, conclusions and outlook

In this chapter, the main points of the thesis are summarized in English as well as in German.
Furthermore, the main conclusions from the results of the conducted experiments with an

outlook on further necessary steps for the development of an ideal barrier device are given.
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8.1 Summary/Zusammenfassung

8.1.1 Summary

An ideal barrier device for the prevention of postsurgical adhesions should fulfill several
requirements in order to effectively perform in a patient. At first it should be highly
biocompatible causing as little foreign body reactions and inflammation as possible. Second,
the device should efficiently separate the affected tissues and completely and stably cover
the site of injury over the time of wound healing. Then, it should be easy to handle both in
open procedures and in laparoscopic surgery. Ideally, the applied material is biodegradable
and can be completely absorbed and remodeled by the body so that no further surgical
intervention is necessary to remove it from the patient.' Regardless of the size of the injury

15716 ¢4 that this

peritoneal wound healing typically takes place within only five to ten days
time period would represent the required minimum for an ideal barrier to stay intact.
However, since a too fast degradation can also promote inflammation and adhesiogenicity,”®
a slightly longer degradation time clinically seems to be more appropriate. A further
preferred property of an ideal barrier device is that it stays in place without further fixation
by sutures, since suturing additionally enhances adhesion formation.'* By loading the barrier
with pharmacologically active substances depending on the nature of the drug an additional

positive effect such as reduction of infection and subsequent inflammation or alternatively a

promotion of the wound healing process can be anticipated.

The aim of this thesis was to develop new barrier devices that show improved properties
compared to the clinically applied PLA films (Surgiwrap®) and fulfill most of the above
described requirements. Therefore, apart from biodegradable PLA, different custom-made
PEG-PLA copolymers were used in this thesis as base materials for the subsequent barrier
preparation. Commercial PLA (Resomer® LR708) was used and analyzed as purchased. PEG-
PLA copolymers with various architecture and composition were synthesized via standard
ring opening polymerization using tin(ll) 2-ethylhexanoate as catalyst. A subsequent
characterization via *H-NMR, GPC and DSC confirmed the desired polymer compositions and
molecular weights as well as the amorphous nature of the synthesized polymers (Chapter 4).
The polymers were then further processed into solvent cast films as well as solution

electrospun meshes of different thickness and dimensions.

158



Chapter 8 Summary, conclusions and outlook

Investigations on 20 um thick solvent cast films confirmed that through the copolymerization
of PLA with hydrophilic PEG the barrier properties can successfully be tailored. Due to a
higher water uptake, the degradation time was significantly shorter for PEG-PLA films than
for PLA films and with an appropriate PEG content could be adjusted to the desired time
frame. Moreover, potentially adequate mechanical properties for surgical handling as well as
for the performance within the patient’s body were achieved. Thereby, shorter degradation
times were obtained for star-shaped than for linear copolymers due to smaller initial
degradation products which can be washed out faster, but a longer persistence of the
mechanical properties over time was achieved for star-shaped copolymers due to a better
anchorage of the plasticizing PEG. /n vitro release studies and an agar diffusion test with
triclosan loaded films demonstrated further that due to a higher water uptake the release
rate and the antibacterial efficacy were also enhanced for PEG-PLA films in contrast to pure
PLA films (Chapter 5).

The experiments with solution electrospun meshes revealed a massively higher water
uptake of the meshes than of the solid films due to their high initial porosity. Moreover,
shorter degradation times for most of the tested polymers in comparison to films with
similar thickness made of the same polymer were observed which can be attributed to the
higher specific surface and the overall smaller polymer content. Nevertheless, for some of
the polymers still the desired mesh degradation time was obtained. The meshes shrank to
different extents during the degradation study but kept their morphology of separated fibers
without occurring coalescence over the investigated time. Mechanical tests demonstrated
the high flexibility of the solution electrospun meshes but also revealed that the forces,
which 20 um thick meshes withstand until they rupture or until a surgical suture is pulled
out, are too low for a successful application as a monolayer. However, already with 40 um
thick electrospun meshes similar values as for the stable applicable solid films for the suture
pullout test indicate appropriate properties with increased mesh thickness. Cell adhesion
and viability tests showed the non-toxicity of the clinically used PLA films as well as of PEG-
PLA films and meshes. Moreover, the experiments confirmed that L929 cells adhered even
less on the PEG-PLA devices than on the purely lipophilic PLA surfaces. A long-term agar
diffusion test with drug loaded devices revealed a longer and higher antibacterial efficacy for

triclosan loaded meshes than for triclosan loaded films especially if drug loading of the
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meshes is realized after the electrospinning process by adding the drug on top and in the
pores of the mesh. With an antibacterial efficacy over more than one week especially the
prepared meshes appear a quite promising device for a drug eluting membrane, alone or in
combination with a burst release layer (Chapter 6).

Apart from film and mesh monolayers, bilayered and trilayered membranes with PLA on one
side and the mucoadhesive polysaccharide alginate on the other side were prepared with
the intention to achieve a device that stays in place without the further need for suturing.
With a bioadhesion test on a small intestine of a domestic pig the benefit of an additional
alginate side towards the pure PLA film was successfully demonstrated. Optical evaluations
and a t-peel test gave proof that the cohesion between the chemically completely different
layers was distinctly enhanced and a separation successfully made more difficult by the use
of an appropriate PEG-PLA mesh as intermediate cohesion promoting layer where the

alginate solution can efficiently infiltrate (Chapter 7).
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8.1.2 Zusammenfassung

Eine ideale Barrieremembran zur Pravention postoperativer Adhdsionen sollte mehrere
Anforderungen erfiillen, um eine effektive Anwendung im Patienten zu gewahrleisten.
Zunachst sollte sie biokompatibel sein und so wenig Fremdkorper- und Entziindungs-
reaktionen wie moglich hervorrufen. AuBerdem sollte die Barriere die verletzte Stelle
wahrend der Heilungsdauer der Wunde komplett bedecken und eine effiziente Trennung der
betroffenen Gewebe sicherstellen. Weiterhin sollte die Membran einfach zu handhaben sein
und sowohl bei offenen Operationen als auch bei laparoskopischen Eingriffen eingesetzt
werden kdnnen. Um die Notwendigkeit eines weiteren Eingriffs, bei dem die eingesetzte
Membran wieder entfernt wird, zu vermeiden, sollte das verwendete Material idealerweise
bioabbaubar sein und vom Kérper komplett resorbiert und anschlieRend verstoffwechselt
werden kénnen.! Da die peritoneale Wundheilung unabhingig von der GréRe der verletzten

15716 stellt dieser Zeitraum die minimal

Stelle innerhalb von funf bis zehn Tagen ablauft,
notwendige Dauer dar, iber die eine physikalische Barriere intakt bleiben sollte. Da jedoch
ein zu schneller Materialabbau wieder selbst Entziindungsreaktionen und damit verbunden
eine Adhasionsbildung hervorrufen kann,76 erscheint eine etwas langere Abbauzeit klinisch
sinnvoll. Eine weitere erwiinschte Eigenschaft einer idealen Barrieremembran ist, dass sie
ohne weitere chirurgische Fixierung mit Nahtmaterialien an der betroffenen Stelle verbleibt,
da Annihen zusatzlich zur Bildung von Adhisionen fihren kann.'* Durch eine zusatzliche
Beladung der Membran mit pharmakologisch aktiven Substanzen kann, abhdngig von der
Beschaffenheit des verwendeten Arzneistoffs, ein zusatzlicher positiver Effekt wie die

Reduktion von Infektionen und damit verbundener Entziindung oder alternativ die

Forderung des Wundheilungsprozesses erzielt werden.

Ziel dieser Arbeit war es, neue Barrieremembranen zu entwickeln, die im Vergleich zu bereits
in der Klinik angewendeten PLA-Filmen (Surgiwrap®) verbesserte Eigenschaften zeigen und
die meisten der oben beschriebenen Anforderungen erfiillen. Hierzu wurden neben
bioabbaubarem PLA verschieden geartete PEG-PLA-Copolymere als Basismaterial fiir die
Herstellung von Barrieremembranen verwendet. Dabei wurde handelsibliches PLA
(Resomer® LR708) wie vom Hersteller erhalten benutzt und analysiert. PEG-PLA-Copolymere

mit verschiedener Struktur und Zusammensetzung wurden mittels
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Ringoffnungspolymerisation unter Einsatz von Zinn(ll)-2-ethylhexanoat als Katalysator
synthetisiert. Die durchgefiihrte Charakterisierung per 'H-NMR, GPC und DSC bestatigte die
angestrebten Molekulargewichte und Zusammensetzung der synthetisierten Polymere sowie
ihre amorphe Beschaffenheit (Kapitel 4). Die Polymere wurden anschliefend mittels
Losemittel-GieBverfahren zu Filmen und mittels Elektrospinnen zu Vliesen verschiedener
Dicke und GroRe weiterverarbeitet.

Untersuchungen zu 20 um dicken Filmen bestatigten, dass durch die Copolymerisation von
PLA mit hydrophilem PEG die Eigenschaften der Barriere erfolgreich optimiert werden
konnten. Aufgrund hoherer Wasseraufnahme war die Abbauzeit von PEG-PLA-Filmen
signifikant kirzer als von PLA-Filmen und konnte mit geeignetem PEG-Gehalt auf den
gewiinschten Zeitraum eingestellt werden. Darlber hinaus wurden adaquate mechanische
Eigenschaften sowohl fiir die Handhabung durch den Chirurgen als auch fiir das Verhalten im
Korper des Patienten erreicht. Dabei wurden aufgrund von initial kleineren Abbauprodukten,
die schneller ausgewaschen werden konnen, fir sternformige Copolymere kiirzere
Abbauzeiten festgestellt als fiir lineare, wobei aber durch eine bessere Verankerung des
weich-machenden PEGs eine zeitlich ldangere Aufrechterhaltung der vorteilhaften
mechanischen Eigenschaften fiir sternformige als fir lineare Copolymere erreicht wurde. In
vitro-Freisetzungsuntersuchungen sowie Agardiffusionstests mit Triclosan-beladenen Filmen
zeigten weiterhin, dass aufgrund von hoherer Wasseraufnahme die Freisetzungsrate und die
antibakterielle Wirksamkeit von PEG-PLA-Filmen gegeniiber reinen PLA-Filmen ebenfalls
erhoht wurden (Kapitel 5).

In den Experimenten mit elektrogesponnenen Vliesen wurde aufgrund ihrer hohen Porositat
eine deutlich hohere Wasseraufnahme festgestellt als fir die massiven Filme. Darlber
hinaus wurden fir die meisten Polymere kiirzere Abbauzeiten fir Vliese als fir die
entsprechenden Filme aus demselben Polymer beobachtet, was der hoheren spezifischen
Oberflache sowie dem generell niedrigeren Polymergehalt der Vliese zugeschrieben werden
kann. Dennoch lag die Abbauzeit der Vliese fliir manche der untersuchten Polymere noch im
gewlinschten Bereich. Die Vliese schrumpften wahrend des Abbauversuchs in
unterschiedlichem AusmaR, wobei die urspriingliche Morphologie mit getrennten Fasern
dabei jedoch erhalten blieb, ohne dass ein Verschmelzen der Fasern {iber den

Untersuchungszeitraum beobachtet wurde. Mechanische Tests demonstrierten die hohe

162



Chapter 8 Summary, conclusions and outlook

Flexibilitat der elektrogesponnenen Vliese, zeigten jedoch auch, dass die Krafte, denen
20 um dicke Vliese standhalten bis sie reiBen oder bis ein chirurgischer Faden ausgerissen
wird, zu niedrig sind, als dass die Vliese allein sinnvoll als einschichtige Barriere angewendet
werden koénnen. Allerdings konnten mit 40 um dicken elektrogesponnenen Vliesen bei
einem FadenausreilStest ahnliche Werte erzielt werden wie fir die klinisch eingesetzten
Filme, was fir das Erreichen von zweckmaRigen Eigenschaften fiir Vliese mit erhéhter Dicke
spricht. Zelladhasions- und Zellviabilitatstests bestdtigten darliiber hinaus sowohl die
Ungiftigkeit der klinisch angewendeten PLA-Filme als auch der PEG-PLA-Filme und -Vliese.
Aullerdem zeigten die Experimente, dass L929-Zellen schlechter an den hydrophilen PEG-
PLA-Membranen haften als an lipophilen PLA-Oberflachen. Ein Langzeit-Agardiffusionstest
mit arzneistoffbeladenen Membranen ergab eine langer andauernde und hohere
antibakterielle Wirksamkeit fiir Triclosan-beladene Vliese als fiir Triclosan-beladene Filme,
insbesondere wenn die Arzneistoffbeladung der Vliese erst im Anschluss an den
Elektrospinnprozess durch oberflachliches Aufbringen des Arzneistoffs erfolgte. Mit einer
antibakteriellen Wirksamkeit (ber mehr als eine Woche erwiesen sich vor allem die
gefertigten Vliese als vielversprechendes Freisetzungssystem, ob alleine oder in Kombination
mit einer sehr schnell freisetzenden Schicht (Kapitel 6).

Abgesehen von Filmen und Vliesen zur Anwendung als Einzelschicht wurden zweischichtige
sowie dreischichtige Membranen hergestellt, die aus einem PLA-Film auf der einen Seite und
einer Schicht aus dem mucoadhdsiven Polysaccharid Alginat auf der anderen Seite bestehen,
um eine Barrieremembran zu entwickeln, die ohne zusatzliche Fixierung mit chirurgischem
Nahtmaterial von alleine am Gewebe haftet. Mit einem Bioadhdsionstest auf einem Stuck
Schweinedlinndarm konnte der Nutzen einer zusatzlichen Alginatschicht gegeniliber einem
reinen PLA-Film erfolgreich gezeigt werden. Visuelle Begutachtungen und ein T-Peeltest
bewiesen, dass die Kohdsion zwischen den chemisch komplett unterschiedlichen
Polymerschichten deutlich verbessert und ihre Trennung erfolgreich erschwert wurde, was
durch den Einsatz eines geeigneten PEG-PLA-Vlieses als kohasionsfordernde Zwischenschicht

erreicht wurde, in die die Alginatlosung effektiv einsickern kann (kapitel 7).
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8.2 Conclusions and outlook/Schlussfolgerungen und Ausblick

8.2.1 Conclusions and outlook

In conclusion, by processing PEG-PLA copolymers to solvent cast films and solution
electrospun meshes, promising barrier devices for the prevention of postsurgical adhesions
with improved properties compared to PLA films were successfully developed. With an
appropriate PEG content and polymer architecture barrier devices were achieved that fulfill
the requirements currently postulated for an ideal physical barrier during in vitro testing.
The prepared devices are biocompatible and biodegradable in an appropriate time frame
and possess adequate mechanical properties both for surgical handling and for a decent
performance within the patient’s body. Moreover, drug release behavior could also be
adjusted by varying the PEG content of the used polymer, the morphology of the barrier and
the applied procedure of drug loading. By preparing a barrier with a layer of bioadhesive
alginate on one side additionally a device was developed that effectively sticks to tissues by
itself. However, additional in vivo studies are without a doubt necessary to conclusively
evaluate the suitability of the developed membranes for adhesion prevention since naturally
occurring factors such as the patient’s body movement, the actual composition of peritoneal
fluids, the presence of other cells or enzymatic activities highly influence the integrity and
performance of the device and cannot be mimicked in vitro. Moreover, efforts in the
development of a modification of the electrospinning process to prevent mesh shrinkage
during application or of a feasible preshrink process before usage have to be made to ensure
constant mesh dimensions and the coverage of the entire wound area after mesh
application. Further investigations are also recommended for the also promising approach of
bilateral membranes with one bioadhesive side. Since the utilized un-cross-linked alginate is
very bioadhesive but potentially quickly washed away due to its good water solubility, a
suitable test system for the determination of the endurance of adhesive properties has to be
established and the composition of the adhesive layer as far as necessary adjusted.
Moreover, it is advisable to evaluate if the use of PEG-PLA films instead of PLA films as basic
layer can also in this case be further beneficial regarding cohesion between the layers and
the overall mechanical properties of the device to get a further optimized in vivo

performance.
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8.2.2 Schlussfolgerungen und Ausblick

Durch die Verarbeitung von PEG-PLA-Copolymeren zu aus Lésemittel gegossenen Filmen und
elektrogesponnenen Vliesen wurden schlussendlich vielversprechende Barrieremembranen
zur Pravention von postoperativen Adhédsionen erfolgreich entwickelt, die verbesserte
Eigenschaften im Vergleich zu PLA Filmen aufweisen. Mit geeignetem PEG-Gehalt und
Polymerarchitektur wurden Barrieremembranen erzeugt, die den Anforderungen gerecht
werden, die aktuell fir eine ideale physikalische Barriere fiir in vitro-Untersuchungen
angenommen werden. Die hergestellten Membranen sind biokompatibel und bioabbaubar
innerhalb eines angemessenen Zeitraums und besitzen geeignete mechanische
Eigenschaften sowohl fiir die Handhabung durch den Chirurgen als auch fir eine
angemessene Leistung im Korper des Patienten. Darliberhinaus konnte das
Freisetzungsverhalten von Arzneistoffen durch die Variation des PEG-Gehalts des
verwendeten Polymers, der Morphologie der Barriere und der angewendeten Methode zur
Arzneistoffbeladung passend eingestellt werden. Durch die Herstellung einer Barriere mit
einer Schicht aus bioadhdsivem Alginat auf einer Seite wurde zusatzlich eine Membran
entwickelt, die von selbst am Gewebe haftet. Jedoch sind zweifellos zusatzlich in vivo-
Studien notwendig, um abschliefend die Eignung der entwickelten Membranen fiir die
Pravention von Adhéasionen zu beurteilen, da natirlich vorkommende Faktoren wie
Korperbewegungen des Patienten, die tatsdchliche Zusammensetzung von peritonealen
Flussigkeiten, die Gegenwart anderer Zellen oder enzymatische Aktivitaten die Integritat und
Leistung der Membran stark beeinflussen und in vitro nicht nachgeahmt werden konnen.
Daneben sollten Anstrengungen unternommen werden in Richtung einer Modifikation des
Elektrospinningprozesses, um ein Schrumpfen des Vlieses wahrend der Applikation zu
vermeiden oder in Richtung eines praktikablen Vorschrumpfprozesses vor Gebrauch, um
konstante Vliesdimensionen und die Bedeckung der kompletten Wundflache nach
Applikation des Vlieses sicherzustellen. Weitere Untersuchungen sind auRerdem
empfehlenswert im Hinblick auf den ebenfalls vielversprechenden Ansatz von bilateralen
Membranen mit einer bioadhédsiven Seite. Da das verwendete unvernetzte Alginat stark
bioadhasiv ist, aber aufgrund seiner guten Wasserloslichkeit potenziell schnell
weggewaschen wird, sollte ein passendes Testsystem fir die Bestimmung der Dauer der

adhasiven Eigenschaften etabliert werden und die Zusammensetzung der adhdsiven Schicht
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so gut wie moglich eingestellt werden. Darliberhinaus ist es ratsam zu bewerten, ob die
Verwendung von PEG-PLA-Filmen anstelle von PLA-Filmen als Basisschicht auch in diesem
Fall von weiterem Nutzen ist in Bezug auf den Zusammenhalt der Schichten und die
gesamten mechanischen Eigenschaften des Konstruktes, um eine noch weiter optimierte in

vivo Leistung zu erreichen.
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