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ABSTRACT

The presented doctoral thesis is dedicated to the preparation and
characterisation of bioartificial polymeric materials with latent medical application.
Besides of the progress that polymer science has reached, including polymers in
medical field, there are still significant unsolved problems related to this topic. One
of those problems which are indeed one of the most complicated issues in
medicine is fibrous adhesion. This phenomenon appears as a consequence of a
surgery and it might generate further inconveniences. Although polymers have
been used in this matter, an alternative or complementary treatment could
contribute in the development of new techniques which may attenuate, reduce or

even eliminate the mentioned problem.

Blending polymers is a valuable method for obtaining materials with superior
performance and better properties than the individual components. Furthermore,
a polymer blend with two different surfaces represents an interesting approach for
differentiating tissues and therefore, for reducing the fibrous adhesion. For the
mentioned reasons, this thesis contains a broad description of biomaterials and
their uses as a frame for understanding the characteristics that bioartificial
polymeric materials need to fulfil. Simultaneously, collagen, poly(vinyl alcohol) and
poly(vinyl pyrrolidone) are deeply described and special attention is paid to blends

of these kind of materials in the medical field.

Three approaches about preparation of bioartificial polymeric materials are
developed within this thesis. In the first one, poly(vinyl alcohol) as a biodegradable
and biocompatible polymer is dissolved in ethylene glycol and the solution is
subjected to microwave irradiation. The process is monitored by UV-VIS and FTIR
spectroscopy and as a result, the treatment does not cause significant changes in
the polymer and degradation can be considered as negligible with regard to

polymer processing. Moreover, SEC confirms that no variations in poly(vinyl



alcohol) molar mass and neither chain cleavage nor crosslinking reactions are

observed.

In the second one, poly(vinyl alcohol) and poly(vinyl pyrrolidone) are blended
and the obtained films are crosslinked and plasticised with the further intention of
being used as bio-materials with latent medical application. The obtained films are
characterised by differential scanning calorimetry (DSC), mechanical properties,
swelling and solubility behaviour. The polymer blend exhibits an appropriate
performance in the studied parameters and as a consequence, the obtained films

could be suitable for use as medium or long term implants.

Finally and as a remarkable result, a double-sided bioartificial polymeric
material is obtained and it is characterised by different instrumental methods. The
material exhibits higher water resistance and mechanical properties than the raw
polymers. The characterisation indicates that the combination of crosslinker and
plasticiser agents do not affect negatively the performance of the bioartificial film
in the range of physiological relevant frequencies at normal human temperature

which might indicate that films can be suitable candidate for medical applications.

Key words: Bio-artificial polymeric materials, poly(vinyl alcohol), poly(vinyl

pyrrolidone), collagen, mechanical properties, thermal properties.



ABSTRAKT

PredloZzena doktorska disertaéni prace je vénovana pfipravé a charakterizaci
bioarteficialniho polymerniho materidlu s latentni medicinskou aplikaci. Navzdory
velkému pokroku, kterého dosahla véda o polymerech, véetné polymerl v oblasti
mediciny, stale v této oblasti zUstavaji vyznamné nevyresené problémy. Jednim
z téchto problémd, ktery je vskutku jeden z nejkomplikovanéjsich, jsou srlsty. Ten
to jev vznika jako pooperacni nasledek a muzZe zplisobovat mnoho dalSich potizi.
Ackoliv se polymery jiz v této véci zkousely, alternativni nebo doplnujici 1é¢ba by
mohla prispét k rozvoji novych technik, které by zeslabily, omezily nebo zcela

odstranily tento problém.

Michani polymer( je cennd metoda ziskdvani materidld slepsi funkci a
vlastnostmi nez maji jednotlivé slozky samostatné. Dale, polymerni smés se dvéma
rGznymi povrchy predstavuje zajimavy pfristup pro separaci tkani, ¢imZz by se
zamezilo vzniku sristl. Z uvedenych dlvod( tato disertace obsahuje Siroky popis
biomateriall a jejich pouziti jako ramec pro porozumeéni vlastnostem, které musi
biomaterial spliovat. Soucasné jsou detailné popsany kolagen, poly(vinylalkohol) a
poly(vinylpyrrolidon), pficemZ je vénovadna specidlni pozornost smésim téchto

druh(l materidla v oblasti mediciny.

V této praci byly rozvinuty tfi pfistupy k pfipravé bioarteficialnich polymernich
materiall. Za prvé, poly(vinylalkohol), jako biodegradabilni a biokompatibilni
polymer, byl rozpustén v ethylenglykolu a wvznikly roztok byl vystaven
mikrovinnému zareni. Proces byl sledovan pomoci UV-VIS a FT-IR spektroskopii.
Bylo zjisténo, Ze tato expozice nezplisobuje vyznamné zmény polymeru a Ze jeho
degradace mlze byt povaZzovana za zanedbatelnou =z hlediska pozdéjsiho
zpracovani polymeru. Navic, SEC potvrdila, Ze v polymeru se neodehravaji Zddné

zmény molarni hmotnosti, ani Stépeni retézcq, ani sitovani se nepozorovalo.



Za druhé, poly(vinylalkohol) a poly(vinylpyrrolidon) byly zamichany a ziskané
filmy nesitovany a zmékéeny se zamérem dale je vyuZzit jako biomaterial s latentni
medicinskou aplikaci. Ziskané filmy byly charakterizovany diferencialni skenovani
kalorimetrii (DSC), byly zkoumany mechanické vlastnosti, bobtndni a rozpustnost.
Polymerni smés vykazuje vhodné vlastnosti ve smyslu studovanych parametrd a
v dusledku toho Ize povaZovat pfipraveny material za pripadné vhodny pro pouziti

jako stredné ¢i dlouhodoby implantat.

Konecné, jako treti vyznamny vysledek, byl pripraven dvojstranny bioarteficialni
material, ktery byl charakterizovan rlznymi pfistrojovymi metodami. Tento
materidl ma vétsi odolnost vici vodé a ma lepsi mechanické vlastnosti, nez vychozi
polymery. Provedena charakterizace ukazuje, Ze kombinace sitovaciho Cinidla a
zmékcovadla neovliviuje negativné funkci bioarteficialni félie v rozsahu fyziologicky
vyznamnych frekvenci pfi normalni teploté lidského téla, coz naznacuje pfipadnou

aplikaci v mediciné.

Klicova Slova: Bio-arteficidlni polymerni materidl, poly(vinylalkohol),

poly(vinylpyrrolidon), kolagen, mechanické vlastnosti, tepelné vlastnosti.
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INTRODUCTION

In the last decades, biomaterial science has gone through an extraordinary
development, and one of the reasons is because it is associated with other
disciplines such as biology, chemistry, engineering and medicine. These fields have
achieved materials for being used during medical treatment or in the restoration of
organs and tissues, and although metals, ceramics, composites and polymers are
included within biomaterials, the later deserve a special attention as a
consequence of their mechanical properties, and because it is possible to
synthesise them with biodegradable or bioresorbable properties [1].

Since interaction with biological system is involved, a negative body reaction
which includes inflammatory response, strong infection or even death could be
present [2]. Nevertheless, the combination of natural and synthetic polymers might
contribute to attenuate or reduce these effects. For that reason, bioartificial
polymeric materials have been proposed as new materials and they should usefully
combine the biocompatibility of the biological component with the physical and
mechanical properties of the synthetic one [3]. Thus, this thesis is focused on the
development and characterisation of a new bioartificial polymer which could be
used as a matrix for tissue regeneration or reparation. The bioartificial polymer
might signify an advance in medical treatment against fibrous adhesion or other
kind of problems related to surgeries or invasive procedures.

The thesis is organised into 3 main parts. The first one deals with the theoretical
background of polymers, with special attention to polymers intended for medical
use and particularly to collagen (COLL), poly(vinyl pyrrolidone) (PVP) and poly(vinyl
alcohol) (PVA). The second part includes the conclusions of the research work, as
well as the main contribution to science according to the Ph.D. studies. Finally,
participation in academic and scientific events appears as well as the papers which

were prepared during the doctoral programme.
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1. THEORETICAL BACKGROUND

1.1 Polymers as biomaterials

Although there had been several attempts to define biomaterials and the scope of
biomaterials science, just in 1987 some consistency was achieved by the Consensus
Conference on Definitions in Biomaterials Science of the European Society for
Biomaterials. It is derived from a considered and debated definition which was
discussed in further events and some modifications emerged in order to reduce the
meaning related to the biomedical material concept. In this matter, a biomaterial
was defined as a substance that has been engineered to take a form which, alone
or as part of a complex system, is used to direct, by control of interactions with
components of living systems, the course of any therapeutic or diagnostic
procedure, in human or veterinary medicine [4].

The use of this kind of materials has grown very fast in the last decades as a
result of the concurrence of several disciplines including chemistry, chemical
engineering, materials science, mechanics, surface science, bioengineering, biology,
and medicine, with considerable input from ethicists, government-regulated
standards organizations, and entrepreneurs [5]. Additionally, biomaterials
encompass many fields of medicine and their repercussion in the human quality life
cannot be reduced in a number of patients with a better quality life, or in the
development of the science. The effect of biomaterials is enormous and
specifically, polymers are used by tens of millions of people annually and hundreds
of thousands of lives are expected to be saved each year [6].

Certainly, its scope is incalculable. Sutures, screws or even a transplantation of a
whole organ among others (table 1) are an appetiser of its magnitude [7]. No

wonder that nowadays the biomaterial field has deeply permeated the medical
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industry and it was estimated that in the year 2000, their cost just in the USA was

9 billions of dollars which is an indicative of its transcendence in economy [8].

Table 1. Use of Biomaterials

Problem area Examples

Replacement of diseased or Artificial hip joint, kidney dialysis machine
damaged part
Assist in healing Sutures, bone plates, and screws

Improve function Cardiac pacemaker, intraocular lens

Correct functional abnormality | Cardiac pacemaker

Aid to diagnosis Probes and catheters
Aid to treatment Catheters, drains
Correct cosmetic problem Augmentation mammoplasty, chin

augmentation

Biomaterials can be divided into four major classes: polymers, metals, ceramics,
and natural materials [8]. The former have found relevance in diverse biomedical
fields, including tissue engineering, implantation of medical devices, artificial
organs, prostheses, ophthalmology, dentistry and bone repairing among others [9].
They have been used as a temporary scaffold, a temporary barrier, and a drug
delivery system as well [1]. The main advantages of the polymeric biomaterials
compared to metal or ceramic ones are ease of manufacturability to produce
various shapes (latex, film, sheet, fibres, etc.), ease of secondary processability,
reasonable cost, and availability with desired mechanical and physical properties.

The required properties of polymeric biomaterials are similar to other biomaterials,

15



that is, biocompatibility, sterilisability, adequate mechanical and physical
properties [7].

In connexion with biopolymers, and depending on their behaviour after an
implant or when in contact with biological fluids, polymers can be classified as non-
degradable or biodegradable. A polymer susceptible to degradation by biological
activity, with degradation accompanied by a lowering of its molar mass is
considered biodegradable. Therefore, non-degradable polymers cannot undergo
this process. The use of biodegradable polymers for fabrication of biomedical
implants offers at least two advantages: the first one is the elimination of the need
of a second surgery to remove the implanted prosthesis after the healing of the
tissues, and the second one is the possibility of triggering and guiding the tissue
regeneration via material degradation [1]. Functional groups, properly located on a
polymer as well as their structure, are usually responsible for biocompatibility
and/or biodegradability, and may impart either therapeutic or toxic characteristics.
Cell and protein binding reactions and growth may strongly be affected by
functional groups of an implanted polymer. In addition, cell and protein binding
reactions and growth of the attached cells can be effectively manipulated by
appropriate functionalisation of the surface of an implant [9].

Currently, polymeric biomaterials can be divided into two basic categories:
synthetic and biological. The list of synthetic polymers used in medicine includes
polyvinyl chloride, polyethylene, polypropylene, polymethylmetacrylate, and
polystyrene among others [7]. The biological ones consist namely of polypeptides,
polysaccharides, nucleic acids, polyesters, hydroxyapatites and their composites
[1]. They perform a diverse set of functions in their native setting. In many cases,
the matrices and scaffolds would ideally be made of biodegradable polymers
whose properties closely resemble those of the extracellular matrix (ECM), a soft,

tough, and elastomeric proteinaceous network that provides mechanical stability
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and structural integrity to tissues and organs [10]. It is important to point out that
collagen as a biological polymer is essential in the ECM and its use in biomedical
application is broadly referenced. Moreover, it is regarded by many as an ideal
scaffold or matrix for tissue engineering as it is the major protein component of the
ECM, providing support to connective tissues such as skin, tendons, bones,
cartilage, blood vessels, and ligaments [11-13]. For all of these reasons, it is
significant to consider the importance of natural and synthetic polymers in the

medical field and particularly, the role that collagen, PVP and PVA play on it.

1.2 Natural Polymers

Polymers can be classified depending on their origin. A natural source produces
natural polymers. Many of them can be found in biological system and are called
biopolymers, e.g. nucleic acids [14]. The study and utilisation of natural polymers is
an ancient science, and typical examples, such as paper, silk, skin and bone
artefacts can be found in museums around the world. These natural polymers
perform a diverse set of functions in their native setting. For example,
polysaccharides function in membranes and intracellular communication, and
proteins function as structural materials and catalysts. Nature can also provide an
impressive array of polymers that can be used in fibres, adhesives, coatings, gels,
foams, films, thermoplastics, and thermo-sets resins [15], and almost all of them
have medical application. Additionally, natural polymers can be classified into
several groups, such as organic and inorganic systems, proteins, fibrous proteins,
phosphorous proteins, polysaccharides, natural hydrocarbon resins and lignin.
Nevertheless proteins deserve a special attention in this thesis, because one of the
goals in this work is to combine successfully collagen, the most abundant protein in
animal kingdom, with synthetic polymers and therefore to extend the knowledge in

the field of materials for medical application.
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1.2.1 Proteins

Proteins are occurring in all parts of cells and in a great variety, ranging in size
from relatively small peptides to huge polymers. Furthermore, they exhibit
enormous diversity of biological function, representing the molecular instruments
through which genetic information is expressed [16]. However, to reach this
organisation level it is necessary to go back to the basic units of the proteins: amino
acids. Two amino acid molecules are joined through a peptide bond (Fig. 1).
Although hydrolysis of the peptide bond is an exergonic reaction, it occurs slowly
because of its high activation energy. As a result, the peptide bonds in proteins are

highly stable in most intracellular conditions [16].

o

R1 I-Il
+ M
HEN/i\l_l_,- \‘)J\D_
]

F2

Fig. 1. Formation of peptide bond by condensation

It is well known that proteins have four different organisation levels or structures
(Fig. 2). The primary structure is related to the sequence of amino acids; the
secondary refers to particularly stable arrangements of amino acid residues, giving
rise to recurring structural patterns. Segments of polypeptides often fold locally

into a-helices and B-pleated sheets. The tertiary structure describes all aspects of
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the three-dimensional folding of a polypeptide. Finally, quaternary refers to the
regular association of two or more polypeptide chains to form a complex.

At this point it is necessary to indicate that proteins regulate the functions of a
cell, which are related to the levels of their structures. In fact, due to these
arrangements, proteins can be classified into fibrous and globular. The two groups
differ functionally since the structures that provide support, shape, and external
protection to vertebrates are made of fibrous proteins, whereas most enzymes and
regulatory proteins are globular ones [16]. One of the most important and well
known fibrous proteins is collagen, which will be treated thoroughly in the next
part.

Primary structure
amino acid sequence

Secondary structure
regular sub-structures

' Tertiary structure
\ ) three-dimensional structure

Quaternary structure
complex of protein molecules

Fig. 2. Protein Structures. (This image is from the public domain)
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Collagen

Collagen is a fibrous protein which forms connective tissue in mammals, and
approximately 25 % of the total amount of polypeptides in their bodies is made by
this molecule [17]. In fact, the most abundant proteins in ECM are members of the
collagen family [18], including sponges, invertebrates, and vertebrates.

Collagen is synthesised from the 20 common amino acids, yet it is unique in
terms of its amino acid composition, repeating sequence pattern, high degree of
post-translational modification, and characteristic intermolecular crosslinks [19].
There are so far, 26 genetically distinct collagen types. Despite the differences
among them, all share in common a triple helical structure composed of three
polypeptides consisting of Glycine-X-Y repeats, where X is any amino acid, and Y is
frequently proline or hydroxyproline (Fig. 3). Each chain is a left-handed helix and,

the three chains wind around each other in a right-handed super-helix [20].

OH
H. N N

N

5 0 o]

Glycine Proline  Hydroxyproline

Fig. 3. Collagen Triple Unit

Based on the structure and supra-molecular organisation, those 26 kinds of
collagen can be grouped into fibril-forming collagens, fibril-associated collagens,
network-forming collagens, anchoring fibrils, trans-membrane collagens, basement

membrane collagens, and others with unique functions. The most abundant and
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widespread family of collagens with about 90 % of the total collagen is represented
by the fibril-forming collagens, including Type I.

The biosynthesis of collagen (Fig. 4) consists of transcription and translation,
post-translational modifications, secretion and, extracellular processing and
modification [18]. After the transcription of the pro-collagen genes and processing
of the pre-mRNAs, the a-chains are synthesised on the ribosome of the
endoplasmic reticulum. The signal peptides at the amino-terminal ends of the
chains are removed by a signal peptidase after translocation across the membrane
of the rough endoplasmic reticulum.

A large number of post-translational modifications are involved in collagen
biosynthesis. Proline and lysine residues in the Y position are hydroxylated to 4-
hydroxyproline and hydroxylysine, and some of the prolines in the X position are
hydroxylated to 3-hydroxyproline. Galactosyl moieties can be attached to some
hydroxylysine residues by hydroxylysyl galatosyltransferase, and glucose can be
attached to some of the galactosyl hydroxylysine residues by galactocyl
hydroxylysyl glucosyltransferase. In addition to the lysines in the triple-helical
region, the lysines in the short telopeptides can also be glycosylated [22].

After the folding of the three polypeptide chains, the pro-collagen molecule is
transported to the Golgi complex, where phosphorylation of some serine residues
and sulfation of tyrosine residues in the pro-peptides of Type | and Il collagen take
place. Finally, the pro-collagens are secreted out of the cell, where the extracellular
processing takes place. Type | collagen are cleaved off enzymatically by specific
endo-proteinases, after the pro-collagen molecule has entered in the extracellular
space. Cleavage of the carboxy-terminal pro-peptide is required for the initiation of
fibril formation. During this process, crosslinking is essential for the tensile strength

of tissue, since it increases the resistance of the collagen fibres against proteolysis.
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Fig. 4. Representation of Collagen Biosynthesis (Adapted from [21]).
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The formation of specific covalent crosslinks among collagen molecules stabilises
collagen fibrils in tissues. Lysyl oxidase initiates collagen crosslinking by catalysing
the formation of lysyl- and hydroxylysyl-derived aldehydes, at specific residues in
the telo-peptides. These aldehydes then undergo a series of condensation
reactions with adjacent lysyl residues from the telo-peptide or with specific lysine

residues from the triple helical domain to provide the initial crosslinks (Fig. 5) [13,

19, 21-22].
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Fig. 5. The chemical structures of some collagen crosslinks (Adapted from [19]).

Once intra and intermolecular crosslink have occurred, collagen presents
remarkable features that make it a valuable material for being used in the medical
field. The primary reason for the usefulness of collagen in biomedical application is
that collagen forms fibres with extra strength and stability through its self-

aggregation and crosslinking [12].
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Collagen in medical use

Collagen has gained widespread clinical and consumer acceptance, being seen as
a safe material with properties that can be adapted to meet a range of different
clinical applications [19], such as biodegradability, low immunogenicity and
possibilities for large scale isolation [18]. Indeed, the use of collagen in the medical
device industry is a consequence of its availability in commercial quantities, ability
to trigger blood coagulation and platelet aggregation, stimulation of chemotaxis of
connective tissue and inflammatory cells, and capability to support cell attachment
and growth [17].

Unfortunately in its natural state, collagen cannot be processed by injection
moulding or conventional extrusion techniques. Therefore, the processing of
collagen into films, sponges, beads, fibres and tubes involves modifications of three
basic processes, i.e. casting, freeze drying and, extrusion. Typically, dispersed or
solubilised collagen is prepared at a concentration of about 1 % (w/v). The material
is allowed to air-dry overnight at room temperature and the resulting film has a
thickness of about 100 um. On the other hand, extrusion requires substantial
material modification of collagen hydrolysate with plasticisers and other additives.
Collagen films and membranes have been used for immobilisation of biological
materials, such as factor Xlll from blood, for guided tissue regeneration, filling of
tooth extraction sites, as haemodialysis membranes, retinal reattachment, as a
dural substitute, nerve regeneration, repair of the tympanic membrane, cartilage,
meniscus and bone repair, control of local bleeding, repair of liver injuries, and as a
protective barrier during brain surgery and wound repair [17].

Collagen type | is used as a source for atelocollagen. The presence of telopeptide
at both nitrogen- and carbon-terminals confers the antigenicity on this polymer.

The atelocollagen obtained by pepsin treatment is low in immunogenicity because
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it is free from telopeptides, and it is used clinically for a wide range of purposes,
including wound-healing, vessel prosthesis and also as a bone cartilage substitute
and haemostatic agent [23]. Under physiological conditions, atelocollagen collects
to form a fibre-like natural collagen. This means that atelocollagen administered
into the living body is not dissolved immediately but exists for a long time, which is
advantageous to a sustained release carrier. It has been confirmed that after
realising of a drug, atelocollagen is eliminated by a process of degradation and
absorption similar to the metabolism of endogenous collagen [24].

Due to atelocollagen is soluble in acid medium, films can be obtained by casting,
although others methods have been used for obtaining it in different
configurations with different purposes as well [25-27]. Furthermore, atellocollagen
has been utilised in polymer blends, drug delivery systems, polymer grafting, tissue
engineering, among others [24, 28].

As it can be seen, there is a broad applicability of collagen in the biomedical field.
However, the high cost of pure type | of collagen, variability of isolated collagen,
hydrophilic behaviour which leads to swelling and more rapid release, variability in
enzymatic degradation rate as compared with hydrolytic degradation, and complex
handling properties, are some of the disadvantages of collagen as a biomaterial
[12]. Table 2 shows the advantages and disadvantages of collagen for medical uses.

Despite of these disadvantages, collagen is definitely an excellent material in
medical use. Moreover, collagen has been used in blends with other synthetic
polymers and there are reports about the thermal degradation of the blends, how
to characterise collagen-PVP and collagen-PVA, the effect of UV irradiation on the
surface, surface properties and the interaction among functional groups

(crosslinking), [29-38].
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Table 2. Advantages and disadvantages of collagen as a biomaterial

Advantages

Available in abundance and easily purified from living organisms
(constitutes more than 30% of vertebrate tissues)

Non-antigenic

Biodegradable and bioreabsorbable

Non-toxic and biocompatible

Synergic with bioactive components

Biological plastic due to high tensile strength and minimal expressibility
Haemostatic — promotes blood coagulation

Formulated in a number of different forms

Biodegradability can be regulated by cross-linking

Easily modifiable to produce materials as desired by utilizing its functional
groups

Compatible with synthetic polymers

Disadvantages

High cost of pure type | collagen

Variability of isolated collagen (e.g. crosslink density, fibre size, trace
impurities, etc.)

Hydrophilicity which leads to swelling and more rapid release

Variability in enzymatic degradation rate as compared with hydrolytic
degradation

Complex handling properties

Side effects, such as bovine spongiform encephalopathy (BSF) and

mineralization
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1.3 Synthetic Polymers

Polymer products synthesised in laboratories and in industry represent a set of
individual chemical compounds which can differ in their degree of polymerisation,
tacticity, number of branching and the lengths that connect their polymer chains,
as well as in other characteristics that describe the configuration of the
macromolecule. Their number is practically infinite (they represent the largest class
of biomaterials currently) and many types are used in the biomedical field [8, 39].

The spectrum of applications includes but are not limited to coatings on devices
(e.g., to improve blood compatibility), devices (e.g., implantable drug delivery
systems, artificial heart), implants (e.g., bone pins and screws, articulating surface
in artificial joints), catheters and dialysis tubing, vascular graft, membranes for
oxygenation and detoxification, substrate for potential applications in nerve
regeneration, plasma expanders, haemoglobin substitutes, reconstructive or plastic
surgery, gene therapy among others. Injectable drug delivery systems and tissue
engineering, which have emerged in the past two decades, constitute some of the
recent applications for synthetic polymers [40-44].

For specific biomedical applications an ideal polymer and its derivatives would
be non-toxic, non-immunogenic, non-haemolytic, biodegradable, and do not
exhibit inflammatory response. In addition, the biomaterial must not interfere with
wound healing or induce fibrosis or a foreign body response [45]. In order to satisfy
these characteristics some criteria have to be taken in consideration. For instance,
mechanical properties and the degradation rates require matching with the needs
for the application. However, in nearly every case, these materials were adopted
from other areas of science and technology without substantial redesign for
medical use. Although these materials helped usher in new medical treatments,
critical problems in biocompatibility, mechanical properties, degradation and

numerous other areas remain [6].
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Synthetic biodegradable polymers in general offer greater advantages over
natural materials in that they can be tailored to give a wider range of properties
and have more predictable lot-to-lot uniformity than materials from natural
sources. A more reliable source of raw materials is obtained with synthetic
polymers that are free of concerns of immunogenicity as well [41, 46].

In spite of the amount of synthetic polymers that are used in medical
application, PVP and PVA were chosen for this research and the reasons will be

explained in the next part.

1.3.1. Poly(vinyl pyrrolidone)

PVP (fig. 6) is a water-soluble polymer which being highly biocompatible is often
included in pharmaceutical and cosmetic formulations [47-48]. As a consequence of
its biocompatibility, low toxicity, film forming and adhesive characteristics, unusual
complexing ability, relatively inert behaviour towards salts and acids, and its
resistance to thermal degradation in solution, it has an extraordinary commercial
success. Under normal conditions, PVP is stable as a solid and in solution. In strong
acid solution, PVP is unusually stable, with no changes in appearance or viscosity
for two months at 24 °C in 15 % HCI [49]. For all of those reasons, PVP is used in
many biomedical applications such as controlled drug-release technology,
electrochemical devices, as an effective and interesting tissue engineering matrix,
as a main component of temporary skin covers, wound dressings, for the
preparation of synthetic plasmas (substitute of plasma blood), for creations of
hydrogels or thromboresistant hydrophilic gels, as a factor giving higher biological
activity of bioartificial polymeric materials and in processes for increase the
hydrophilic character of blended polymeric materials. Furthermore, because of its

outstanding absorption, it is very useful in pharmacy and medicine [29-30, 50-53].
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Fig. 6. Poly (vinyl pyrrolidone) Structure

Soluble PVP was first used during World War Il as a blood-plasma substitute.
Although it has excellent properties for this purpose, it has no longer been used for
decades. Today, soluble PVP is one of the most versatile and widely used
pharmaceutical auxiliaries [54], being suitable for large number of other uses.
However, issues concerned with the rigid but fragile nature of PVP and its lack of
sturdiness have resulted in processing difficulties [55]. Because of the absence of
reactive groups in its chemical structure generally is hard to crosslink this polymer,
although 4,4'-diazido-2,2'-stilbenedisulfonic acid disodium salt tetrahydrate (DAS)
has been used [56]. Another way to improve or modify the mechanical properties
of PVP is blending it with other polymers such as PVA [53, 57] chitosan, [58-59] or
even collagen [29-30, 32-33]. The combination of these polymers, exhibits a
significant range of properties suitable for biomedical applications which is an

important characteristic for developing of this work.

1.3.2. Poly(vinyl alcohol)
PVA (fig. 7) is a water soluble polymer which is used in industry because of its high
capability of water absorption [60], and is one of the world’s largest volumes
synthetic resin produced due to its excellent chemical resistance, physical
properties, biocompatibility, and completes biodegradability indeed [61]. PVA has
unique features such as excellent film-forming property and non-toxicity. Since PVA

is water soluble, films are easily prepared by a casting evaporation technique from
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aqueous polymer solutions, thus avoiding the use of organic solvents. The resultant

films are clear, homogeneous and resistant to tear [62].

OH

Fig. 7. Poly (vinyl alcohol) Structure

As a promising biomaterial, diverse researches have been focused on the
application of PVA in biomedical and pharmaceutical fields. High mechanical
strength, rubber-like elasticity, low-protein adsorption, high water content, and no
adhesion to surrounding tissues make PVA gels a potential material for soft contact
lenses, soft tissue replacements, articular cartilage, inter-vertebrate disc nuclei,
trans-catheter arterial embolisation agent, artificial skin, and vocal cord [31, 63-66].
The high content of hydroxyl groups provides PVA and PVA-based materials with
other properties suitable for biomedical applications (e.g. hydrophilic, nontoxic,
non-carcinogenic, non-immunogenic, and inert in body fluids). It can be mentioned
that PVA has been found relevance as a part of controlled drug delivery systems,
dialysis membrane, wound dressing, artificial cartilage, and tissue engineering
scaffold [64], as well as it can be included artificial pancreas, synthetic vitreous
body, artificial skin, and cardiovascular device because of easy preparation,
excellent chemical resistance, and physical properties [50]. PVA has served as well
in suture material for tight tying, artificial tendons, artificial ligaments, and
reinforcing fibres for biocomposite materials, in the synthesis of membranes for

use as artificial pancreas material [67].
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PVA has been used in blends and composites with natural polymers since its
hydrophilic and filming character allows for some degree of compatibility with
functional natural polymeric materials. Cast films of PVA combined with natural
polymers such as collagen have been investigated for possible medical purposes.
Applications of PVA together with PVP are reported as well [31, 68]. The
biodegradability and water solubility of PVA ensure its easy degradation and
elimination after use [69].

Although PVA has good mechanical properties in the dry state, the high
hydrophilicity limits its scope of applications in wet state, that is, living
environments [64]. PVA has poor stability in water because of its highly hydrophilic
character. Therefore, to overcome this problem PVA should be treated by
copolymerization, grafting, crosslinking, and blending in order to reduce the
solubility and the hydrophilic character [50].

The simplest and the most commonly employed crosslinking reaction involving
chemical crosslinking of PVA with glutaraldehyde (GA) in presence of acidic
conditions has been covered extensively in many research reports. It has been
reported that chemical crosslinking of PVA can be used as an effective way of
producing pharmaceutically safe and useful products (hydrogels, sludge, foam,
sponge etc.) for drug delivery [70].

GA is an important reagent in the biomedical field, and it has been used
extensively as an agent for fixation of cells, for immobilising enzymes, and for
crosslinking proteins and polysaccharides. Compared to other aldehydes, which are
less efficient in generating chemically, biologically, and thermally stable crosslinks,
GA is able to react relatively rapidly with the functional groups present, resulting in
a tightly crosslinked network, containing inter- and/or intramolecular crosslinks.

After the chemical modification of PVA by GA in the presence of hydrochloric acid,
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the resulting gel can contain the crosslinker molecules as crosslinking and grafted

moieties [71-73].

1.4. Polymer Blends

In the past decades, blends have been intensively investigated due to the need
to satisfy specific sectors of the polymer industry. Moreover, polymer blends show
superior performance in relation to the individual components and, as a result, the
range of applications has grown continuously for this class of materials [74].

A mixture of polymers could provide some specific features for materials with
medical applications such as antimicrobial properties and better compatibility, not
to mention that its production is less-time consuming, easier and cheaper than to
develop new polymer on monomer with similar properties.

From the macroscopical point of view, homogeneous mixture of two or more
different species of polymers is considered a blend. However, in most of the cases,
blends are homogeneous on scales larger than several times the wavelengths of
visible light, the constituents are separable by physical means, and no account is
taken of the miscibility or immiscibility of the constituent macromolecules [75].
There are many variations of polymer blends, from simple binary mixtures to
combinations of block copolymers and homo-polymers, interpenetrating networks,
reactive compatibilised systems, molecular composites, impact modified polymers,
emulsion blends, engineering polymer blends and countless other systems. The
characteristics of a polymer blend are highly dependant upon the method of
preparation, e.g. simple mixtures of polymer powders with heating to allow for
diffusion controlled mixing, solvent mixing and mechanical melt mixing including
high shear intensity mixing [76]. Mainly, due to the very small entropy of mixing
and usually positive heats of mixing, two polymers will be immiscible unless some

strong interactions such as hydrogen bonding [77], ionic and dipole, m-electrons
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and charge-transfer complexes appears. For this reason, it is important to define
two concepts: miscibility and compatibility. The former is the capability of a
mixture to form a single phase over certain ranges of temperature, pressure, and
composition. The later is the potential of the individual component substances in
either an immiscible polymer blend or a polymer composite to exhibit interfacial
adhesion [78].

Blends of synthetic and natural polymers represent a new class of materials with
better mechanical properties and biocompatibility than those of the single
components [79]. In this matter, bioartificial polymers can be mentioned because
they perform all the previous requirements and they appear as a novel material

with latent medical applications.

1.5. Bioartificial polymeric materials

Bioartificial polymeric materials were designed with the purpose of producing
materials with enhanced properties with respect to the single components. During
the last two decades synthetic and natural polymers have been used separately as
potential biomaterials. The success of synthetic polymers relies mainly on their
wide range of mechanical properties, transformation processes that allow a variety
of different shapes to be easily obtained, and low production costs. Natural
polymers present good biocompatibility, but their mechanical properties are often
poor, the necessity of preserving biological properties complicates their
processability, and their production or recovery costs are very high. In general, the
biocompatibility of a material is determined by the interactions at a molecular level
between the material and the constituents of the living system. The basic
philosophy of bioartificial polymeric materials is to smooth the interactions
between synthetic and living systems by creating a two-component material, inside

which changes at the molecular level have already occurred (as a result of the
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interactions between the synthetic and the biological component) before coming
into contact with the living tissue. Such a material, with pre-established molecular
interactions, should behave better macroscopically than a fully synthetic material,
with regard to the biological response of the host [80].

In order to overcome the poor biological performance of synthetic polymers and
to enhance the mechanical characteristics of biopolymers, bioartificial polymers
have been introduced. These materials based on blends of both synthetic and
natural polymers could be usefully employed as biomaterials or as low-
environmental impact materials. They should usefully combine the biocompatibility
of the biological component with the physical and mechanical properties of the

synthetic component.

1.5.1. Bioartificial films and bi-layers

Films formed by blending of two or more polymers usually result in modified
physical and mechanical properties compared to films made of the initial
components. In addition, since synthetic polymers are easily obtained and have low
production cost, the blending of natural and synthetic polymers may improve the
cost-performance ratio of the resulting films [81].

One approach to enhancing the biocompatibility of an implant material is to
exploit the normal interaction of cells with their ECM molecules, which are often
natural polymers by combining natural macromolecules such as collagen with
water-soluble synthetic polymers. Such materials have been used for different
biological applications. These include biodegradable, leak proof membranes and
purification of proteins.

Bioartificial polymeric materials can be cast as films and a variety of potential
applications have been targeted for these materials. These include dialysis

membranes, wound dressing, artificial skin, cardiovascular devices and nerve guide
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channels and as implantable devices to release biologically active substances in a
controlled manner. A further potential use may be found in orthopaedic
applications, for example, bone graft substitutes [82-83].

On the other hand, with the further intention to obtain a film with two different
surfaces, a bi-layer is an optimal structure which fulfils the requirements for
bioartificial polymeric materials. In a bi-layer, interfacial adhesion has to be present
between the two components. Actually, collagen may form different types of
hydrogen bonds with PVP: between carbonyl group of PVP and hydroxyl group of
collagen, and between the hydrogen from the peptide bond of collagen and
carbonyl group of PVP [30].

One of the biggest advantages in bi-layer systems is that they present different
surfaces properties on each side. It means that the relation among them has at
least two ways of interaction. This is a promising opportunity in the biomedical
field. In fact, the use of physical barriers and substances that reduce the
inflammatory response is a useful strategy in order to prevent or to reduce the
adhesion within body cavities. Fibrous adhesion formation within body cavities is a
major clinical problem. After abdominal surgery peritoneal adhesions develop in
nearly all patients and represent the most common cause of small-bowel
obstruction, secondary female infertility, and pain [84]. As a consequence, collagen,
PVP, and PVA show good compatibility and miscibility, and due to their wide use in
medical application, they were chosen for this research. At this point it is necessary
to claim that the interface in the bi-layers structure is in fact, a blend, and they

could be prepared easily by solvent evaporation technique.
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2. AIMS OF THE WORK

This work contributes to the field of biomedical polymers. According to the
experience that has been gained during the doctoral studies, the Individual Study
Programme Curriculum, the literature review, and the current work, it could be
claimed that a bi-layer structure would serve as a matrix for tissue regeneration or
reparation. If a perforative or a peritoneal adhesion appear, a sheet of bi-layered
flexible material might be surgically inserted into the body, repairing defects
between two different body compartments or cavities, thus creating a functional
interface between two organs or tissues, wherever separation and two-side
functional membrane is needed in living organism. For all that, collagen-PVA bi-
layer systems could represent an important advance in medical treatment against
those problems. Moreover, bi-layer structures could be considered as a general
approach to be used in diverse medical treatments or proposes. As a consequence
of all the aspects mentioned until now, this dissertation will be dedicated:

To investigate MWI as a safe source of heating on the preparation of PVA
solutions and determine the degradation by some instrumental methods of
polymers (Paper I)

To prepare and to characterise PVA/PVP blends using specific additives in order
to obtain suitable films with prospective medical application (Paper Il)

To prepare and characterise a bi-layer PVA-collagen film suitable for medical

applications (Paper Ill)
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3. METHODOLOGY

3.1. Materials

Poly(vinyl alcohol) (Mw ~ 47,000 g mol'l) with a polymerisation degree of 1,000
and 98 % hydrolysis, poly(vinyl pyrrolidone) (Mw ~ 40,000 g mol™), 4,4'-diazido-
2,2'-stilbenedisulfonic acid disodium salt tetrahydrate of analytical grade, ethylene
glycol at 99 %, and a 50 % water solution of glutaraldehyde were provided by Sigma
Aldrich, The Czech Republic. Lactic acid (analytical grade) (LA) was produced by
Lachema, The Czech Republic, hydrochloric acid and acetic acid (analytical grade)
were supplied by Penta, The Czech Republic. Atelocollagen emulsion (1.43 wt%)
from bovine Achilles tendon with pH 3.5 was supplied by Vipo, Slovakia. They were

used without further purification.

3.2. Sample Preparation

Specific details for sample preparation can be found in the experimental sections
which are included within the papers as well as the description of the used

equipments and specifications of the storage conditions of the samples.

3.3. Characterisation

Several instrumental methods for polymers characterisation were used during
this research. Fig. 8 shows a representative diagram which includes the techniques
that were chosen according to the needs of the work. Although all of the methods
are well-know in polymer science, it is important to point out some specific
information in the frame of the present document. With the purpose to identify
the differences on both sides of the bi-layer structure, therefore distinguish them,

and make a prediction about future uses, it was necessary to analyse the
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information related to the surface. Scanning Electron Microscopy (SEM) and
Confocal Laser Scanning Microscope on the other hand, were used in order to
obtain surface and cross-section images and to evaluate the morphology in the bi-

layers.

CHARACTERISATION
SURFACE |+ BULK INTERFACE
k. L 4 Y
Morphology Evaluation L, Handle into the body Adhesion
SEM Mechanical Properties Scratch Test
Confocal Laser Degree of swelling and
Scanning Microscope Solubility Degree
Size Exclusion
Chromatography
DSC
DMA

Fig. 8. Instrumental methods used for characterisation

For a specific performance, each biomaterial and device needs to fulfil some
requirements including some mechanical properties. These requirements were

evaluated as according to ISO 527-3, ISO 527-2 and ISO 6383-1.
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4. FINDINGS SYNOPSIS

This doctoral thesis is focused on the preparation and characterisation of
bioartificial polymeric materials with latent medical applications and it consists of
three original papers which were produced as a result of the investigative process.
Samples with the perspective for further implants were obtained by casting
method and films with adequate water solubility and mechanical properties were
achieved. Other characteristics were evaluated according to specific requirements
for the characterisation process.

The first part of the work consisted of the development of experience on
polymer processing techniques and instrumental methods for characterisation of
polymers. In this matter, the first paper dealt with the study of degradation of PVA
which was dissolved in ethylene glycol (EG) and underwent to microwave
irradiation (MWI). The effect of the MWI was evaluated on samples which were
taken at certain periods of time (from 4 min to 60 min) under controlled
temperature. Ultra violet spectra (UV-VIS), Fourier Transform Infrared
spectrometry (FTIR) and Size Exclusion Chromatography (SEC) were used as
characterisation techniques and as a result, a small effect, mainly dehydration was
determined. The collected information suggested that the samples experienced
loss of hydroxyl groups with formation of unsaturated conjugated bonds. The UV-
VIS spectra (Fig. 9) showed strong absorption at 330 nm which was assigned to
oligo-conjugated unsaturated structures and it could be an indicative that more
conjugated bonds in the sample were produced during the MWI as a result of
dehydration. The biggest change in absorbance spectrum during MW treatment
was manifested after 4 min as the steep increase of the signal. The spectral band
loss its structure and most probably a mixture of oligo- or polyene-carbonyl
electron system was manifested. The spectra broadening testified the creation of

low concentrated defects in form of conjugated double bond structures by
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dehydration during first minutes of MWI although their propagation was stabilised
after reaching maximum with prolonged time of irradiation. On the contrary, the
defects remained delocalised over few C=C or C=0 bonds increased slowly with
irradiation time, thus a degradation mechanism preferring their formation before

consecutive polyene generation is concluded.

0.5

60 min

40 min

Absorbance

20 min
16 min
12 min
8 min

4 min

240
L Without treatment

250 300 350 400 450
Wavelength nm

Fig. 9. UV- VIS Spectra for PVA during the treatment.

In more detail, the time dependence of absorbance intensity during MWI (Fig.
10) indicated clearly that conjugated double bond structures were formed by
dehydration during first minutes of the treatment although their successive growth
was stabilized after reaching maximum within 8 min, and the absorbance at the
wavelength 360 and 380 nm remained nearly constant after 20 min. A plausible
explanation is that the degradation begins with dehydration and subsequent
carbonyl group formation due to a rearrangement and continues by consecutive
dehydrations, followed first by conjugated double bond system propagation and
then by its stabilization. FTIR, on the other hand, did not show absorption bands for
acetate group at 1700 cm-', which reinforced the idea that even if MWI heated the

samples, there is almost not thermal degradation during the process.
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Absorbance

Fig. 10. Time dependence of absorbance intensity during MW!I on PVA.

SEC indicated that MWI did not produce any important change on PVA molar
mass, no crosslinking reactions occurred and degradation could be considered as
negligible (Table 3). Compared with starting material, weight average molar mass
M, of studied samples remained almost unchanged up to 20 min treatment.

Furthermore, MWI can be considered as a suitable and safe source of heating for

dissolving PVA.

Table 3. M,,, M,, and polydispersity index for PVA samples treated

with MWI
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As the second approach to reach the aims of the doctoral studies, the research
was centred on the production of bioartificial polymeric material. For that reason,
blends of PVA and PVP were prepared. Films were obtained and DAS, GA and LA
were used as crosslinker and plasticiser agents. The second paper included the
characterisation in terms of degree of swelling, solubility degree, mechanical
properties and DSC. Samples of pristine material were tested as well as samples
with single or combination of the aforementioned additives. The casting method,
as a simple polymer production technique was chosen for obtaining PVP/PVA films
as versatile candidates for medical applications. Fig. 11 shows the thermograms for
the studied samples and it is notable that LA reduced the crystallinity of the
samples affecting the glass transition temperature (T,;) and the melting
temperature (T,,) due to the influence of LA on the hydrogen bonding strength
among PVA chains. GA, on the other side, diminished the hydrophilicity causing a
reduction of free hydroxyl groups and, as a consequence solubility, swelling degree
and mechanical properties were modified. The addition of PVP to PVA evidenced a
reduction of T, which implied that PVP plasticised PVA probably as a result of
PVA/PVP bonding, which disrupted the crystalline phase of PVA. The crystalline
regions of PVA were more accessible to PVP and therefore, the PVA/PVP
interactions were readily formed. The presence of DAS, even if this agent did not
crosslink effectively PVP, reduced the mobility and fewer active points for
interacting with the PVA chains were available. As a consequence, the crystallinity
region of PVA was not affected at the same level and a higher T,, was manifested.
Moreover, it was established that the T,, for PVA depends on the PVP content
which is obviously related to the decrease of the PVA crystallinity in the blend. The

presence of additives in the blend did not change the polymer compatibility.
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Fig. 11. DSC thermograms for PVA (left) and PVP (right) and its blends.

The mechanical properties were studied (Table 4) and it was found that LA in
PVA and PVA/PVP blends reduces considerably the Young’s Modulus (E) and at the
same time, the elongation at break (&) was noticeably increased due to plasticiser
effect. It was corroborated that GA in acid media crosslinked PVA, whereas it did

not react with PVP.

Table 4. Mechanical properties for PVP and PVA blends

Thickness Tensile Elongation
(mm) Strength at break (%)
(MPa)
PVA 0.236+0.017 | 1100+170 14+3 387
PVA/LA 0.274 £0.018 229+ 18 21+2 205+11
PVA/GA/H" 0.120 360 + 60 85111 32+5
PVA/GA/LA 0.274 £ 0.057 240+ 20 22+3 195+ 18
PVA/GA/H'/LA 0.286 + 0.064 140+ 15 26+5 224+ 8
PVA/PVP 0.270+0.028 | 2460 140 214 51
PVA/PVP/GA/H* 0.226 £ 0.006 | 2420+ 100 16+3 4.610.2
PVA/PVP/GA/H/LA 0.244 +0.013 460+ 70 129+1.8 99+8
PVA/PVP/DAS/GA/H* | 0.276 +0.011 1580 £ 80 14+2 32+14
PVA/PVP/DAS/LA/GA | 0.300 + 0.025 770+ 70 1114 7919
PVA/PVP/DAS/GA/H'/LA | 0.286 + 0.008 745+ 158 18+2 58 + 27
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Although DAS did not crosslink effectively PVP due to the low molecular weight
of the polymer, its presence did not negatively affect the blend regarding to the
examined characteristics. PVA/PVP blends were miscible and/or compatible and
the explanation could be found in the formation of hydrogen bonding between
hydroxyl groups of PVA and carbonyl groups of PVP, idea that was supported by the
fact that PVP increases dramatically the E of PVA. Although LA did not react with
PVP, the blend with PVA had higher € and lower E. Finally, it was established that
PVP/PVA blends could be a versatile candidate for medical applications and it was
possible to produce films with reasonable mechanical properties and resistant to

water solubility for being used as a medium or long term implants.

The aim of the third paper was the production of a bi-layer film prepared by
casting of PVA on collagen. Dynamic Mechanical Analysis (DMA), DSC, tensile test,
tear resistance, scratch test and FTIR were used in order to get information about
how the bi-layer behaves in a broad temperature ranges on one side, and on the
other, how the single components were affected by plasticisers and crosslinker
agents. Evidence about LA reducing crystallinity on PVA was founded as well as its
function as grafter of hydroxyl groups which consequently affected T, and T,. GA
crosslinked PVA although it was not reacted with collagen and separated phases
were identified.

DMA evidenced that films presented elastic behaviour at all frequencies and
temperatures which were examined. However, the trends for PVA blends indicated
that the increase in frequencies produced a slight rise on T, and the storage
modulus (E’) decreased with the increases of temperature due to increase of chain
mobility, promoting less resistance for rearrangement of molecules. On the basis of

the requirements for biomaterials, the bi-layer PVA-collagen showed appropriate
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mechanical performance, mechanical durability, and physical properties in order to
be used at 37 °C, the normal human temperature.

The tear resistance of the bi-layer was the lowest due to brittle character of COLL
blends revealed by tensile test. The surface of torn surfaces was smooth without
any deformations visible under used microscopic magnification as can be seen in

Fig. 12.

Fig. 12. Torn surfaces of (a) PVA10-LA and (b) BAP-COLL-PVA

The FTIR spectra of the bilayer are shown in Fig. 13. As can be seen, COLL
spectrum presents a set of overlapping strong bands above 3000 cm™, which were
associated to N-H and O-H stretching in various local hydrogen bonding
environments. The bands at 1647 cm™ and 1543 cm™ represent amide | and II,
respectively, and the band at 1428 cm™ was assigned to —OH stretching. The
spectra of both sides of the bilayer differ in the region 2000-1500 cm™. One side
revealed pronounced amide | and Il bands while the other one did not show these

bands, which means that one side consists of COLL and the other one of PVA.
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Fig. 13. FTIR-ATR spectra for bilayer and single components of the blend

As the final conclusion, the new bioartificial material (bi-layer) exhibited
viscoelastic features useful for being used in contact with living organism and it
revealed properties suitable for prostpective applications in medicine compared to

neat synthetic and natural biocompatible polymers.
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5. CLOSING REMARKS

5.1. Conclusions

This thesis has described a conceptual framework for polymers in medical
applications and among them, collagen as a natural polymer, and PVP and PVA as
synthetics ones have deserved special attention. These polymers have been used in
different therapeutic fields due to their remarkable features. However, problems
related to fibrous adhesion are not totally solved, and this work could be an
interesting approach to extend the knowledge in this matter, and it might serve as
starting point in new matrices for tissue regeneration with a prospective for better
healing of abdominal surgeries.

As significant conclusions, it bears mentioning that PVA dissolved in EG does not
undergo significant thermal degradation caused by MWI. It brings important
benefits in order to obtain appropriate solutions or precursors for PVA films due to
even if PVA is water soluble, the dissolution time is relatively long, and the risk of
degradation is present. Moreover, the reached temperature is not high enough for
causing crosslink or side reactions on the sample which mean that is possible to
claim that MWI is an adequate source of heating for PVA solutions.

The poor mechanical properties of PVP could be overcome by the blended with
PVA. In fact, PVP/PVA blends are versatile candidates for medical applications and
films have been obtained by casting method. LA, GA and DAS influence the degree
of swelling and control the solubility which is a good combination of features for
being considered as a prospective material for medium or long term implants in
medicine. In addition, LA could bring some additional benefits due to its
antibacterial properties and biodegradability.

LA is a noteworthy plasticiser for collagen as well. Its incorporation to the neat

material affects the mechanical properties, and as a result, films with better
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manoeuvrability can be obtained. On the other hand, GA is an effective crosslinker
agent for collagen and PVA but it does not react with PVP which makes it a useful
and selective compound for PVA/PVP blends. In the same matter, DAS neither
crosslinks PVA nor bring negative consequences from the mechanical point of view
to the blends. The combination of LA and GA on the neat materials causes an
intermediate effect. This effect produces a material with better properties towards
prospective applications in medicine than the single components.

The collagen-PVA bi-layer presented viscoelastic features which perhaps make it
useful for being used in contact with living organism. Moreover, in the range of
normal human temperature, and for the physiological relevant frequencies, the
samples exhibit values in which they do not experiment important damage or

mechanical changes.

5.2. Contribution

This research contributes to the strengthening and expanding of the existing
potential areas of polymers in medical application. As important aspects in the
scientific field can be mentioned that:

v" Microwave irradiation can be considered as a useful approach for dissolving

PVA and no degradation takes place during the process.

v' LA, GA and DAS are an attractive combination for plasticising and crosslink
PVA/PVP blends or bi-layered material.

v The poor processability of collagen and PVP could overcome blending these
polymers or using GA, LA and DAS. Moreover, the combination of these
additives are attractive for reducing the high solubility of PVA which bring
additional benefits in order to obtain materials for a medium or long term

uses into the biological systems.
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As a summary, these results could be considered as a step on the development
of materials which are easy to obtain, with adequate mechanical properties, with
appropriate surfaces properties which could be used as a matrix for tissue
regeneration and with the latent possibility to avoid or reduce the abdominal

adhesion.

5.3. Future Prospects

The use of bi-layers within biomedical field is practically nonexistent and there
are just few reports in the scientific literature. Hence, it is necessary to motivate
the work around these versatile materials, and to collect information in order to
estimate their uses in the medical field. In this matter, it would be motivating that
in-vitro experiment focused on cytotoxicity and proliferation using hepatocytes and
skin cells or eventually endothelial cells, and in-vivo experiments in association with
a team of surgeons will be carried out with the aim to identify if the bi-layer
structure is able to differentiate tissues and therefore to discover if the cell
attachment is regulated by different mechanism and rates. As a consequence to
tackle the problem through scientific research pertinent studies and publications
might appear and it would be possible to estimate the promising applicability and
usefulness that bi-layers might have, strengthening theoretical framework in
polymers in medical field.

Important challenge to achieve consists of getting a material with similar
physical and mechanical properties than ECM. In such circumstances, the risk of
reaction or rejection by the body will be reduced. Different additives could be used
and films that have been obtained so far could be improved. Different natural and

synthetic polymers could be used for this purpose.
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ABSTRACT: Poly(vinyl alcohol) (PVA) dissolved in ethylene glycol is subjected to microwave (MW) irradiation for 1 h to determine
possible degradation. Fourier transform infrared spectroscopy results show that MW treatment produces a minor effect on the solu-
tions. Ultraviolet—visible spectroscopy suggests that PVA could undergoes loss of hydroxyl groups followed by formation of unsatu-
rated conjugated bonds although the extent of degradation is limited, whereas size exclusion chromatography indicates that MW irra-
diation do not cause significant changes in PVA molar mass and neither chain cleavage nor crosslinking reactions are observed.
Hence, polymer degradation induced by MWs in solution can be considered as negligible for prospective applications. © 2012 Wiley
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INTRODUCTION

Nowadays, material science is interested in production of biode-
gradable, biocompatible, and workable polymers with a broad
range of properties closely related to their advanced uses as
multifunctional materials. One of those materials, widely known
is poly(vinyl alcohol) (PVA). This polymer is used in adhesives,
cosmetics, textile and pharmaceutical industry, paints, and even
as a colloid protector in emulsion polymerization.! Numerous
advantageous properties of PVA have lead to its broad practical
applications due to its chemical resistance, favorable physical
properties, and complete biodegradability.”> Furthermore, it is
water soluble and has broad industrial application as a result of
its high capability of water absorption.’

During shelf life, polymers can be degraded by numerous ways
including action of chemical substances, mechanical forces, and/
or radiation. IUPAC has defined polymeric degradation as chemi-
cal changes in a polymeric material that usually result in undesir-
able changes in the in-use properties of the material.* In most of
the cases, degradation is accompanied by worsening of physico-
chemical properties, such as a decrease in molar mass, whereas in
some circumstances, degradation also includes changes in chemi-
cal structure of the backbone or elimination of polymer side
groups. It can also be accompanied by crosslinking. Frequently,

© 2012 Wiley Periodicals, Inc.

M“L:;F%u’5 WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

degradation results in the loss of, or deterioration in, useful
properties of the material.* This concept is valid for this study, in
which degradation caused by microwave (MW) irradiation is
examined. Thermal degradation of PVA on the other hand, has
been investigated in more detail than other degradation ways.
Thermogravimetry, thermal analysis Fourier transform infrared
spectroscopy (FTIR), and differential scanning calorimetry tech-
niques have been used for this purpose.” The mechanism of ther-
mal degradation of PVA comprises two steps. The first one
involves elimination reactions, whereas the second is dominated
by chain scission and cyclization. Additionally, highly hydrolyzed
PVA shows a better thermal stability than PVA with a low degree
of hydrolysis. Degradation of PVA bulk material has been stud-
ied by several authors,"*>® and it was concluded that the elimi-
nation of hydroxyl side groups is present and considerable
amounts of isolated and conjugated polyenes in the degradation
residue and small amounts of carbonyl groups could appear.
Moreover, Ultraviolet—visible (UV-vis) spectroscopy has shown
that the unsaturated double bonds produced by elimination do
not lead to the formation of noticeable amounts of conjugation.”

In two related studies,”® solid PVA films were heated by MW
irradiation, and it was found that irradiation heating at moder-
ate temperature (100-150°C) tends to cause polymer

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38133
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dehydration with crosslinking formation through ether bridges,
whereas heating to higher temperatures or by conventional heat-
ing cause formation of double bonds. Thus, the crosslinking is
ascribed specifically to nonthermal MW effect. On the other
side, another type of irradiation, for example, UV, does not
cause crosslinking even after 10 h of treatment.” Although most
of the studies have been carried out on bulk material, for par-
ticular applications, for example, electro spinning and casting
PVA in form of solution in a suitable solvent is required.”™"!
The solutions are sometimes heated or even boiled to enhance
the dissolution rate, and to overcome the relatively poor solubil-
ity of highly hydrolyzed PVA. The use of advantages of MW
ovens is a good choice for polymer synthesis or for polymer-
analog reactions.'” There are also numerous reports describing
that many slow or “difficult to run” reactions were suddenly
made fast and easy by MW treatment.'”™"> Although MW appli-
cation is an attractive alternative to convective heating, there are
not enough reports about the resulting properties of PVA solu-
tions after MW treatment, even though it is obvious that
absorption of a quantum of MW radiation cannot directly
induce chemical reactions, as its energy is too low to break
chemical bonds.'® Albeit MW was proposed to be used for
accelerating chemical reactions by their efficient heating of the
reactants, some difficulties could appear such as the reflection
and absorption of MW by reactants, which does not allow a
uniform MW heating.'” The ability of a specific substance to
convert electromagnetic energy into a heat at a given frequency
and temperature is determined by the so-called loss factor tan
0. A reaction medium with a high tan 6 value is required for ef-
ficient absorption and, consequently, for rapid heating. As ethyl-
ene glycol (EG) exhibits a high value of tan 6 (1350 at 2.45
GHz),'® it was chosen as the solvent in this study. Indeed, EG
boils at 196-198°C and its use can provide homogeneous MW
heating of the solution to relatively high temperature.

The objective of this study was to identify a possible degrada-
tion of PVA dissolved in EG when the solution was subjected to
MW irradiation, and in case that degradation occurs, to investi-
gate its mechanism. During the MW treatment, the process was
monitored by UV-vis, FTIR spectrometry, and size exclusion
chromatography (SEC).

EXPERIMENTAL

Materials and Sample Preparation

PVA (M,, ~ 47,000 g mol™'), polymerization degree of 1000,
98% hydrolysis, and EG (99%) were supplied by Fluka (Sigma-
Aldrich, Prague, The Czech Republic) and used without further
purification.

PVA solution 5% w/w in EG was prepared at 120°C in a beaker
covered by aluminium foil and it was stirred and heated for 1.5
h using a Heidolph MR Hei-Standard magnetic stirrer with
heating (Heidolph Instruments GmbH., Schwabach, Germany).
The solution was prepared by conventional heating because PVA
could undergo crosslinking in solid state caused by MW irradia-
tion at relatively low temperature (100-150°C) through ether
bridges,”® whereas conventional heating do not produce such
effects. The prepared polymer solution was irradiated for 60
min by MWs in an open vessel reflux system. A CWR-Tech
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MW domestic oven (M7017P-M, UK) with a standard frequency
of 2.45 GHz and power of 700 W was modified toward this
purpose and equipped with an external cooler to reduce the
risk of explosion. Moreover, the temperature of the system was
controlled by using a noncontact infrared digital thermometer
GIM 1840 (Greisinger Electronic GmbH., Regenstauf, Germany)
immediately whenever the cavity was opened. The temperature
was always close to the boiling point of EG. Samples were taken
at 4, 8, 12, 16, 20, 40, and 60 min and subsequently, the poly-
mer solutions were diluted in water in 1 : 2 w/w ratios and they
were allowed to cool to the laboratory conditions and used to
obtain UV-vis spectra. For the same purpose, a blank sample of
EG was subjected to MW irradiation for 1 h and no changes
were detected by UV-vis absorption spectra. For FTIR analysis,
the solutions were cast on polished silicon wafer substrate and
dried in an oven at 28°C for 1 week. The obtained films had a
thickness of about 200 pm.

Analytical Techniques

UV-vis spectra were taken with an AvaSpec-2048 spectrometer
(Avantes, Eerbeek, The Netherlands). The apparatus for FTIR was
a Scimitar FTS2000 (Digilab, Cambridge, MA, USA), and all
FTIR absorption spectra were recorded by transmission mode at
the resolution of 2 cm™" and plotted in absorbance scale. SEC
analyses were performed using a setup consisting of a Waters
600E pump, a Waters 2414 differential refractometer (Waters
GmbH, Eschborn, Germany), in-line degasser (Watrex, Prague,
Czech Republic), and a Rheodyne 7725 injector. Analyses were
carried out with a TSK GMPWXL column (7.8 x 300 mm?)
(Tosoh Bioscience, Tokyo, Japan) at 30°C with a 100 uL injection
loop. Aqueous 0.1M solution of NaNO; with 15% acetonitrile
and flow rate of 0.8 mL/min was used as a mobile phase. The
column was calibrated using narrow molecular weight pullulan
standards (Polymer Laboratories Ltd., Shropshire, UK) with
molar masses ranging from 677 to 788,000 g mol~'. Data proc-
essing was fulfiled with Cirrus Multi Detector Software (Polymer
Laboratories Ltd., Shropshire, UK). Sample concentration of
about 1.5 mg mL ! was used. Conventional calibration, relative
to pullulan standards, was applied and weight average molar
mass M,, number average molar mass M,, and polydispersity
index P = M, /M, of the tested samples were determined. For
SEC analyses, the samples were accurately weighed and dissolved
in the mobile phase for ~ 10 h at room temperature followed by
dissolution at 70°C for 30 min under shaking. Before measure-
ments, the samples were filtered through a 0.45 um Chromafil
PP/PET filter (Millipore, Billerica, MA, USA).

RESULTS AND DISCUSSION

UV-vis Analysis

The presence of carbonyl groups in PVA arises from the produc-
tion of the polymer. PVA is obtained by hydrolysis of poly(vinyl
acetate), thus, the residual acetate groups resulting of incom-
plete hydrolysis process are always present as well as a small
amount of degradation products as inevitable impurities caused
by processing of the polymer. UV—vis spectra of the virgin and
the irradiated PVA confirm the presence of residual carbonyl
groups in all the samples as can be seen in Figure 1, where a
time series of absorption spectra is plotted (graphs are vertically
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Figure 1. UV Spectra for PVA during the treatment.

shifted for better clarity). The low intensive band due to elec-
tronic transition related to carbonyl group appeared at a wave-
length (1) of about 278 nm.®> A second band at 330 nm due to
carbonyl functionality was observed as well."” It has been also
reported that the band at 280 nm is attributable to
diene ketone —(CH=CH),—CO— and a shoulder or a peak
of lower intensity at 330 nm to triene ketone groups
—(CH=CH);—CO—>" The absorption peak centered at
240 nm can be interpreted as a manifestation of the monoene
ketone. Hence, the degradation products are inevitably present
to a small extent even in the raw material, possibly coming
from its production and shelf ageing. The respective absorption
bands are manifested in the spectrum of untreated material. On
the other hand, no absorbance was present for the virgin mate-
rial in visible light region. The biggest change in absorbance
spectrum during MW treatment was manifested after 4 min as
the steep increase of the signal. Then, the change in the shape
of the spectra proceeded slowly, the two maximum at initial A
values of 281 and 329 nm merged smoothly into one broad band
with a maximum at 305 nm within 60 min. A pale yellow discol-
oration of the solution was observed in later stages of irradiation
which is attributable to the absorption peak shoulder exceeding
wavelength 400 nm. The spectral band loss its structure and most
probably a mixture of oligo- or polyene or polyene-carbonyl elec-
tron systems was manifested. It was described in the literature for
solid PVA that the conjugated unsaturated system successively
extends over more and more double bonds as the polymer
undergoes to the thermal degradation. The absorption peak inter-
vals in the same kind of transition are about 30-40 nm for small
number of double bonds in conjugation, which means that for n
= 4 and 5 in —(CH=CH),—CO— maximum at 360-380 an
390—420 nm can be expected.”’ These values were observed for
analogous polyenals CH;—(CH=CH),—COH (where n = 2-5)
in solutions as well.”> Similar features are observable also for
sequences of —(CH=CH),,— without being in conjugation with
—CO— moiety in degraded PVA films, although the maximum
in m—7* absorption are shifted toward to shorter wavelengths by
40-60 nm and resolved absorption bands are observable.”! Dis-
coloration, yellowish, red, and finally brown color appearance of
the sample are generally experienced in the previously cited litera-
ture with the progress of solid sample conventional heating deg-
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radation due to polyene or polyene-carbonyls formation. On the
other hand, UV-vis spectra of bulk PVA irradiated with MW
were described showing a strong absorption in the range 250-400
nm and the growth of absorption was observed to be more pro-
nounced at the wavelength 330 nm for thermal heating and at
280 nm for MW heating, which were assigned to different poly-
conjugated unsaturated structures created by thermal degrada-
tion, but the extent of discoloration at higher wavelengths was
suppressed for MW and the films become yellow and not brown.
Crosslinking of the chains of PVA by ether (C—O—C) bridges
was observed as the prevailing degradation mechanism in this
case, in which interpretation requires dehydration via intermolec-
ular reaction of hydroxyl groups eclipsing the intramolecular one
due to a specific MW effect on polar groups.””

The time dependence of absorbance intensity during MW irra-
diation of PVA solution is shown in Figure 2 for selected wave-
lengths. It is clearly seen that conjugated double bond structures
were formed by dehydration during first minutes of MW irradi-
ation although their successive growth was stabilized after reach-
ing maximum within 8 min, and the absorbance at the wave-
length 360 and 380 nm remained nearly constant after 20 min,
which means that the extent of conjugation did not exceed the
length of four or five double bonds significantly. Similarly, the
defects manifested by absorption at 260 nm were saturated after
20 min as well. The absorbance in the wavelength region
around the maximum at 300 nm initially followed the same
trend but after the 16th minute the course changed and it pro-
gressed again. A plausible explanation is that the degradation
begins with dehydration and subsequent carbonyl group forma-
tion due to a rearrangement and continues by consecutive dehy-
drations, followed by conjugated double bond system propaga-
tion. According to all previously discussed literature, this is
typical degradation pattern for PVA in solid state, which results
into the intensive discoloration due to formation of polyene
structures extended over multiple mer units. The behavior of
PVA observed in Figure 2 testifies the presence of another
mechanism which affects the process in opposite way, and thus,
limits the polyene propagation. The defects grow up to critical

804 —a—3=300 nm
—%— %=320 nm
70+ ® =280 nm
60 - —O— 2=340 nm
o
o 504 —8— ).=260 nm
g
=
g 40 4 —0— 2=360 nm
<
30
—*—2=380 nm
20
104
04
T T T T T T T T T
0 10 20 30 40 50 60
Time (min)

Figure 2. Time dependence of absorbance intensity during MW irradia-
tion of PVA solution.
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Figure 3. FTIR Spectra for PVA during the treatment.

size of approximately five double bonds in conjugation with
C=O0 group and then, dissociate or regenerate back to defects
which remain delocalized over few C=C or C=0 bonds.

FTIR Analysis

The FTIR spectrum for virgin PVA has been elucidated in dif-
ferent studies.>*®* In this work, the technique was used to
monitor the possible degradation during MW irradiation and
the most significant spectral regions of MW treated samples are
shown in Figure 3. There is a strong broad absorption band
centered at 3336 cm ™' without any fine structure (not included
in the graph for the sake of better presentation of the lower
wavenumber region), which is characteristic for OH group. The
bands at 2940 and 2930 cm ™' are clearly associated with satu-
rated C—H stretching, whereas the bands at 1445 and 1422
cm™' are related to —CH,— bending.** The spectra do not
show even weak bands for carbonyl group over 1700 cm™',
indicating that only small amount of acetate groups, below the
detection limit, can be present in the polymer chain as the used
PVA is highly hydrolyzed. Two peaks at 1660 and 1570 cm '
can be attributed to conjugated diones or single carbonyls in a
conjugation with C=C double bonds in solid state, where peaks

over 1700 cm ™!

are not manifested.”>?>*” Bands in this region
can be ascribed to conjugated C=C systems as well. Both inter-
pretations are in agreement with observed UV—vis spectra; how-
ever, these bands do not vary with the time of MW irradiation
which supports the idea that thermal degradation either does

not occur or only small amount of carbonyl groups is formed
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or the degradation proceeds without isolated carbonyl forma-
tion. In either of aforementioned cases, the degree of degrada-
tion is very low as these features can be observed by the means
of UV-vis spectrometry only which is due to its higher sensitiv-
ity than that of FTIR. The peak at 1144 cm ™' is connected with
C—O stretching modes and a strong dependency of its intensity
on crystallinity degree of the solid PVA material was
observed.?®*?* Other authors”® connect this band with C—0—C
in ether bridges and crosslinking of PVA is deduced from
increased in absorbance at this wavenumber. The bands at 1378
and 1332 cm™ ! can be attributed to combination frequencies of
CH and OH.”® A strong peak at 1060-1030 cm™' is assigned
for stretching C—0 in C—O—H group,” but the band is shifted
at 1096 cm ™' due to interaction with unsaturated bonds.** The
band related to CH, rocking at 917 cm™' and a peak at 854
cm !, which are associated to C—O stretching are manifested in
the spectra as well.”> FTIR spectra do not show any evidence of
PVA degradation. The above discussed bands are present in the
spectra of all the samples irrespective of treatment time. Neither
increase in typical carbonyl absorption region (about 1700
cm ') nor increase of absorption in C—O—C region was
observed (1144 cm™'). With respect to the UV analysis, the
degree of degradation is very low, below the detection limit of
the FTIR spectrometer, that is, less than 1% of changed
hydroxyl groups and hence mer units.

SEC Analysis

PVA belongs to polymers whose composition plays important
role in SEC analysis, when aqueous system is used. Although
comprehensive studies describing chromatographic behaviors of
PVA in aqueous solutions exist, determination of molar mass
and molar mass distribution of this polymer are not a simple
issue.’"** Thanks to various degree of hydrolysis, PVA can ex-
hibit varying extent of hydrophobicity (caused by presence of
vinyl acetate group) and hydrophilicity (caused by presence of
vinyl alcohol group). Attention has to be, hence, paid to careful
selection of columns and mobile phase to restrict nonsize exclu-
sion effects during chromatographic separation. To eliminate
these effects and suppress enthalpic interactions that might
compete with size exclusion process, analyses were performed in
aqueous mobile phase consisting of 0.01M NaNO; and 15% (v/
v) acetonitrile. Changes of M,, M,, and polydispersity index P
as a function of increased time of MW treatment are summar-
ized in Table I. From the results, it is obvious that MW irradia-
tion influenced PVA molar mass only to minor extent. Com-
pared with starting material, weight average molar mass M,, of
studied samples remained almost unchanged up to 20 min
treatment. Molar mass reduction first occurred after 40 min of
irradiation (decrease from 38,500 g mol ' to 36,100 g mol ')
and continued further after 60 min of irradiation (M, 34,400 g
mol '). Comparison of distribution curves recorded for the
samples treated for 0, 12, and 60 min, depicted in Figure 4, cor-
roborates the above given conclusions and clearly illustrates
slight, but notable shift of entire polymer distribution to lower
molar mass region. In addition to molar mass lowering, small
but distinct peak with molar mass higher that 5 x 10° g mol ™
(labeled with arrow) was observed after a careful inspection of
“zoomed” chromatogram (Figure 5). This peak was detected for
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Table I. Values of M,, M, Polydispersity Index P Determined for PVA
Samples Treated with Microwaves

Time of

treatment M,y M,

(min) (g mol™Y) (g mol™1) P = MM,
0 38,500 11,000 35
4 38,300 10,300 3.7
8 37,700 10,300 3.7
12 38,000 10,400 3.7
16 38,800 10,100 3.7
20 38,500 10,200 3.8
40 36,100 9400 3.8
60 34,400 9300 3.7

all samples irrespective treatment time and indicates the pres-
ence of structures with higher molar mass than that of the main
polymer. The presence of similar peak on PVA chromatogram
was also reported by Lacik et al.’! and it was attributed to the
formation of aggregates.

CONCLUSION

The aim of this work was to investigate the stability of PVA so-
lution in EG under MW irradiation. The results have shown
that MW treatment produces only minor changes of PVA.
According to FTIR study, there are no evidences of significant
presence of possible polymer degradation products, which can
be considered as a manifestation of thermal stability under the
given conditions. UV—vis spectra broadening testifies creation of
low concentrated defects in form of conjugated double bond
structures by dehydration during first minutes of MW irradia-
tion although their propagation is stabilized after reaching max-
imum with prolonged time of irradiation. On the contrary, the
defects remaining delocalized over few C=C or C=O bonds
increase slowly with irradiation time, thus a degradation mecha-

— (1) PVA without irradiation
109 | ——(2) PVA irradiated for 12 min
"""" (3) PVA irradiated for 60 min
0,8
=)
3 0,6
2
z
=]
0,4
0,2
0,0 .
2 6

logM

Figure 4. Differential distribution curves obtained for (1) starting PVA
material, (2) sample irradiated for 12 min, and (3) sample irradiated for
and 60 min.
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—— (1) PVA without irradiation
——(2) PVA irradiated for 12 min
>>>>>>>> (3) PVA irradiated for 60 min

Response

Minutes

Figure 5. Elution curves recorded for (1) PVA starting material, (2) sam-
ple irradiated for 12 min, and (3) sample irradiated for 60 min.

nism preferring their formation before consecutive polyene gen-
eration is concluded. In next, according to SEC study, MW
heating does not cause crosslinking or other pronounced
changes of molar mass namely due to chain cleavage of the
polymer sample either. As a consequence, MW treatment within
the investigated time scale can be recommended as an appropri-
ate technique for heating of PVA solutions in EG because the
results have shown that no significant changes have occurred
during that part of the treatment. MW irradiation for 20 min
did not cause any reasonable deterioration of the molar mass
distribution. Moreover, the time span could be extended up to
60 min with the risk of negligible degradation, if needed. The
MWe-assisted heating of PVA in EG solution can, hence, bring
benefits in shortening time and saving money consumed for the
polymer processing.
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ABSTRACT: Aqueous solutions of poly(vinyl alcohol) and poly(vinyl pyrrolidone) are blended and films are produced by casting
method with the further intention of being used as bio-materials with latent medical application. Glutaraldehyde, 4,4'-diazido-2,2'-
stilbenedisulfonic acid disodium salt tetra-hydrate are used as crosslinker agents, whereas lactic acid is the plasticizer in the blend.
The obtained films are characterized by differential scanning calorimetry (DSC), mechanical properties, swelling and solubility behav-
ior. DSC measurements show that the blends exhibit a single glass transition temperature indicating that they are miscible, even in
the presence of the plasticizer and crosslinker agents. By the combination of all mentioned additives, a relevant enhancement of the
swelling is observed, accompanied by a stabilization of the solubility during the tested time. Finally, mechanical properties show an
appropriate performance in the studied parameters. As a consequence, the obtained films could be suitable for use as medium or

long-term implants. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polymers are widely acknowledged as being some of the most
versatile materials due to their broad physical and mechanical
properties. This allows them to be used for different proposes,
including medical applications such as tissue engineering,
implants, artificial organs, prostheses, ophthalmology, dentistry,
bone repair,’ or as a temporary scaffold, a temporary barrier,
and a drug delivery system.”

Among synthetic polymers, both poly(vinyl pyrrolidone) (PVP)
and poly(vinyl alcohol) (PVA) have been intensively studied as
biomaterials. Researches have found for the former that it is
very useful in pharmacy and medicine due to its outstanding
absorption and complex abilities.” Despite the fact that the
human body is not able to degrade PVP, this polymer can be
gradually excreted into the urine without concentrating in the
kidneys," when the molar mass does not exceed 30,000 g mol ™',
which is an interesting attribute for biomedical uses. Numerous
attractive features have been reported for PVA, such as high
hydrophilicity, recognized biodegradability, biocompatibility,
and good processability on film formation.” Both polymers are
water soluble,® an important property for processing, although

© 2012 Wiley Periodicals, Inc.
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this characteristic could be a disadvantage when being used as a
long-term implant. Blends, on the other hand, might represent
an appropriate solution for material design. They have been
investigated in order to satisfy the needs of specific sectors
within the polymer industry. Generally, they show superior per-
formance in relation to the individual components and, as a
result, the range of applications grows continuously for this
class of materials.” The combination of PVA and PVP in blends
has emerged as a new tool for preparation of biomaterials,® and
there are abundant amount of reports which describe the multi-
functional utilities for these kind of blends.”'* As a conse-
quence of the very small entropy of mixing and usually positive
heats of mixing, any pair of polymers will be immiscible unless
some strong interactions such as hydrogen bonding, ionic and
dipole, 7 electrons and charge-transfer complexes appear.'” In
the case of PVA and PVP blends, the ring of pyrrolidone con-
tains a proton accepting carbonyl group, while PVA has
hydroxyl groups and therefore, hydrogen bonding is expected
among them. Moreover, the use of modifiers can change the
properties of PVA/PVP blends in many aspects. In fact, the
water solubility of single components could be modified by
blending PVA/PVP or by the use of some additives even if it is

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37723
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not common.'* In this context, glutaraldehyde (GA) has been
chosen as a crosslinker agent for PVA because it forms an excel-
lent polymer network in which the mechanical and swelling
properties can be controlled. These crosslinking reactions can be
conducted under mild conditions because of the lack of ability
for crosslinking PVP.">™"7 For PVP, a common crosslinker is
4,4'-diazido-2,2'-stilbenedisulfonic acid disodium salt tetrahy-
drate (DAS) which is not indeed an effective PVA crosslinker.'
Hence, the possibility to independently control the crosslinking
mechanism for both polymers is considered as the main reason
for the selection of the agents. By crosslinking, a reduction of
hydrophilicity can be utilized as a valuable alternative to
improve the water resistance of the blend for specific medical
uses. Mechanical test, swelling, and solubility degree are deter-
mined in this study since biomedical polymers must be used in
the biological environment. Water adsorption can influence the
dimensional stability and mechanical properties of the pros-
thetic element and, moreover, water by itself can be a powerful
degrading agent. It is evident that a careful characterization of
the bulk properties is fundamental for determining the struc-
ture—properties correlation.'®

The aim of this work was to prepare and characterize PVA/PVP
blends using specific additives in order to obtain suitable films
with prospective medical application. Information about me-
chanical properties, degree of swelling, solubility degree, and
thermal properties were obtained in this research. On the basis
of the requirements for biomaterials, PVA/PVP blend with LA,
GA, and DAS, has showed appropriate mechanical performance
and water resistance. As a result of those characteristics, the ma-
terial may be considered as a suitable candidate for further
investigation as a long or medium-term implant in the medical

field.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (PVA, M,, = 47,000 g mol ') with a poly-
merization degree of 1000 and 98% hydrolysis, poly(vinyl pyrro-
lidone) (PVP, M,, = 40,000 g mol 1), 4,4'-diazido-2,2'-stilbene-
disulfonic acid disodium salt tetrahydrate (DAS) of analytical
grade and a 50% water solution of glutaraldehyde (GA) were
provided by Sigma Aldrich, The Czech Republic. Lactic acid
(analytical grade) (LA) was produced by Lachema, The Czech
Republic, hydrochloric acid, and acetic acid (analytical grade)
were supplied by Penta, The Czech Republic. They were used
without further purification.

Sample Preparation

PVA and PVP Films. A PVA solution at 5 wt % was prepared
by dissolving the polymer in distilled water at 80°C for 12 h
under continuous magnetic stirring. Once, the solution was
obtained, GA at 0.25 wt % related to the total amount of poly-
mer was added as crosslinker agent and the solution was heated
up to 80°C during 20 min as a crucial step in the crosslinking
mechanism. A second set of samples were prepared with GA
and hydrochloric acid (indicated as H* hereafter) at 1.2 wt %
was added. Finally, PVA solution and LA at 15 wt % related to
the total amount of the polymer was blended and stirred for 15
min. The solutions were cast on polyethylene substrates and
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allowed to dry at 35°C for 4 days in air circulating oven. Films
with a thickness of about 200 um were obtained. Table I sum-
marizes, designs, and describes each sample.

PVP was dissolved by adding slowly the polymer to water at
room temperature, always under vigorous magnetic stirring.
Simultaneously, in distilled water a 4 wt % aqueous solution of
DAS was prepared in a dark room and it was added to the poly-
mer solution. After removal of the bubbles, the blend was cast
on polyethylene substrates and it was allowed to dry at 35°C for
4 days in air circulating oven. Films with a thickness of about
200 um were obtained. Once samples with DAS were dried,
they were irradiated for 5 min by a home made instrument
with four Sylvania black-light FSW/T5/BL350 lamps. The sam-
ples were stored in polyethylene bags and kept on a dark place
at laboratory conditions, i.e., temperature 21-23°C and relative
humidity 40-60%.

PVA/PVP Blends. Blends of 1 : 1 wt/wt ratio of PVA and PVP
solutions were blended under magnetic stirring using the same
additives as for the single components. Blends with DAS were
always kept in dark room. All the samples were allowed to dry
for four days at 35°C.

Characterization

Differential Scanning Calorimetry. Calorimetric measurements
were carried out in a DSC 1 calorimeter, Mettler Toledo (Grei-
fensee, Zurich, Switzerland), under nitrogen flowing at a rate 30
mL min~". The specimens were pressed in unsealed aluminum
pans. Heating cycle was performed in order to obtain glass tran-
sition temperature (7T,) and melting temperature (T,,). The
samples were cooled down by air at an exponentially decreasing
rate. The heating of the cycle was performed from 25 to 240°C
at a rate of 20°C/min. The T, was determined as the midpoint
temperature by standard extrapolation of the linear part of DSC
curves using Mettler-Toledo Stare software and the T,, as the
maximum value of the melting peak. The relative crystallinity
(X,) was estimated from the endothermic area using eq. (1):

X. = AHp/AHY, (1)

where AH; is the measured enthalpy of fusion from DSC ther-
mograms and AH is the enthalpy of fusion for 100% crystal-
line PVA (138.6 ] ¢ ")."”

Degree of Swelling and Solubility Degree. As PVA and PVP
are water soluble polymers, gravimetric method was used to cal-
culate the degree of swelling and the solubility of the films.
Squares of 1.5 cm® were cut and dried at 60°C until constant
weight (W;). After that, they were immersed into 5 mL of dis-
tilled water at 37°C (normal human temperature) at different
time intervals (1, 3, 5, 10, 20, and 30 min). Subsequently, the sam-
ples were taken out from the water and the surface moisture was
carefully removed by paper napkin. They were weighted again
(W,). Finally, samples were allowed to dry until constant weight
at 60°C and weighted once more (Ws). The degree of swelling
(DS) and the solubility of the film (SF) were calculated according
to the egs. (2) and (3), respectively. Five replicate tests were done
for each sample and these values were undergone to Dixon test
for identification and rejection of outlier data with 95 % of
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Table I. Prepared Films

No. Name Description

1 PVA PVA at 5 wt %

2 PVA/LA PVA at 5 wt % and LA at 15 wt % related to the total amount of polymer

3 PVA/GA/H* PVA at 5 wt %, GA at 0.25 wt % related to the total amount of polymer and 50 uL of hydro-
chloric acid

4 PVA/GA/LA PVA at 5 wt %, GA at 0.25 wt % and LA at 15 wt % both related to the total amount of
polymer

5 PVA/GA/H*/LA PVA at 5 wt %, GA at 0.25 wt %, LA at 15 wt % both related to the total amount of poly-
mer and 50 puL of hydrochloric acid

6 PVP PVP at 5 wt %

7 PVA/PVP/GA/HT PVP at 5 wt %, PVA at 5 wt %, GA at 0.25 wt % related to total amount of polymer and 50
uL of hydrochloric acid

8 PVA/PVP/GAIH /LA PVA at 5 wt %, PVP at 5 wt %, GA at 0.25 wt %, LA at 15 wt % both related to the total
amount of polymer and 50 plL of hydrochloric acid

9 PVA/PVP/DAS/GAIH* PVA at 5 wt %, PVP at 5 wt %, GA at 0.25 wt %, DAS at 4 wt % both related to total
amount of polymer and 50 plL of hydrochloric acid

10 PVA/PVP/DAS/LA/GA PVA at 5 wt %, PVP at 5 wt %, DAS at 4 wt %, LA at 15 wt % and GA at 0.25 wt % all of

them related to total amount of polymer

11 PVA/PVP/DAS/GA/HT/LA  PVA at 5 wt %, PVP at 5 wt %, DAS at 4 wt %, LA at 15 wt % and GA at 0.25 wt % all of
them related to total amount of polymer and 50 uL of hydrochloric acid

confidence and no data was rejected. For all the measurements,  glass transition temperature (T,) at 80°C were clearly mani-
an analytical balance with the accuracy 0.0001 g was used. (Den-  fested in the thermogram. Nevertheless, the thermal relaxations

ver Instrument SI-64, Goettingen, Germany). for PVA include the o-relaxation temperature (T,) which is
observed in the thermogram as a small exothermic effect at
DS(%) = W, — W % 100 @) 100°C associ?ted with confor@ational changes caused by 'either
3 thermal motion or by the action of an external field without
W, — W- rupture of the chemical bonds.?**
SE(%) =~ 100 @ P

1 PVA/LA presented a noticeable reduction in the crystallinity
related to the neat PVA by about 30% due to the influence of
LA on the hydrogen bonding strength among PVA chains. As a
result, a lesser amount of lattices were present, causing a
decrease of 21°C in T,,. Furthermore, the increasing of PVA
chain mobility was a consequence of the plasticizing effect,
which was proven by a significant decrease in the recorded T,

Lactic Acid Leaching Analysis. From the leaching media of the
samples containing LA, one aliquot of 1 mL was collected and
diluted until 10 mL in distilled water. The total acidity was obtained
by titration with a total acidity minititrator and pH meter for water
analysis (Hanna Instrument HI84430, Woonsocket, Rhode Island).

Mechanical Properties. Mechanical properties of PVA and PVP
blends, including Young Modulus (E), stress at break (o), and
elongation at break (&) were tested on five specimens per sam-
ple. Rectangular test specimen specified in ISO 527-32° with a
length of 100 mm, width of 10 mm and thickness of about 5mW
200 um were used. The experiment was carried out using an
Instron-type tensile testing machine (Testometric M350-5CT,
Lincoln Close, Rochdale, England) and the rate was 50 mm/min.
The test conditions are specified in ISO 291! The thickness of the
samples was measured by a micrometer with the accuracy of
0.01 mm and specimens were kept in polyethylene bags, in a dark
room and at controlled temperature and relative humidity.

PVA

PVA/LA

PVA/GA/H"

PVA/GA/LA

Heat flow (mW)
Endo

PVA/GA/H'/LA

RESULTS AND DISCUSSION

Differential Scanning Calorimetry
The thermograms for PVA blends are depicted in Figure 1 and A 100 = 200
the obtained thermal parameters are shown in Table II. The

graphs were vertically shifted for better presentation. The char-
acteristic melting temperature (7,,) for PVA at 211°C and the Figure 1. DSC thermograms for PVA and its blends.

Temperature (°C)
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Table II. Thermal Parameters of PVA and PVA/PVP Blends
Temperature °C Enthalpy Crystallinity
Sample Ty T AH¢ (mJ g™ %
PVA 80 211 49 36
PVA/LA 55 190 65 25
PVA/IGAH* 46/82 185/213 25/63 16/46
PVA/GA/LA 60 186 26 19
PVAIGAH*/LA 40/140 175/224 9/53 7138
PVP 110 = = =
PVA/PVP 51 218 42 29
PVA/PVP/GA/H* 51 174/205 78 57
PVA/PVP/GA/HT/LA 48 167 51 37
PVA/PVP/DAS/GAIH* 54 178/224 5/64 4/46
PVA/PVP/DAS/LAIGA 51 178 18 13
PVA/PVP/DAS/GA/HT/LA 39 165/186 8/55 5/40

from 80°C to 55°C.** LA could be at least partially grafted caus-
ing disruption or attenuation of hydrogen bonding between
parallel PVA chains, as well as disturbing the regularity of chain
stacking by the presence of randomly distributed lactide groups
pendant to the polymer chain. The o-relaxations in PVA did
not manifest in this sample because LA modified the crystalline
regions in PVA. Consequently, the polymer chains presented a
higher degree of mobility or there were not significant restricted
movements, as well as the changes in the crystalline structure
affected the orientation of crystals, morphology, density, and
perfection packing.”

The thermogram for PVA/GA/H" exhibited two endothermic
peaks, which were attributed to the morphological effects caused
by GA/H"' into the matrix.”® The peak centered at 213°C is
related to T,, and practically did not change in comparison to
the T,, for PVA, due to the relatively low GA concentration.
The effect of crosslinker molecules on the crystal structure and
the degree of crystallinity is manifested as the second peak
related to the melting of the other minor crystalline phase at
185°C. PVA/GA/LA presented notably lower T, and T, than
PVA, but just slightly different from PVA/LA. For that reason, it
was possible to deduce that the stronger action is owed to the
plasticizing effect of LA, which is in agreement with the swelling
and solubility results as will be showed further in this text.

Two phenomena were identified in the PVA/GA/H"/LA samples.
In the first one, the T,, was sparingly higher than the same
transition for pure PVA and PVA/GA/H". This might mean that
the extra consumed energy was needed to overcome the inter-
molecular forces, which held the polymer molecules together,
not as a crosslinked, but perhaps as a grafted material. The sec-
ond phenomenon was that the matrix was partially crosslinked
by GA/H", with the consequent reduction of the number of
hydroxyl groups and hydrogen bonding interaction.”” On the
other hand, the increase of T, could have occurred due to the
presence of big bulky pendant groups.”® Also, if mono-func-
tional reaction is present,”®* the free volume is bigger, the
chains of the matrix have more freedom, and a lower T, can be
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expected. The combination of crosslinking and the presence of
pendant groups influences the crystallinity and it will be virtu-
ally lost with the extent of crosslinking.*

The DSC thermograms for the PVA/PVP blends are shown in
Figure 2 and their thermal transitions are exhibited in Table II.
As interesting characteristic was that, of all the studied samples,
just one T, was exhibited. This might be a signal that the blends
were miscible, albeit, it could indicate that the blends were only
compatible.'>”'>* The PVP themogram showed a very broad
step at 110°C, which can be attributed to water evaporation,
although it could indicate the T, This value is in concordance
with some works,”*** while values of T, for PVP ranging from
54 to 175°C were found in other sources; this may be attributed
to the large influence of adsorbed moisture due to the hygro-
scopic nature of the material,®® or to the differences in molecu-
lar weight.””?®

The addition of PVP to PVA evidenced a reduction of T, which
implied that PVP plasticized PVA probably as a result of PVA/

T PVP
PVA/PVP
PVA/PVP/GA/H"

IPVA/PVP/GA/H/LA

F\,\\/PVAH’VPIDAS/GA/H'

PVA/PVP/DAS/LA/GA

Heat flow (mW)
Endo

PVA/PVP/DAS/GA/H/LA

T T T
100 150 200

Temperature (°C)

Figure 2. DSC thermograms for PVP and its blends.
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PVP bonding, which disrupted the crystalline phase of PVA.
The crystalline regions of PVA were more accessible to PVP and
therefore, the PVA/PVP interactions were readily formed.® The
film showed a small endothermic transition at about 51°C
ascribed to T, resulting from micro-Brownian motion of the
main chain backbone. This decrease in comparison with PVA
indicated that PVP was miscible with PVA in the amorphous
phases.”® The endothermic peak centered at 218°C corre-
sponded to T, 20

The PVA/PVP/GA/H" thermogram showed a small endothermic
transition at 51°C assigned to T,. This value was lower than the
T, exhibited by PVA/GA/H™ and the explanation is founded in
the plasticizing effect of PVP in the sample. The presence of
two endothermic peaks at 174 and 205°C resembling the shape
and proportion of the two peaks recorded for the melting of
PVA/GA/H™ testified for similar effect of GA. However, both T,,
values were lower due to PVPs effect on semicrystalline PVA
component.*’ By comparing PVA/PVP/GA/H" and PVA/PVP/
GA/H'/LA thermograms, significant differences appeared
including that PVA/PVP/GA/H"/LA presented only one T,, cen-
tered at 167°C. PVP reduced the endothermic curve of PVA, the
peak become broader and it was shifted to lower temperatures
by the combined action of PVP in the PVA crystallinity
region’>*’ and LA as indicated above. The slight decrease in T,
was a consequence of the compensation of the plasticizing effect
attributed to LA by the crosslinking action proportioned by
GA/H". A broad exothermic region presented at 100°C can be
ascribed to o-relaxations as evidence of a wide range of crystal-
lite sizes and morphologies, which were affected by the additives
in terms of intermolecular and intramolecular forces causing a
“multi-phase” matrix.*?

The thermograms for PVA/PVP/GA/H" and PVA/PVP/DAS/GA/
H™" presented minor differences, although an increase in T, in
the sample with DAS was the most significant. Even though
DAS did not crosslink PVP, its presence reduced the mobility
and fewer active points for interacting with the PVA chains
were available. As a consequence, the crystallinity region of PVA
was not affected at the same level and a higher T,, was mani-
fested. Moreover, it has been established that the T, for PVA
depends on the PVP content which is obviously related to the
decrease of the PVA crystallinity in the blend.***** PVA/PVP/
DAS/GA/H /LA exhibited a lower T,, because LA affected the
crystalline region of PVA and plasticized the sample.

Finally, samples with DAS showed color changes before and
after irradiation. If a bi-molecular reaction of DAS occurs, the
efficiency of crosslinking decreases and a bronze color appears.'
However, the thermal properties of photo-irradiated samples
did not show relevant changes, which can be interpreted as DAS
did not crosslink efficiently PVP or significantly affecting the
crystallinity of PVA, and most importantly, DAS did not change
the polymer compatibility.

Degree of Swelling

PVA Samples. As can be seen in Figure 3, during the first 10
min PVA/LA exhibited a higher degree of swelling than PVA.
After that period, the swelling values for PVA/LA were slightly
lower than for PVA but within the error bars. In both cases, the

Mﬂﬁfgﬁs WWW.MATERIALSVIEWS.COM
[}

WILEYONLINELIBRARY.COM/APP

YA
COprvaLa
I PVA/GAH'
I PV A/GA/LA
PVA/GA/H'/LA

600

400 ~

Degree of swelling (%)

200+

77|
g
é
g
7
7
7
7
7
7
é
%

Time (min)

Figure 3. Degree of swelling for PVA and its blends

highest achieved degree of swelling was limited by the dissolu-
tion of the samples. A higher initial rate of swelling observed
for PVA/LA can be interpreted as a consequence of the plasticiz-
ing effect of LA, which can be explained by the water molecules
initially diffusing through the amorphous region of the polymer
and attaching themselves to the hydroxyl side groups, disrupting
inter- and intramolecular hydrogen bonding, and thereby swel-
ling the polymer.*>*® Hence, hydrophilic additives increase the
swelling rate due to an increase of the free volume in polymer.
For semicrystalline polymers such as PVA, a network of amor-
phous chains is formed with the crystallites acting as junction
points and it may therefore be deduced that an increase in the
initial rate of swelling is a consequence of the decrease of crys-
tallinity,® as well as the rate of relaxation of the amorphous

. 47,48
regions.

The combination of GA/H" and PVA crosslinked the polymer
and thus, there were less free hydroxyl groups which reduce the
hydrophilicity were expected. A decrease in the hydroxyl groups
after the crosslinking reaction significantly reduced the affinity
of the polymer for water leading to a reduction in the swelling
ratio.” However, the concentration of GA/H" was relatively low
in the prepared materials. Therefore, there was no decrease in
the hydrophilicity, including PVA/GA/H" sample, which indeed
showed a higher swelling degree than pure PVA in the first part
of the experiment. For a low GA content sparse crosslinking was
not able to promote a suitable dense network to totally prevent
its solubility in water and the film had a high swelling value.”
Another contribution to the initial swelling rate can be attrib-
uted to the increased disorder of the amorphous polymer matrix
and the presence of hydrophilic components of the crosslinking
system which could promote the diffusion of water, solvation,
and unfolding of polymer chains. After that, the equilibrium
swelling—deswelling was reached and the value of solubility was
stabilized after 5 min of the process, when all soluble compo-
nents were leached out from the specimen. In the case of pure
PVA material, the swelling process passes continuously into dis-
solution of the polymer. On the other hand, crosslinking process
causes a physical barrier limiting the disassociation of the mac-
romolecules and the process ends in the stage of a swollen gel.
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Figure 4. Degree of swelling for PVP/PVA and its blends

As it was observed in Figure 3, PVA/GA/LA material swelled to
a greater extent than PVA/GA/H™. This difference can be
explained by the prevailing plasticizing effect of LA over its
poor catalytic efficiency in the crosslinking of PVA by GA when
compared with HT. The comparison between PVA/GA/H™ and
PVA/GA/H'LA showed that the former presented much lower
values during the entire treatment which could corroborate that
the plasticizing effect of LA was predominant in the system.

PVA/PVP Samples. The degree of swelling for PVA/PVP films
in Figure 4 was higher than those of the analogous PVA films
in Figure 3. This fact can be caused by the reduction of crystal-
linity in the blend due to the crystalline segments of the PVA
chain having less chain solvation and greater stability than
amorphous regions in a PVA network as a consequence of the
interruption of PVA crystal formation by bulky pyrrolidone
rings.”’ Furthermore, PVP as an amorphous polymer has a
higher affinity for water than PVA, which makes it to swell to a
greater extent.'’ The swelling of crosslinked PVP includes a very
fast absorption as a consequence of hydrophilicity and capillar-
ity, which are the basis for the notable higher values in compar-
ison to PVA. The second step includes a typical diffusion mech-
anism and finally, in the third step, a minor increase in the
water content occur based on very slow network relaxation.”
Therefore, the addition of PVP promotes the swelling of PVA/
PVP based blends significantly. In fact, PVA/PVP dissolved read-
ily and it was not even possible to handle and take out as a sin-
gle piece from water without dropping the slim. Indeed, the
PVP/DAS specimens presented several inconveniences for deter-
mination of the swelling and solubility degree as a consequence
of the quick dissolution process and the lack of strength to be
manipulated in contact with water. These factors make the film
unsuitable for medical applications. As a result, only crosslinked
samples are discussed here. A fundamental relationship exists
between the swelling of a crosslinked polymer in a solvent and
the nature of the polymer and solvent. The additives can change
and/or disturb the hydrogen-bonded structure of water and the
molecular association of the water-soluble polymer in aqueous
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media, as well as the swelling behavior of the crosslinked PVP
chains.” As an example, the values for PVA/PVP/GA/H™ were
around two times higher than PVA/GA/H' in all the tested
times, which indicates that the swelling for PVA/PVP blends
depend on the presence of PVP. On the contrary, a different
phenomenon was detected for samples with DAS that were irra-
diated by ultraviolet light. Figure 4 depicts the degree of swel-
ling for all PVA/PVP samples, although important attention is
paid to PVA/PVP/GA/H" and PVA/PVP/DAS/GA/H". The
photo-irradiated sample exhibited a lower degree of swelling in
comparison to samples that did not undergo this process. The
results could suggest that the DAS reaction with functional
groups of PVP diminished the contribution of PVP to swelling
in comparison to that in the GA crosslinked samples only. On
the other hand, molecular chain length of PVP was relatively
short, and a low degree or no crosslinked PVP structures of
samples were obtained, therefore films were not compact
enough to resist the dissolution of water, as discussed in the
next section and supported by the literature as well.>* Similar
tendency was observed in PVA/PVP/GA/H"/LA and PVA/PVP/
DAS/GA/H"/LA, which reinforces the idea that DAS did not
effectively crosslink the samples.'” As a significant result, PVA/
PVP/DAS/LA/GA exhibited the highest degree of swelling for all
studied samples, which is a signal of the predominant influence
of LA in the blend, as well as the limited effectiveness of DAS
for crosslinking PVP in the studied system. Nevertheless, PVA/
PVP/DAS/LA/GA/H™ revealed a combination of the efficiency
of GA/H" as crosslinker of PVA and the plasticizing effect of
LA, which is considered as an interesting behavior since this
sample swelled to a relatively high level, but it properly resisted
the dissolution during this time.

Solubility Degree

The initial statement which should be mentioned is that the sol-
ubility of PVA depends on the degree of hydrolysis, the molecu-
lar weight, and the tendency to form hydrogen bonding in
aqueous solutions. In this matter, any alteration of those factors
will have repercussions on the solubility of the film. Figure 5
shows the solubility degree for PVA samples and the first
observed result was that LA increased the solubility of PVA film
markedly during the tested period which can be attributed to
the plasticizing effect caused by changes in the free volume of
PVA.>> Moreover, LA can contribute to the initial fast weight
loss of the sample by its leaching. The addition of GA/H" to
PVA presented a slight, but evident diminution on the solubility
of the film in comparison to the neat polymer film during the
first part of the experiment, followed by a marked decrease at
the end of the tested time, which is a strong crosslinking signal.
The explanation is related to the number of chains that were
joined to the matrix because GA was able to promote a suitable
network to prevent solubility in water, and the reaction on both
edges of the GA molecule reduced the free volume of the mate-
rial, which improved the water resistance of the films.>® These
kind of crosslinked polymers form gels which have the ability to
absorb a solvent and swell, still keeping their three-dimensional
structure which might help them become a possible candidate
for long-term implantations.”® As a noteworthy corresponding
result, a difference between PVA/GA/H™ and PVA/GA/LA was
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Figure 5. Solubility degree for PVA and its blends

observed and the films obtained by the combination of GA/LA
exhibited a noticeably higher solubility than those with GA/H*
which means that LA in contact with GA activated the cross-
linking process to a much lower level than hydrochloric acid,
and LA just plasticized the sample. Moreover, for PVA/GA/H*/
LA, every additive brought its own effects. GA/H" reduced the
amount of hydroxyl side groups in PVA and is responsible for
crosslinking, whereas LA increased the free volume of the ma-
trix. As a consequence, the sample exhibited lower solubility
than PVA/GA/LA and higher than PVA/GA/H™.

The ease in which PVA and PVP is blended is attributed to
hydrogen bonding which may take place between the proton-
accepting carbonyl moiety in pyrrolidone rings and the hydroxyl
side groups of PVA. Hydrogen bonding is also responsible for
solubility of both PVA and PVP in water.'*** PVP is more
hydrophilic than PVA, therefore its presence in the blends
caused higher solubility values in comparison with the blends
formed by PVA. The solubility degree for PVA/PVP samples is
depicted in Figure 6 and it can deduced that in all the samples
in which LA was present, the values were notably higher in
comparison with samples where LA was absent. It was mani-
fested once more, that the plasticizing effect of LA was prepon-
derant in the system and dominated the dissolving mechanism.
GA/H", on the other hand, was able to proportionate water re-
sistance to the blend, and thus, the solubility showed lower val-
ues for PVA/PVP/GA/H" and PVA/PVP/DAS/GA/H™.

By comparing the solubility of PVA/PVP/GA/H" and PVA/PVP/
DAS/GA/H" there were not significant differences between
them which lead to the conclusion that DAS did not crosslink
efficiently to PVP. The same effect on solubility was observed
for the couple formed by PVA/PVP/GA/H'/LA and PVA/PVP/
DAS/LA/GA/H™. An explanation can be found in the low mo-
lecular weight of the PVP used in the studied materials, which
caused the relative inefficiency of the DAS crosslinking pro-
cess.”* However, it cannot be excluded that the concentration of
DAS was relatively high, and its decomposition rate was high as
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well. Furthermore, a higher probability of bimolecular coupling
lead to a large dinitrilene concentration. Another adverse effect
of the relatively high amount of DAS in the presence of inactive
PVA virtually diluting PVP, could be intrachain crosslinking. In
both ways, the solubility is not reduced, and even increased,
because of a loss of interchain interactions."

Lactic Acid leaching Analysis. The leaching of the samples
with LA was analyzed and pH was obtained. For all the samples
and intervals, the pH decreased slightly from 3.60 in the first
minute to 3.10 after 30 min. This reduction in pH could indi-
cate that the LA molecules, not strongly linked with the poly-
mer, were delivered to the system within the first 2 min after
the film was immersed in water. As a consequence of the
changes in pH were not significantly exceeding physiologically
values, the presence of LA will not negatively influence the tis-
sues considering indeed, that it is well know that LA exhibits
antibacterial properties. This characteristic also makes the films
suitable for utilization in medical applications.”

Mechanical Properties

Young Modulus (E), stress at break (), and elongation at break
(¢) were chosen for evaluation of the influence of LA, GA, and
DAS on the mechanical properties of the obtained films. The
results are reported in Table III, although it must to be men-
tioned that PVP and PVP/DAS were excluded here because the
materials were too brittle and it was not possible to obtain suit-
able specimens for the test. It was found that LA in PVA and
PVA/PVP blends considerably reduced the Young’s Modulus
and at the same time, the tensile strength and the elongation at
break was noticeably increased. The reason can be founded in
the plasticizer effect of LA.>> On the contrary, PVA/GA/H"
exhibited reduced mechanical properties as a result of crosslink-
ing and because the concentration of GA was too low in com-
parison to LA and it did not cause softening of the material.
However, if LA is accompanied by GA or GA/H™, the elonga-
tion was higher as a consequence of the plasticizing effect. The
expectable effect of an increase due to chain bonding by
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Figure 6. Solubility degree for PVA/PVP and its blends.
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Young's Tensile Elongation at
Sample Thickness (mm) modulus (MPa) strength (MPa) break (%)
PVA 0.236 = 0.017 1100 = 170 14 +3 38 +7
PVA/LA 0.274 = 0.018 229 =18 21 +2 205 = 11
PVA/GA/H* 0.120 360 + 60 85=x11 32+5
PVA/GA/LA 0.274 = 0.057 240 = 20 22 +3 195 + 18
PVA/GA/HT/LA 0.286 = 0.064 140 = 15 26 + 5 224 + 8
PVA/PVP 0.270 = 0.028 2460 = 140 21 + 4 5x1
PVA/PVP/GA/H* 0.226 = 0.006 2420 = 100 16 =3 46 02
PVA/PVPIGA/HT/LA 0.244 + 0.013 460 = 70 129=18 99 + 8
PVA/PVP/DAS/GAIH" 0.276 = 0.011 1580 = 80 14 +2 32 +14
PVA/PVP/DAS/LAIGA 0.300 = 0.025 770 =70 11 +4 79 =19
PVA/PVP/DAS/GAHT/LA 0.286 = 0.008 745+ 158 18+ 2 58 + 27

crosslinking is hidden within the overlap of error intervals for
both materials, PVA/LA and PVA/GA/H"/LA. It is important to
point out that PVP dramatically increased the Young’s modulus
of PVA which could reinforce the idea that interactions between
carbonyl and hydroxyl groups were present and caused brittle-
ness of the prepared films. Furthermore, the low elongation at
break is a result of the poor mechanical features of PVP, even if
it is blended with PVA. Besides, LA does not influence PVP by
chain grafting; its presence in the blend with PVA improves the
film’s elongation, which could confirm that LA contribution is
due to the creation of hydrogen bonds.

It has been shown crosslinking PVA with DAS was not effec-
tive."> For that reason, the influence of DAS is focused on PVP.
Mechanical properties of the PVA/PVP blends are governed by
PVP, therefore it can be expected that DAS reduces the Young’s
Modulus and the tensile strength but increases the elongation.
The DAS/GA mixture must specifically crosslink the two poly-
mer components into intermingled PVA and PVP networks."
However, due to the low molecular weight of PVP, DAS did not
crosslink the polymer, although it affected the mechanical prop-
erties. As a result, PVP/PVA/DAS/GA/H" had a higher Young’s
Modulus, lower tensile strength, and less elongation than PVP/
PVA/DAS/GA/H"/LA, because in this case, the concentration of
LA was high enough for plasticizing the blend.

CONCLUSIONS

The casting method, as a simple polymer production technique
was chosen for obtaining PVP/PVA films as versatile candidates
for medical applications. GA/H" crosslinked effectively PVA
whereas LA plasticized this polymer as well as the blend formed
by PVA/PVP. Although DAS did not crosslink PVP due to the
low molecular weight of the polymer, its presence did not nega-
tively affect the blend regarding to the examined characteristics.
Compared with raw materials, the crosslinked PVA/PVP films
exhibited superior performance in terms of the properties which
were analyzed by DSC, degree of swelling, solubility degree, and
mechanical properties, as is explained as followed. DSC thermo-
grams showed just one T, for PVA/PVP samples which means
that the films were miscible even with the use of LA, GA and
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DAS. The reported modifications of T, and T,, suggested that
the additives used did not negatively affect the thermal behavior
within the studied temperature range. The crosslinked PVA/PVP
films swelled to a greater extent than PVA, showing significantly
higher values for water resistance. These characteristics provide
the material with the ability to properly resist to biological sys-
tems and it could be considered as an interesting approach for
a prospective material used in medicine. In addition, the chosen
combination of the additives GA/H'/LA/DAS seemed to fulfill
the crosslinking and plasticizing needs for the PVA/PVP blends,
representing an additional advantage. Furthermore, the additives
used are commonly blended in polymers for medical applica-
tions and it is expected that LA would provide some supple-
mentary benefits to the blend, due to its antibacterial properties.
For all of the given reasons, the crosslinked PVA/PVP films
should undergo further analysis in order to determine its
applicability in medicine as a prospective material for medium
or long-term implants.
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Abstract A new double-sided bio-artificial polymer material prepared by casting
of poly(vinyl alcohol) (PVA) on collagen (COLL) was obtained. The single com-
ponents were blended with lactic acid and glutaraldehyde as plasticiser and cross-
linker agents, respectively, to change and characterise structure of both the
polymers. Differential scanning calorimetry, dynamic mechanical analysis, tensile
test, tear resistance test, scratch test and Fourier transform infrared spectroscopy
were chosen to characterise all the prepared materials. The results showed that the
additives led to the decrease of glass transition temperature, melting temperature
and crystallinity with respect to raw materials. The new bio-artificial material
revealed tough behaviour with yield stress, with less by half tensile strength com-
pared to neat materials and with the strain of PVA (>100 %). Both PVA and COLL
blends and the new bio-artificial material exhibited viscoelastic features useful for
being used in contact with living organism.
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Introduction

Polymers have been in the centre of interest in almost all fields of science, industry
and medicine due to their broad physical and mechanical properties which make
them an interesting material for being used in contact with living organisms.
However, due to a negative body reaction against artificial objects inserting into a
body, causing a strong infection or even death, the scientific community have
devoted the attention to find biocompatible materials that do not evoke any
significant foreign-body reaction [1].

Currently, biomaterials can be divided into two basic categories: biological and
synthetic. The biological ones consist of polypeptides, polysaccharides, nucleic
acids, polyesters, hydroxyapatites and their composites [2]. The list of synthetic
polymers used in medicine includes polyvinyl chloride, polyethylene (PE),
polypropylene, polymethylmethacrylate and polystyrene among others [3]. One of
the most studied natural polymers is collagen (COLL), which is widely used for its
excellent biocompatibility and slight immunogenic reactions [4]. From synthetic
polymers, poly(vinyl alcohol) (PVA) has been intensively investigated because of
its attractive features such as high hydrophilicity, recognised biodegradability and
biocompatibility [5].

Both COLL and PVA have been used for medical applications separately. The
former is used for immobilisation of biological materials, such as factor XIII from
blood, for guided tissue regeneration, as a filler of tooth extraction sites, in
haemodialysis membranes, as retinal reattachment, as a dural substitute, nerve
regeneration, for reparation of tympanic membranes, cartilage, meniscus and bones,
as a control of local bleeding, for repairing of liver injuries, as a protective barrier
during brain surgery or wound repair [6]. The latter is used as a matrix for
immobilisation [7] and for haemodialysis membranes [8]. Furthermore, it was
reported in many studies that blending of PVA and COLL led to significant
improvements in many of their individual properties [9-18].

It is important to point out that the use of biodegradable polymers in biomedical
field offers two important advantages among many others. The first one is
elimination of the second surgery to remove the implanted prosthesis after the
healing of tissues and the second one is the possibility of triggering and guiding
tissue regeneration via degradation of the used material [19]. There is evidence that
COLL and PVA can be blended with further intention instead of being used only as
homogeneous biomaterials. This kind of material is called bio-artificial polymer and
can be obtained in form of polymer blends, composites or a combination of both
[20]. Originally, these new materials were conceived to overcome poor biological
performance of the most of the synthetic polymers and to enhance mechanical
characteristics of biopolymers in order to be employed as biomaterials or as low-
environmental impact materials [21]. Up to now, bio-artificial materials based on
COLL have shown positive results in a wide variety of treatments [5, 6, 9, 11,
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16-18, 22-24]. However, a double-sided bio-artificial polymeric material consisting
of COLL and PVA has not been reported yet and unique properties done by each
side can be expected and thus, being attractive for usage in medicine. This article
presents the first statement about double-sided bio-material, produced by sequential
casting of PVA on COLL. Chemical composition and mechanical properties of
single and double films were evaluated by differential scanning calorimetry (DSC),
dynamic mechanical analysis (DMA), tensile test, tear resistance test, scratch test
and Fourier transform infrared (FTIR) spectroscopy.

Experimental
Materials

Atelocollagen emulsion (1.43 wt %) from bovine Achilles tendon with pH 3.5 was
supplied by Vipo, Slovakia. PVA (Mw ~ 47,000 g mol™") with polymerization
degree of 1,000 and 98 % hydrolysis was supplied by Fluka as well as 50 % water
solution of glutaraldehyde (GA). Lactic acid (LA, analytical grade) was produced
by Lachema, the Czech Republic, and acetic acid (analytical grade) was supplied by
Penta, the Czech Republic. They were used without further purification.

Sample preparation

As the main goal of this study is the preparation of the double-sided bio-artificial
polymer, single and double layer preparation is described as follows.

Single layer

Atelocollagen was dissolved in 0.17 N acetic acid for 1 h at 80 °C under magnetic
stirring to obtain 1 wt % solution. To prepare thin films, atelocollagen solution was
poured on glass slides and polystyrene Petri dishes. Thin films of PVA were
produced in the same way by casting 5 wt % (PVAS) and 10 wt % (PVAI10)
aqueous solutions obtained by dissolving PVA in distilled water at 80 °C for 12 h
under continuous magnetic stirring. Apart from neat materials, blends of PVA and
atelocollagen (COLL) with LA and GA were produced. PVAS, PVA10 and COLL
solutions were after the addition of LA, GA and LA—GA stirred for other 20 min at
80 °C and they were cast on glass slides and polystyrene Petri dishes. GA was added
in amount of 0.25 wt % and LA of 15 wt % related to total amount of polymer.
Finally, all the blends were allowed to dry in an air-circulating oven at 35 °C for
4 days.

Bio-artificial film
The bio-artificial film was produced step by step in this way: a single layer of COLL

was obtained and dried, and the PVAS solution was cast on it. Both the polymers
were blended with GA and LA. The system was allowed to dry under the same
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conditions as for single layer films. Designation of all prepared specimen
summarises Table 1.

Measurement
Differential scanning calorimetry

Calorimetric measurements were performed on calorimeter DSC 2920, TA
Instruments under nitrogen flowing at a rate 70 ml min~'. The specimens were
pressed-in unsealed aluminium pans. Two cycles of heating were performed. The
first one was done in order to dry the samples and to annul previous thermal and
mechanical history. The second one was performed to obtain glass transition
temperature (7,) and melting temperature (73,) of all films. The samples were
cooled down by air at an exponentially decreasing rate. The heating of both the
cycles was performed from 40 to 240 °C at a heating rate of 10 °C/min. The T, was
determined as the midpoint temperature by standard extrapolation of the linear part
of DSC curves and the T;, as the maximum value of the melting peak. The
specimens were air-stored at laboratory conditions in PE bags.

Dynamic mechanical analysis

DMA measurements were performed to determine dynamic modulus (E') and T,
using DMA/SDTA 861e (Mettler Toledo, Switzerland) instrument. Rectangular test
specimen based on PVA with a length of 8.4 mm, width of 1.95 mm and thickness
of about 200 pm were heated from —20 to 120 °C at a rate 3 °C/min under
frequency varied from 1 to 10 Hz in a tensile mode. The samples were subjected to
oscillating tensile force and the displacement amplitude was 30 pm in the linear

Table 1 The list of prepared films

No. Name Description

1 COLL A COLL film from 1 wt% water solution

2 COLL-LA A COLL film with LA (15 wt% related COLL)

3 COLL-GA-LA A COLL film with LA and GA

4 PVAS A PVA film form 5 wt% water solution

5 PVAS-LA PVAS film with LA (15 wt% related to PVAS)

6 PVA5-GA PVAS film with GA (0.25 wt% related to PVAS)
7 PVAS-LA-GA PVAS with GA and LA

8 PVAI10 A PVA film from 10 wt% water solution

9 PVA10-LA PVAI1O0 film with LA (15 wt% related to PVA10)
10 PVA10-GA PVAI10 film with GA (0.25% related to PVA10)
11 PVA10-LA-GA PVAI10 film with LA and GA

12 BAP-COLL-PVA Bio-artificial polymer. The first layer consists of COLL

with GA and LA, the second one consists of PVA5 with GA and LA
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viscoelastic region. The T, values were estimated from the maximum of tan § curve.
Before testing, the samples were conditioned in a desiccator for 48 h.

Mechanical testing

The trouser tear method, specified in ISO 6383-1, was used for characterisation
of polymer films. The method determines the tear resistance of plastic film or sheet
<1-mm thick, tested under defined conditions. A rectangular test specimen having a
longitudinal slit extending over its half length is subjected to a tensile test on the
“trouser legs” formed by the slit. The average force required to tear the specimen
completely along its length is used to calculate the tear resistance in N/mm. They
were tested dimensionally third- and fifth-samples with respect to ISO 6383-1; the
lengths were 50 and 30 mm, the widths were 25 and 10 mm, respectively. The test
was performed using universal testing machine ZWICK Z010 at a rate 200 mm/min.
The initial distance between grips was 50 and 30 mm, respectively, for longer and
shorter specimens. The samples were conditioned in a desiccator for 18 h before
testing. The samples thickness was measured by a micrometre with the accuracy of
0.0005 mm. The tearing tests were performed under laboratory (lab) conditions.

The tensile test was performed on ZWICK Z010 machine at a rate 5 mm/min
under preload of 0.1 N because of a little bit vertical buckling of samples after
clamping. The specimens of type 5B specified in ISO 527-2 were tested. The
specimen width was 2 mm, the initial distance between grips was 20 mm and the
gauge length was 12 mm. The thickness of samples was measured by a micrometre
with the accuracy of 0.0005 mm and by Confocal Laser Scanning Microscope
LEXT OLS 3000, Olympus. The samples were conditioned in a desiccator for
2 days before testing. The tests were performed under lab conditions.

Scratch resistance

The scratch test was performed with a home made scratch tester developed at the
Institute of Materials Chemistry at Brno University of Technology, which was
described in [25]. The test was performed in order to determine how the films are
resistant against scratching, how they behave during scratching (brittle, ductile) and
what their adhesion to glass is. The specimens were conditioned in a desiccator for
2 weeks before scratching. The scratches were produced on specimen surfaces by
moving a diamond tip with a radius of 50 pm in a horizontal way at a rate 1 mm/
min under continuously increasing normal force. The scratch length was 15 mm and
the distance between the scratches was 2 mm. Two or three scratches were produced
under normal force increasing in the range 0-0.5 and 0-1.5 N on each sample; the
scratches formed under force 0-3 N were produced on PVA5S-LA-GA and BAP-
COLL-PVA films. Normal and lateral (friction) forces were recorded as a function
of the scratch length. The scratch profile was recorded by Confocal Laser Scanning
Microscope LEXT OLS 3000 (Olympus) after the scratching.
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FTIR spectroscopy

In order to identify the differences between both the sides of bio-artificial polymeric
material, FITR spectroscopy analysis was carried out on NICOLET 320 FTIR
device equipped with attenuated total reflectance (ATR) accessory utilising the
Zn-Se crystal and software package OMNIC over the range of wave lengths from
4,000 to 600 cm™" at room temperature under resolution 2 cm™'. Single layers of
neat polymers were tested as well.

Results and discussion

Although the main aim of this study was to get a double-sided bio-artificial polymer
material (BAP-COLL—-PVA), the influence of plasticiser and crosslinker agents on
COLL and PVA was examined at first. The final BAP-COLL-PVA properties were
studied with respect to the normal body temperature (37 °C).

DSC analysis

The first heating curves, which are not shown in this study, revealed an expressive
and wide endotherm belonging to water release up to 170 °C because the specimens
were stored under laboratory conditions in PE bags before DSC measurement
instead of drying. The second heating calorimetric curves for PVA10, PVAS and
their blends depicted in Figs. 1 and 2, respectively, revealed glass transition region
and melting behaviour. The evaluated T, and Ty, are summarised in Table 2. These
thermograms predicates about smaller and lesser perfect crystallites and/or thinner
lamellae of PVAS compared to PVA10 (Fig. 2).

20 4
o
=]
&3
S g
o i PVALD
E ........ PVAIO-LA
1| —Pva0-ca ;
——PVAIO-LAGA o
T T ’ J I I l
s0 100 150 200

Temperature (°C)

Fig. 1 DSC thermograms of PVAI1O0 films; the second heating
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Fig. 2 DSC thermograms of PVAS films; the second heating

Table 2 T, and T,,, measured by DSC and DMA

T
200

Sample T, by DSC (°C) Tm by DSC (°C) T, by DMA (°C)
1 Hz 2 Hz 5 Hz 10 Hz

COLL 205 - - - - -
COLL-LA 154 - - - - -
COLL-GA-LA 130 - - - - -
PVAS 73 219 49 49 51 52
PVAS-LA 69 213 25 29 28 30
PVA5-GA - - 49 52 53 57
PVA5-LA-GA 73 172 29 30 31 32
PVAI10 75 225 37 38 39 39
PVA10-LA 72 193 21 24 25 27
PVA10-GA 68 219 37 39 39 40
PVA10-LA-GA 69 186 20 21 22 22
BAP-COLL-PVA 77 199 - - - -

The idea of LA incorporation to the PVA structure is supported by quite good
compatibility of both the components due to their polarity, changes of free volume
and consequent decreases of T, of PVA [26]. LA is at least partially grafted on
hydroxyl groups of PVA which, generally, causes disturbing or attenuation of
hydrogen bonding between parallel PVA chains as well as disturbing of regularity
of chain stacking by the presence of randomly distributed lactide groups pendant to
T, and crystallinity both for PVAS and for
PVAIO acting as plasticiser. Smaller and much perfect PVA crystallites were
formed in the presence of LA and this effect was higher for PVA5-LA for which

polymer chains. LA decreased T,
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double endothermic peak was observed. It can reflect two sizes of crystallites and/or
recrystallization during heating.

A small amount of GA caused 70 % decrease of PVA10 crystallinity, decrease of
T, and a very small decrease of Ty, These data point to a great increase of
amorphous phase in PVA10. It was reported that monofunctional reaction could
occur between GA and PVA if the content of GA is higher than 10 vol%, which
leads to grafting and branching of PVA chains [27, 28]. But this was not the case of
this study. The reason is the low concentration of GA (0.25 % related to the total
amount of PVA), and the very low ratio of crosslinking agent to mer units being
about 1:1000 and formation of very perfect crystallites (the shape of endotherm in
Fig. 1), although in a small content because crystallinity decreased by more than
three times with respect to neat PVA10.

The addition of both LA and GA into PVAS and PVAIO led to the decrease of
crystallinity by >50 % and the shape of DSC curves in Figs. 1 and 2 shows that
plasticising effect of LA predominated. It can be also seen that more amorphous
structure had the blend PVA5S-LA-GA compared to PVA10-LA-GA for shallow
and broad endothermic melting region.

The second heating DSC thermograph of the new bio-artificial polymer is
depicted in Fig. 3. The DSC curve can be explained well only if DSC measurements
of COLL and COLL-blended samples are known. An expressive glass transition
region with the T, of 205 °C is evident on DSC curve of COLL. But COLL must
have been denatured before DSC measurement because no endothermic peak of
COLL denaturation was revealed after the first heating, which should have occurred
at about 200 °C [8]. The addition of LA to COLL decreased the T, from 205 to
154 °C and the addition of LA-GA caused the decrease from 205 to 130 °C and
thus, both LA and LA-GA revealed plasticising effect of COLL. Calorimetric
behaviour emphasised the influence of PVAS-LA-GA blend in bio-artificial

Hest flow (J/g)
Endo

—— BAP-COLL-PVA 199

30 100 130 200
Temperature (°C)

Fig. 3 DSC thermograms of COLL and its blends together with BAP-COLL-PVA; the second heating
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polymer because glass transition at about 77 °C and melting peak at 199 °C was
evaluated while contribution of COLL-LA-GA blend was hidden.

Dynamic mechanical analysis

DMA was used to determine storage modulus (E') and T, as well as to investigate
viscoelastic properties of the films as a function of temperature. On the basis of the
requirements for biomaterials including mechanical performance and physical
properties, the new bio-artificial polymer was analysed at 37 °C, the normal human
temperature. The four frequencies that were chosen (1, 2, 5 and 10 Hz) were in the
range of physiological relevant frequencies. These frequencies are considered to be
from 0.298 to 75.39 rad/s [29], approximately from 0.050 to 12 Hz. For example,
human stomach has recordable mechanical activity at a rate of about 3 cycles/min
[30] (0.05 Hz), heart valves are used at 1.2 Hz, condoms at 2 Hz, plastic hip joints
at 4 Hz and chewing or dental fillings at 10 Hz [31].

The temperature and frequency dependences of E and tan 6 of PVA10 and their
blends are depicted in Figs. 4 and 5, respectively, to show the example how DMA
curves looked like. The maximum of tan ¢ dependence represents T, and the whole
region corresponds to o relaxation of amorphous phase in which micro-Brownian
motion of molecular chains become appreciable and E’ decreases markedly due to
increase of chain mobility, promoting less resistance for rearrangement of
molecules.

For dry PVA, o relaxation appears at 80 °C, but as a consequence of water
presence, this relaxation can shift to lower temperatures as it was manifested for
PVAI10 [27]. Tan 6 values for PVA10 run from 0.28 to 0.37 at 37 °C, which can be
interpreted that the film presented elastic behaviour at all tested frequencies. The
difference in T, values obtained by DMA and DSC are attributed to different
conditions of measurement, especially heating rates and moisture state. The T,
values for PVA10 increased by only 2 °C (Fig. 4b) as a consequence of the changes
in frequency from 1 to 10 Hz. Moreover, T, for PVA10 blends changed as a result
of the changes in the structure of materials (Fig. 5b). Similar behaviour for PVAS
and its blends were manifested although the absolute values of T, were higher with
respect to PVAIO.

At 1 Hz, LA reduced the T, by 16 °C for PVAI10 due to plasticising effect. On
the contrary, GA did not influence T, although it is expected to act as a crosslinker
agent. The addition of GA to PVA-LA has slight effect on T, and E’ was about two
times higher in the whole temperature range as can be seen in Fig. 5a, which means
higher stiffness. It is evident that GA did not change stiffness of PVA10 at 37 °C but
higher stiffness was observed below 20 °C and over 60 °C. Moreover, the highest E’
was measured for the blend with GA, PVA10-LA-GA, below 10 °C and over
60 °C. Plasticising effect of LA on PVA10 was reflected not only by the decrease of
T, but also by the decrease of E’, which was for PVA10-LA and PVA10-LA-GA
samples always lower in the temperature range 20-50 °C and by high activation
energy of glass transition region (Table 3). The same results were obtained for
corresponding PVAS samples.
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Fig. 4 DMA curves of PVAIO at different frequencies: a temperature dependence of storage modulus
and b temperature dependence of tan

Storage modulus was for all measured samples always higher than loss modulus
at all examined frequencies over the whole used temperature range, which adverted
to elastic behaviour of all tested materials. Because of interest in viscoelastic
properties of all PVA10 and PVAS samples at normal human body temperature
(37 °C), storage modules measured at 1 Hz is listed in Table 4 and only very slight
effect of frequency was observed for E'.

The apparent activation energy of glass transition (E,) was for PVA10 and PVAS
samples evaluated from Arrhenius plots shown in Fig. 6. It can be seen that E, was
for PVA5-GA and PVA10-GA samples nearly half compared to PVAS and PVA10,
respectively, confirming rigidity of samples with GA. Prevailing plasticising of LA
in blends with GA was proved by nearly the same activation energy with respect to
neat PVA.
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Fig. 5 DMA curves of PVAIO blends at 1 Hz: a temperature dependence of storage modulus and
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Table 3 Apparent activation
energy for PVAI10 and their
blends

Sample Apparent activation
energy—E, (kJ mol™")

PVAS5 500 + 110

PVAS5S-LA 410 £ 60

PVA5-GA 270 + 60
PVAS5-LA-GA 520 £ 30

PVAI0 590 £ 120
PVA10-LA 340 £ 60

PVA10-GA 350 £ 150
PVA10-LA-GA 530 £ 160
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Table 4 Storage modulus (E)
for PVAS and PVA10 blends at
1 Hz and at 37 °C

Sample Storage modulus (E')
PVAS 220
PVAS-GA 40
PVAS-LA 9
PV5-LA-GA 198
PVAIO 644
PVAI10-GA 648
PVAIO-LA 208
PVAI0-LA-GA 399

(a)
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Fig. 6 Arrhenius plot for PVAS (a) and PVAI10 (b) and their blends
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Mechanical testing: tensile test and tear resistance
Tensile test

Tensile properties were similar for PVAS and PVAIOQ as can be seen in Fig. 7. The
addition of LA caused ductile and tough materials without macroscopic visual yield
point with strain at break of several hundred percent with respect to neat PVA. The
recorded yield stress was 82 and 72 % lower for PVA-LA blends compared to the
raw material (Fig. 8). On the contrary, the addition of GA to PVA10 decreased the
strain at break but did not decrease yield stress, which made possible simpler
tearing. The combination of GA-LA with PVAS5 and PVAI10 led to nearly the same
mechanical behaviour of the blends with only LA which confirmed prevailing effect
of LA against GA on PVA structure and properties but yet, stiffening effect of GA
came forth due to a little bit higher conventional yield stress for blends with LA-GA

----- PVAS
(a) 60+ —PVAS-LA
] o PYAGALA
: ——BAP-COLL-PVA

50 | e, :
=
E 40 -
p—
i
@ 30
i J
i

20

10 4

0 1 T T T

0 100 200 300 400
Strain (%)

(b)

140 ~ - PVAID

| P PVAIOLA
i ——PVAIO.GA
1209 = ——PVAIDGALA

Stress (MPa)

0 S0 100 150 200
Strain (%)

Fig. 7 Tensile test of a PVAS samples together with BAP-COLL-PVA and b PVAI10 samples
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Fig. 9 Tensile test of COLL blends

compared to those with only LA (Fig. 7). This was proved also by DMA
measurement.

The influence of the additives on tensile mechanical properties of COLL is
depicted in Fig. 9. COLL revealed brittle tensile behaviour. The addition of LA and
LA-GA led to the formation of tough materials with yield stress. The LA addition
caused the decrease of tensile strength by 40 % with respect to COLL but the
addition of LA together with GA acted in opposite way with respect to PVA due to
further decrease of strength by another 40 % compared to COLL-LA. The decrease
of strength was accompanied by gradual increase of strain at break which increased
approximately three and sixteen times by addition of LA and LA-GA to COLL,
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respectively. These data are in a good agreement with DSC data revealing the
decrease of T.

Tensile tests of bio-artificial material revealed that the shape of its tensile curve
was nearly the same as that of PVAS. It seems that yield stress is done by COLL
blend but the strain, orientation and strain hardening by PVAS5 blend. It is evident
that it was obtained tough material with yield stress with less by half tensile strength
compared to neat materials (PVAS5 and COLL) and with the strain of PVAS
(>100 %).

Tear resistance

The typical tear force curves for PVA10 and their blends are presented in Fig. 10.
The tear resistance was evaluated as the median of the force value in the plateau
region. If the film thickness varied or the crack did not spread directly as in case of
blends PVA10-LA and PVA-LA-GA, the plateau was not formed.

Tear resistance of PVA10 and PVAS samples together with bio-artificial film is
shown in Fig. 11. The addition of LA almost doubled tear resistance of PVA10 and
high ductility of PVA10-LA was manifested by curled sides of torn surfaces as can
be seen in Fig. 12a. It confirmed plasticising effect of LA and formation of tough
material. Even very small content of GA increased brittleness of PVA10 because
tear resistance decreased by about 25 % probably due to crosslinking of GA. Tear
resistance of the blend PVA10-LA—-GA confirmed predominant effect of LA against
GA because it was 25 % higher than tear resistance of PVA10 but 25 % lower than
PVAI10-LA. The effect of additives on PVAS was the same, although the absolute
values of tear resistance differed for different structure.

Tear resistance of the bio-artificial film (which is not shown in the graph) was the
lowest due to brittle character of COLL blends revealed by tensile test. The surface
of torn surfaces was smooth without any deformations visible under used
microscopic magnification as can be seen in Fig. 12b.
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Fig. 10 Tear force curves of PVA10 and its blends
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Fig. 11 Tear resistance of PVAS and PVAI10 specimens together with bio-artificial film

Fig. 12 Torn surfaces of a PVA10-LA and b BAP-COLL-PVA

Scratch resistance

First of all, it must be pointed out that it is not possible to perform the scratch test on
thin films without adhesion to the substrate. The samples containing PVAI10
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Table 5 Description of the adhesion in the samples

Specimen Adhesion to the glass slide Nominal  Failure to Appearance of the
before test evaluated force (N) glass (mN) scratch
by human eye (% of area)

PVAS Good adhesion 0-0.5 No Smooth
0-1.5 No
PVAS-LA Poor adhesion along margins  0-0.5 No Smooth
0-1.5 No
PVAS-LA-GA Poor adhesion along margins  0-0.5 No Smooth
0-1.5 Yes
PVAI10 10-30 % without adhesion 0-0.5 No Smooth
PVAI0-LA 50 % without adhesion 0-0.5 No Smooth
0-1.5 No
PVA10-LA-GA 10-40 % without adhesion 0-0.5 No Smooth
0-1.5 No
COLL Good adhesion 0-0.5 No Wrinkled
0-1.5 Yes
COLL-LA Good adhesion 0-0.5 No Smooth
0-1.5 Yes
COLL-LA-GA Good adhesion 0-0.5 No Slightly wrinkled
0-1.5 Yes
BAP-COLL-PVA  Good adhesion 0-0.5 No Very rough surface
0-1.5 No unsuitable for scratch

test

revealed bad adhesion to glass slides before the scratch test easily visible by human
eye and that is why most of the samples could not be tested. Quantification of
adhesion of all tested films to glass slide is presented in Table 5. The worst
adhesion, about 50 %, was observed for PVA10-LA films and PVA10 films were
very easily peeled off the glass slide. The blends with PVAS revealed better
adhesion which was lost only near margins of glass slides for different inner
structure. On the other hand, the best adhesion to glass was shown by COLL and its
blends.

The existence of the scratch is a proof of plastic deformation and appearance and
profile of the scratch reflects toughness and ductility of material. The scratches on
all samples containing PVA10 and PVAS did not show cracks or other failure and
they looked smooth as is displayed in Fig. 13, for example PVA10-LA and PVAS-
LA which point to plastic deformation as tensile tests revealed. Although PVAS
samples revealed better adhesion to glass before the test, it was lost during
scratching but no connection to addition of additives or the used nominal force was
observed. The appearance of loss of adhesion to glass for PVAS-LA-GA is
depicted in Fig. 14a.
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Fig. 13 Scratch image on a PVA10-LA film together with tangential force profile of scratching in
normal force range 0—1.5 N (optical image; scale bar 320 pum), b detail of the a scratch image together
with the height profile in a distance about 1.3 um from the end of the scratch (CLSM image; scale bar
30 pm) and ¢ CLSM image of scratch on PVAS-LA (scale bar 30 pum)

The scratches on COLL were not smooth but revealed fish-like appearance
(Fig. 15a) because of its brittle character. The volume of cracks and the brittleness
decreased with LA and LA-GA addition, respectively, as can be seen in Fig. 15b
because tough materials were formed. The change of COLL structure was also
accompanied by increasing loss of adhesion to glass along the scratch in the way LA
and LA-GA. The image of the scratch and corresponding tangential force for
COLL-LA-GA is shown in Fig. 14b. COLL and its blends were scratched through
the film on glass slide using nominal force to 1.5 N because of brittle character
together with PVA5S-LA-GA (Table 5).

The bio-artificial films were not scratched through the films especially because of
too high thickness and also because of high surface roughness as can be seen in
Fig. 16a. The appearance of the scratch was without cracks but was as smooth as in
case of PVA samples (Fig. 16b).

FTIR spectroscopy

The FTIR spectra of COLL, PVAS5, PVA10 and both sides of BAF-COLL-PVA are
shown in Fig. 17. As it was expected, PVA5 and PVA10 spectra differed only in the

@ Springer



Polym. Bull.

MMWW +1§ ii
(b) n 1 0 u:f-hm[.n &0 o x0 0

Fig. 14 Optical image of a the end of scratches on film PVA5S-LA-GA performed in a force range
0-1.5 N (upper) and in the range 0-0.5 N (bottom); loss of adhesion between the film and glass slide is
evident together with failure through the film on glass for the upper scratch, b the whole scratch on
COLL-LA-GA with visible loss of adhesion along it and two spots of failure through the film together
with tangential force profile performed under normal force range 0-1.5 N (scale bar 320 um)

absorption intensity but the peaks were located almost at the same wavenumbers.
Both the spectra exhibit a strong broad band centred at 3,245 cm™", belonging to
OH groups. The band at 2,906 cm ™' presents saturated C—H stretching and the band
at 1,428 cm ™! stretching of —CH,—. The band at 1,700 cm ™' was assigned to acetate
group. The strong peak at 1,068 cm™" corresponds to C—O-H stretching and peak at
822 cm ™' to C-O stretching.

The COLL spectrum presents a set of overlapping strong bands above
3,000 cm™ ', which were associated to N-H and O-H stretching in various local
hydrogen bonding environments. Low intensity band at 2,988 cm™"' was assigned to
—CH stretching. The bands at 1,647 and 1543 cm™! represent amide I and II,
respectively, and the band at 1,428 cm™" was assigned to —OH stretching. The band
at 1,221 cm~! was classified as N-H bending.

The spectra of both the sides of BAF-COLL-PVA differ in the region
2,000-1,500 cm ™. One side revealed amide I and II bands while the other one did
not show these bands, which means that one side consists of COLL and the other
one of PVA (Fig. 17).
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Fig. 15 CLSM images of scratches performed in a force range 0-0.5 N on a COLL film (1.3 mm from
the scratch end) and on b COLL-LA-GA

Conclusion

The main goal of this research was to characterise new bio-artificial polymer
material prepared from atelocollagen (COLL) and PVA, both blended with LA and
GA. LA significantly plasticised both PVA and COLL. GA decreased crystallinity
of PVA but viscoelastic and mechanical properties were very similar to those of neat
PVA although tear resistance was better. It is supposed that inter crosslinking of
small amount of GA occurred. The addition of both LA and GA revealed prevailing
effect of LA in blends with PVA but plasticising effect of LA was multiplied by GA
in COLL. The additives changed atelocollagen from brittle to tough material with
yield stress while PVA changed from tough material with yield stress to tough
material without yield stress with several times higher strain.
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Scratch no 5

Scratch no 4

Fig. 16 Images of bio-artificial film: a optical image of the end of two scratches performed under normal
force range 0—-1.5 N (upper; scale bar 320 pm) and 0-0.5 N (bottom) and b detail of the upper scratch
from a image (CLSM mode)

FTIR measurement proved that new bio-artificial polymer was double-sided
without sharp interphase. It revealed the best tear resistance thanks to brittle
character of COLL blend, half strength with respect to neat PVA and COLL and
strain similar to neat PVA. It behaved like tough material with yield stress with
good adhesion to glass. The latter was also good for COLL samples but not for PVA
samples including the neat ones.

Both PVA and COLL blends and new bio-artificial material exhibited
viscoelastic features useful for being used in contact with living organism. The
bio-artificial material revealed properties suitable for prospective applications in
medicine compared to neat synthetic and natural biocompatible polymers.
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Fig. 17 FTIR-ATR spectra for COLL, PVAS, PVA10 and BAP-COLL-PVA
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