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1. Introduction

Biodegradable polymers are often used as packaging materials. However, these polymers
can also play an important role in tissue engineering as so called scaffolds (i.e. three-
dimensional porous structures). The success of these biodegradable scaffolds strongly
depends on the reaction of them with their surrounding biological environment. This
reaction is mainly governed by the surface features of the scaffold and different approaches
have already been tested to change the surface properties of biodegradable polymers. In
particular, the research field on the use of non-thermal plasmas for a selective surface
modification has known a steep rise. Therefore, this chapter will give an introductory and
critical overview on recent achievements in plasma-assisted surface modification of
biodegradable polymers. Firstly, we will discuss in short the most commonly biodegradable
polymers. Secondly, we will go into more detail about surface modification by a non-
thermal plasma and finally we will focus on some examples of plasma-treated
biodegradable polymers.

2. Biodegradable polymers

2.1 Biomedical applications

A biodegradable polymer is defined as a polymer that preserves its mechanical strength
and other material performances during its practical application, but that is finally
degraded to low molecular weight compounds such as HO, CO, and other non-toxic by-
products (Ikada & Tsuji, 2000). Next to their use as packaging material, which is not in the
scope of this chapter, biodegradable polymers could play a key role in biomedical
engineering for a variety of reasons (Ikada & Tsuji, 2000). Firstly, since the polymer
degrades, it is clear that a device made of such a polymer can be implanted in the human
body without necessitating a second surgery to remove the device (Athanasiou et al.,
1998, Middleton & Tipton, 2000). Moreover, this prevented second operation makes the
use of biodegradable polymers even more beneficial in other ways. For example, a
fractured bone, fixated with a rigid, non-biodegradable stainless steel implant, has an
inclination to fracture again when the implant is taken away because during the healing
process the bone does not carry sufficient load, since the load is entirely intercepted by the
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rigid steel implant. This is in contrast to a biodegradable implant which degrades little by
little and transfers by degrees the load from the implant to the fractured bone. This
gradually movement of the load results in less bone re-fracture (Middleton & Tipton,
2000, Athanasiou et al., 1998).
Secondly, another interesting application field for biodegradable polymers is tissue
engineering. This research branch aims to produce completely biocompatible tissues which
could be employed to replace damaged or diseased tissues in reconstructive surgery
(Djordjevic et al., 2008). Today’s focus in this field is the use of so called scaffolds. These
scaffolds are 3D artificial matrices that guarantee optimal support and conditions for growth
of tissue (Djordjevic et al., 2008). Optimally, these scaffolds should fulfil the following two
requirements (Ryu et al., 2005):
e  being capable of supporting initial cell growth and further proliferation
e having the ability to degrade over time while leaving behind a reproduced functional
tissue.
Finally, biodegradable polymers can also contribute in controlled drug delivery (Amass et
al., 1998). A gradual delivery of antibiotics can be beneficial for the treatment of deep
skeletal infections after a surgery, while the healing process of a fractured bone can be
enhanced by a delivery in stages of bone morphogenetic proteins (Agrawal et al., 1995,
Wang et al., 1990, Ramchandani & Robinson, 1998).

2.2 Overview of the most commonly used biodegradable polymers

Both natural and synthetic polymers have been extensively studied as biodegradable
biomaterials (Nair & Laurencin, 2007). At first, natural polymers were considered as
promising candidates. Nevertheless, several studies quickly demonstrated that some of
these materials involve different drawbacks: possibility of disease transmission, strong
immunogenic reactions and major difficulties with the purification process (Nair &
Laurencin, 2007). In a later stage, synthetic biodegradable polymers were developed by the
synthesis of polymers with hydrostatically unstable linkages in their backbones (Middleton
& Tipton, 2000). These hydrostatically unstable groups are esters, ortho-esters, anhydrides
and amines (Middleton & Tipton, 2000). The major advantages of synthetic over natural
polymers are (Nair & Laurencin, 2007):

e synthetic biodegradable polymers are biologically inert

e they have more predictable properties

e their characteristics can be tailored with a specific application in mind

Various synthetic biodegradable polymers were invented of which the aliphatic polyesters
appear to be the most attractive for biomedical applications. For this reason, this chapter
will only discuss this type of polymers. An aliphatic polyester is a thermoplastic polymer
which contains hydrolysable aliphatic ester linkage in its backbone (Donglu, 2010). In theory
all polyesters are degradable, however only aliphatic polyesters with reasonably short
aliphatic chains between the ester bonds will degrade within a time interval suitable for
biomedical applications (Nair & Laurencin, 2007). Such aliphatic polyesters can be derived
from a wide range of monomers through ring-opening and condensation polymerisation
routes, but in some cases bacterial processes can also be used. In what follows we will
briefly discuss the most common biodegradable aliphatic polyesters. The structural chemical
formula of each discussed polymer is given in Table 1.
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Table 1. Structural chemical formula of the most common biodegradable polymers.

2.2.1 Polyglycolic acid (PGA)

Polyglycolic acid (PGA) or polygycolide is the most simple linear biodegradable polymer
and known as a rigid thermoplastic polymer (Vroman & Tighzert, 2009). Due to its high
crystallinity (44-55 %) PGA provides excellent mechanical properties and it exhibits a low
solubility in most organic solvents. Alow solubility (Nair & Laurencin, 2007). Nevertheless,
it is soluble in highly-fluorinated solvents, such as hexafluoroisopropanol (Donglu, 2010).
PGA has initially been studied for use as resorbable synthetic sutures and was for the first
time commercialised in 1962 under the name DEXON® (Gilding & Reed, 1979). Today, due
to their excellent biodegradability, good cell viability and good initial properties, PGA non-
woven fabrics are also extensively utilized as scaffolds for tissue engineering (Nair &
Laurencin, 2007).
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PGA loses its strength in 1 to 2 months when hydrolyzed and its mass within 6 to 12 months
(Nair & Laurencin, 2007). When inserted in the body, PGA breaks down into glycolic acid.
Glycolic acid is not toxic and can be excreted in the urine or converted into H O and CO, and
subsequently removed from the body via the respiratory system (Maurus & Kaeding, 2004).
Despite the above-mentioned non-toxicity of glycolic acid, it may result in an increased and
localized acid concentration leading to tissue dammage (Gunatillake & Adhikari, 2003, Taylor
et al., 1994). This presents in particular problems for orthopaedic applications where implants
with substantial dimensions are needed (Gunatillake & Adhikari, 2003). Together with the
high degradation rate and low solubility, these acidic degradation products have hampered
the use of PGA for biomedical engineering applications.

2.2.2 Polylactic acid (PLA)

The monomer building block of polylactic acid, lactic acid, is formed by converting sugar or
starch from vegetable origin (e.g. wheat, corn, rice, etc.) via either bacterial fermentation or
via a petrochemical process (Rasal et al.,, 2010). If PLA is implanted, it hydrolyses to its
building block lactic acid which is a normal human metabolic by-product (Gunatillake &
Adhikari, 2003). Lactic acid is degraded into HO and CO, which can be further removed by
the respiratory system (Nair & Laurencin, 2007, Maurus & Kaeding, 2004). As can be seen in
Table 1, lactic acid is a chiral molecule and therefore different forms of PLA occur. The two
most important forms are poly(L-lactic acid) (PLLA) and poly(DL-lactic acid) (PDLLA).
Similar to PGA, PLLA has a high degree of crystallinity (+ 37% depending on molecular
weight and production processes) (Nair & Laurencin, 2007). Compared to PGA, PLLA
slowly degrades: when PLLA is hydrolyzed, it loses its strength in circa 6 months. However,
no mass loss is observed for a very long time and total degradation amount up to several
years (Middleton & Tipton, 2000, Nair & Laurencin, 2007, Bergsma et al., 1995). Next to this
slow degradation, PLLA offers good tensile strength, a high tensile modulus and low
extension and can therefore be applied in load bearing applications like in orthopaedic
fixation devices (Nair & Laurencin, 2007). PLLA fibres are also often used as surgical
sutures, while PLLA composites, porous membranes or sponges can be employed as
scaffolding matrices for tissue regeneration (Hu & Huang, 2010, Heino et al., 1996, Lam et
al.,, 1995, Vaquette et al.,, 2008, Ma et al, 2006, Chen & Ma, 2004). For some other
applications, the long degradation time of PLLA however presents a major concern.

PDLLA has an amorphous nature resulting in a substantial lower strength compared to PLLA
(Nair & Laurencin, 2007). Moreover, PDLLA loses its strength in 1 to 2 months and its mass
within 12 to 16 months (Maurus & Kaeding, 2004). Taking into account this low strength and
its fast degradation rate, PDLLA can be employed as drug delivery system or as low strength
scaffolding matrix for tissue engineering (Nair & Laurencin, 2007, Xie & Buschle-Diller, 2010).

2.2.3 Poly(lactic-co-glycolic acid) (PLGA)

A lot of research has been carried out on the development of a full range of poly(lactic-co-
glycolic acid) (PLGA) polymers. This research has indicated that the degradation rate of PLGA
strongly depends on the lactic acid/glycolic acid ratio (Gilding & Reed, 1979, Reed & Gilding,
1981, Miller et al., 1977). It is common knowledge that the intermediate co-polymers are much
more unstable than the homo-polymers: a 50/50 PLGA and an 85/15 PLGA degrade in 1-2
months and 5-6 months respectively (Middleton & Tipton, 2000). This opportunity to tune the
degradation rate of the polymer by varying the monomer ratio has made PLGA an ideal
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candidate for biomedical applications in the drug delivery and tissue engineering domain.
However, the first commercial use of the co-polymer PLGA was as suture material under the
name Vicryl ®(Nair & Laurencin, 2007, Gunatillake & Adhikari, 2003).

2.2.4 Polycaprolactone (PCL)

Polycaprolactone (PCL) is of great interest since it can be obtained from the relatively cheap
monomer unit e-caprolactone (Storey & Taylor, 1998). PCL degrades very slowly and
complete degradation can take several years. Due to this slow degradation, its non-toxicity
and its high permeability to small drug molecules, PCL has in the beginning been studied as
a polymer for long-term drug delivery systems. PCL also offers excellent biocompatibility.
Therefore, recently extensive research has been done on the use of PCL as scaffold matrices
in tissue regeneration (Chiari et al., 2006, Mondrinos et al., 2006). Also several co-polymers
have been developed to increase the degradation rate compared to pure PCL (Li et al., 2002,
Li et al., 2003, Qian et al., 2000, Wang et al., 2001). For co-polymers synthesized from L-
lactide and e-caprolactone, the degradation rate was again strongly influenced by the L-
lactide/e-caprolactone ratio.

2.2.5 Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates (PHA) are structurally related to PLA and are a polyester class
derived from hydroxyalkanoic acids which can vary in chain length and in the hydroxyl
group positions (Breulmann et al., 2009). As is the case for PLA, PHA can be obtained from
renewable resources like starch, sugars or fatty acids, however, chemical transformation is
not needed. The most widespread PHA is poly-3-hydroxybutyrate (PHB) which was
discovered in 1920 as produced by the bacteria “Bacillus megaterium” (Nair & Laurencin,
2007). Subsequent research showed that PHB could also be synthesized via other bacterial
strains and via chemical routes. Subsequent research showed that PHB could also be
synthesized via other bacterial strains and via chemical routes (Shelton et al., 1971).

PHB degrades into D-3-hydroxybutyrate which is a normal element of human blood (Wang et
al., 2001). To be used directly as biopolymer, PHB has the disadvantage of a very low
degradation rate in the body compared with other biodegradable polyesters and is often
considered too brittle for many applications (Nair & Laurencin, 2007, Pompe et al., 2007).
Therefore, co-polymers of 3-hydroxybutyrate with other monomers such as 3-hydroxyvalerate
have been synthesized (Nair & Laurencin, 2007). This poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) is far less brittle and thus offers more potential as biomaterial (Nair
& Laurencin, 2007, Ojumu et al., 2004). Moreover, PHBV is piezoelectric which enables
electrical stimulation - known for promoting bone healing - of the implant (Nair & Laurencin,
2007). Although the faster degradation rate of PHBV compared to PHB, it has been observed
that the in vivo degradation of both polymers remains slow. Therefore, these polymers may be
potential candidates for long term implants.

2.2.6 Polybutylene succinate (PBS)

Polybutylene succinate (PBS) was discovered in 1990 and commercialized under the trade
name Bionolle® (Fujimaki, 1998). PBS degrades via naturally occurring enzymes and micro-
organisms into H,O and CO; (Tserki et al., 2006). PBS can be easily produced in a wide
variety of forms and structures, such as yarns, non-wovens, films, mono-filaments and it
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offers excellent mechanical properties comparable with polyethylene or polypropylene (Li et
al., 2005, Vroman & Tighzert, 2009). These characteristics makes PBS an excellent choice for
use as scaffolds in tissue regeneration.

3. Plasma-assisted surface modification of biodegradable polyesters

3.1 Introduction

Biodegradable polymers are non-toxic, possess low immunogenicity and good mechanical
properties. Moreover, their degradation rate can be adjusted and therefore recently they have
been extensively studied as scaffold matrices for tissue engineering (Shen et al., 2007). This
research indicated that due to their hydrophobicity and their low surface energy cells only
poorly attach, spread and proliferate on these biodegradable polyesters. Therefore, the surface
of these polyesters should usually be modified and already several approaches have been
presented to increase their cell affinity (Desmet et al., 2009). Typically the polyesters are
chemically modified by introducing specific functional groups on their surface. Two possible
wet-chemical routes are surface aminolysis and surface hydrolysis. Surface aminolysis in for
example 1,6-hexanediamine leads to the production of free amino groups on the surface of the
polyester which improves cell adhesion (Zhu et al., 2002, Zhu et al., 2004). By applying surface
hydrolysis with the use of a NaOH solution, the ester group is hydrolyzed by the hydroxide
anion leading to a rupture of the polymer chain and the formation of carboxylic acid and
hydroxyl groups on the tail ends of the two new chains.

The presence of these groups results in an enhanced hydrophilicity and in improved cell-
material interactions (Zhu et al., 2002, Zhu et al., 2004). Although these wet-chemical processes
have their merit, some disadvantages cannot be neglected. Such surface modifications are
quite rough and can thus possibly lead to unwanted side-effects such as a faster degradation
rate and a reduction of mechanical performance (Chong et al., 2007, Desmet et al., 2009). In
addition, research indicated that these techniques can lead to irregular surface etching and that
the degree of modification strongly depends on molecular weight, crystallinity or tacticity and
may therefore not be reproducible (Goddard & Hotchkiss, 2007, Desai & Singh, 2004).
Moreover, it is clear that these wet-chemical techniques use substantial amounts of water or
other liquids and consequentially generate hazardous chemical waste. Other approaches like
peroxide oxidation, ozone oxidation, UV- and y-radiaton can also introduce reactive chemical
groups on the polyester surface, however, most of these techniques also lead to degradation of
the polyesters (Ho et al., 2007, Koo & Jang, 2008, Loo et al., 2004, Place et al., 2009, Montanari et
al., 1998).

Opposite those above-mentioned techniques, plasma-assisted surface modification offers a
very suitable strategy to incorporate reactive functional groups on the polyester surface.
Without the use of a solvent, these groups are efficiently introduced on the surface without
altering the bulk properties of the polymer (Ho et al., 2006, Desmet et al., 2009). In addition,
complex shaped scaffolds can be uniformly treated (Shen et al., 2007). Next to the
incorporation of functional groups, plasma treatment can also be employed for the
deposition of polymer coatings or for the immobilization of proteins or other biomolecules
(Yang et al., 2002, Cheng & Teoh, 2004, Barry et al., 2005, Barry et al., 2006, Guerrouani et al.,
2007, Zelzer et al., 2009).

Due to these numerous advantages, surface modification of biodegradable polymers by
plasma treatment offers several excellent prospects. Therefore, in this section 3, we will give
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a more general introduction on plasma-surface interactions, while in section 4 we will focus
on some successful examples of plasma modification of biodegradable aliphatic polyesters.

3.2 Plasma-surface interactions and surface modification strategies

Plasma is sometimes referred to as the fourth state of matter as introduced by Langmuir
(Langmuir, 1928). Plasma is a partly ionized, but quasi-neutral gas in the form of gaseous or
fluid-like mixtures of free electrons, ions and radicals, generally also containing neutral
particles (atoms, molecules) (Denes & Manolache, 2004). Some of these particles may be
excited and can return to their ground state by emission of a photon. The latter process is at
least partially responsible for the luminosity of a typical plasma. In plasma several electrons
are not bound to molecules or atoms, but free. Therefore, positive and negative charges can
move somewhat independently from each other.

Plasmas are frequently subdivided into equilibrium (or non-thermal/low-
temperature/cold) and non-equilibrium (or thermal/high-temperature/hot) plasmas
(Denes & Manolache, 2004, Bogaerts et al., 2002, Fridman et al., 2008). Thermal equilibrium
implies that the temperature of all particles (electrons, ions, neutrals and excited species) is
the same. This is, for example true for stars, as well as for fusion plasmas. High
temperatures are required to form these type of plasmas (Bogaerts et al., 2002, Lieberman &
Lichtenberg, 2005). In contrast, plasmas with strong deflection from kinetic equilibrium
have electron temperatures that are a lot more elevated than the temperature of the ions and
neutrals. Such plasmas are classified as non-equilibrium or non-thermal plasmas. It is clear
that the high temperatures used in thermal plasmas are destructive for heat-sensitive
polymers and most applications for surface modification of polymers will make use of non-
thermal or cold plasmas. Since a non-thermal plasma contains a mixture of reactive species,
different interactions between the plasma and a surface are possible, including plasma
treatment, plasma polymerization and plasma etching (Denes & Manolache, 2004, Rausher
et al., 2010, Gomathi et al., 2008). These different interactions between a plasma and the
surface can be divided into 4 different approaches to modify the biodegradable polymer.
These 4 approaches will briefly be introduced in the following paragraphs, while section 4
will give some practical examples.

3.2.1 Plasma treatment

Plasma treatment is mostly used to enhance the surface energy of a polymer. Figure 1 shows
the decrease in contact angle of a PLA surface after treatment in different discharge
atmospheres. Oxygen or nitrogen containing groups are introduced on the surface of a
(biodegradable) polymer when the material is exposed to a cold plasma generated in O, No,
air or NHs (Morent et al., 2008a, Morent et al., 2008b). These functionalities are polar
hydrophilic groups which are formed during the interaction of the plasma active species
with the polymer molecules. Next to oxygen- and nitrogen-containing discharges, plasmas
generated in pure helium or argon will lead to the creation of free radicals that can be used
for cross-linking or grafting of oxygen-containing groups when the surface is exposed to
oxygen or air after the treatment (Desmet et al., 2009, De Geyter et al., 2007, Ding et al.,
2004). Finally, it should be mentioned that the induced surface characteristics are not
permanent. The treated surfaces will tend to partially recover to their untreated state during
storage in e.g. air (so-called hydrophobic recovery) and they will also undergo post-plasma
oxidation reactions (De Geyter et al., 2008, Morent et al., 2010, Siow et al., 2006).
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Fig. 1. Water contact angles as a function of energy density for air, nitrogen, argon and
helium plasma-treated PLA samples. (Reprinted from (De Geyter et al., 2010) with
permission of Elsevier).

3.2.2 Plasma post-irradiation grafting

Plasma post-irradiation grafting is a two-step process of which the first step is a plasma
treatment as described in the previous paragraph. The induced functionalities can then be
applied to initiate polymerization reactions (Desmet et al., 2009). In contrast to plasma
treatment, this technique results in a permanent effect. In the second step, the activated
polymer surface is brought into direct contact with a monomer. The monomer can be in the
gas phase or the substrate can be immersed into a monomer solution (Vasilets et al., 1997,
Zhu et al., 2007). It is important to notice that in both cases the monomer is not subject to the
reactive plasma environment. Therefore, the grafted polymers will have similar

characteristics as polymers synthesized by conventional polymerization processes (Desmet
et al., 2009).

3.2.3 Plasma syn-irradiation

Firstly, a monomer is adsorbed to a material, after which the substrate is exposed to a
plasma (Ding et al., 2004). This plasma will generate radicals in the adsorbed monomer layer
and the surface of the substrate. This approach will lead to a cross-linked polymer top-layer
(Desmet et al., 2009). Opposite to the plasma post-irradiation grafting described in the
previous paragraph, the monomer is in plasma syn-irradiation directly subjected to the
plasma.

3.2.4 Plasma polymerization
Thin films with unique chemical and physical properties can be developed by plasma
polymerization and are called plasma polymers (Gomathi et al., 2008). During plasma
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polymerization, gaseous or liquid monomers are typically via a carrier gas inserted into the
discharge zone in which they are converted into reactive fragments (Morent et al., 2009).
These reactive fragments recombine to polymers and a polymer film is deposited on the
substrate exposed to the plasma. The formed plasma polymers will not necessarily have the
same chemical structure and composition as polymers obtained via conventional
polymerization processes (Desmet et al., 2009). In general, plasma polymers are pinhole-free
and highly cross-linked and are therefore insoluble, thermally stable, chemically inert and
mechanically tough. Furthermore, such films are often highly coherent and adherent to a
variety of substrates including conventional polymer, glass and metal surfaces (Morent et
al., 2011, Morent et al., 2009).

4. Examples of plasma-assisted surface modification of biodegradable
polyesters

In this last section, we will give some examples of the above-mentioned approaches of
plasma-assisted surface modification of biodegradable aliphatic polyesters. Due to the
introductory nature of this chapter, not all literature will be discussed in detail. For a more
complete overview of literature, the reader could consult the review paper on the same
subject of our research group (Morent et al., 2011). Plasma treatment as described in section
3.2.1 is by far the most occurring approach used to modify the surface of biodegradable
polyesters and numerous examples can be found in literature. In this chapter, we will try to
give some examples for all the biodegradable polyesters discussed in section 2. Therefore,
section 4.1 will be much more extensive than the other sections (4.2 up to 4.4) since the
availability of literature on these latter approaches is less pronounced.

4.1 Plasma treatment of biodegradable polymers

Hirotsu et al. published in 1997 one of the first studies on plasma modification of
biodegradable polymers and treated PLA fabrics with a low pressure radio frequent (RF)
discharge generated in pure oxygen and nitrogen (Hirotsu et al., 1997). The same group
reported in 2002 about an enhancement of the wettability of PLLA sheets and showed a
strong decrease in water contact angle from 80° to approximately 55° after 30 seconds of
oxygen and helium plasma treatment (Hirotsu et al.,, 2002). They suggested that this
increased wettability was only due to chemical changes of the surface, since pronounced
etching is not likely to happen after such short treatment times. However, they were not
able to determine the groups incorporated at the surface.

‘ C O N
(at%) (at%) (at%)
no treatment ‘ 68 32 0

air plasma treatment 62 38 0

Table 2. Atomic composition of untreated and air plasma-treated PLA films (De Geyter et
al., 2010).

To identify the functionalities incorporated at the surface, De Geyter et al. did detailed XPS
studies on PLA sheets plasma-treated with a medium pressure dielectric barrier discharge
(DBD) sustained in air. Table 2 shows the atomic composition of the PLA films plasma-
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treated in air. This table suggests that air plasma mainly adds oxygen atoms to the PLA
surfaces. From high-resolution XPS scans, the authors have concluded that after plasma
treatment in air, the concentration of C-O and O-C=O groups increases, while the C-C and
C-H functional groups decrease. Hirtosu et al. observed a gradual increase in water contact
angle when PLA samples were kept in dry air (Hirotsu et al., 2002). A similar hydrophobic
recovery has recently been examined in detail by Morent et al., who employed a medium
pressure DBD in different atmospheres for the surface modification of PLA. They concluded
that during storage in air, the induced polar chemical groups reorientate or migrate to the
bulk of the material (Morent et al., 2010). The introduction of specific functional groups on
the surface of PLA samples and the accompanying increase in wettability often have the aim
to improve the cell-material interactions. These interactions between B65 nervous tissue cells
and oxygen plasma-treated PLLA films were studied by Khorasani et al. (Khorasani et al.,
2008). Figure 2 shows optical photomicrographs of B65 cell attachment and growth on
untreated and plasma-modified PLLA surfaces and it can clearly be observed that this
oxygen plasma treatment substantially improves cell attachment and growth. The authors
concluded that plasma-modified PLLA surfaces are very suitable for nervous tissue
engineering purposes.

The majority of the above-discussed research is on flat 2D PLLA surfaces. However, from
biomedical point of view, 3D porous polymer scaffolds are needed in the field of tissue
engineering in order to offer sufficient support for tissue growth (Djordjevic et al., 2008).
Only few authors have worked with 3D structures because of two reasons: (1) the
insufficient knowledge on the penetration of plasma into porous structures and (2) the
difficulty of characterisation of the interior surface with classical surface analytical tools.
Wan et al. have modified 4 mm thick PLLA scaffolds with an ammonia plasma (Wan et al.,
2006). To examine the plasma effect, they have immersed the scaffolds in blue ink after
treatment to demonstrate the influence of treatment time on the modifying depth. Figure 3
shows that due to the poor hydrophilicity of the internal surface of the untreated PLLA
sample only the most outside layer is dyed. However, with increasing treatment time, the
ink increasingly penetrates the PLLA scaffold and after a treatment of half an hour the
interior part of the scaffold is fully dyed.

Fig. 2. B65 attachment on (a) untreated PLLA and (b) oxygen plasma-treated PLLA
(magnification 400x) (Reprinted from (Khorasani et al., 2008) with permission of Elsevier).
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Control 10min 20min i RUTTIT

Fig. 3. Effect of plasma treatment time on the modifying depth of PLLA scaffolds (Reprinted
from (Wan et al., 2006) with permission of Elsevier).

To our knowledge, no literature on plasma treatment of polyglycolic acid has been
published so far. However, quite a few research articles deal with plasma modification of
the copolymer PLGA (Khorasani et al., 2008, Hasirci et al., 2010, Khang et al., 2002, Park et
al., 2007, Park et al., 2010, Safinia et al., 2007, Safinia et al., 2008, Shen et al., 2008, Wang et al.,
2004). 50/50 PLGA films were modified in an oxygen plasma at low pressure and a decrease
of the contact angle from 67° to below 40° after plasma treatment was observed. XPS
revealed that oxygen containing functionalities are introduced and cell culture tests (3T3
fibroblasts) showed a higher cell attachment and proliferation on oxygen plasma-treated
PLGA surfaces. As discussed in the previous paragraph on PLLA treated surfaces,
Khorasani et al. also investigated in the same paper the interaction between nervous tissue
cells and plasma modified PLGA samples (Khorasani et al., 2008). Figure 4 shows that
oxygen plasma treatment clearly improves attachment and growth of B65 cells, however, the
effect of oxygen plasma treatment seems less pronounced as was the case for PLLA surfaces
(see Figure 2). Khang et al. studied and compared several modification methods including
chemical methods (sulphuric acid, chloric acid, sodium hydroxide) as well as physical
methods (atmospheric pressure air discharge) for the surface treatment of PLGA (Khang et
al., 2002). Their results clearly evidenced that both chemical methods and plasma treatment
could enhance cell attachment and growth. The high potential of non-thermal plasma for the
surface modification of biodegradable polymers was clearly demonstrated since plasma
treatment showed to be almost as efficient in increasing cell-material interactions as a chloric
acid treatment and more efficient than sulphuric acid and sodium hydroxide treatments.

Fig. 4. B65 cell attachment on (a) untreated PLGA and (b) oxygen plasma-treated PLGA
(magnification 400x) (Reprinted from (Khorasani et al., 2008) with permission of Elsevier).
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Surface modification of PCL with oxygen, helium and air plasmas has resulted into similar
effects as on PLA and PLGA: an increased hydrophilicity, a higher oxygen amount and
consequently an enhanced cell attachment and proliferation (Yildirim et al., 2008, Hirotsu et
al., 2000a, Lee et al., 2009, Prabhakaran et al., 2008, Little et al., 2009). Lee and co-workers
treated PCL with atmospheric pressure plasmas with different discharge gases (Lee et al.,
2008). Figure 5 shows the enhancement in hydrophilicity (Figure 5 (a)), the increased cell
attachment (Figure 5 (b)) and the increased cell proliferation (Figure 5 (c)).
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Fig. 5. Plasma treatment of PCL: (a) contact angle (b) cell attachment and (c) cell
proliferation of human epithelial cells (Reprinted from (Lee et al., 2008) with permission of
Elsevier).
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The most common polyhydroxyalkanoate subjected to plasma treatments is the co-polymer
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and oxygen plasmas have been
widely employed to modify this co-polymer (Wang et al., 2006, Hasirci et al., 2003, Tezcaner
et al., 2003, Kose et al., 2003b, Kose et al., 2003a, Ferreira et al., 2009). A low pressure oxygen
plasma was employed to PHBV films containing 8% hydroxyvalerate in its structure by
Hasirci et al. (Hasirci et al., 2003). A decrease in water contact angle upon oxygen plasma
treatment was observed which was attributed to the incorporation of oxygen-containing
functional groups on the PHBV surface. A subsequent study showed that O, plasma
treatment significantly enhanced the interaction between retinal pigment epithelium (RPE)
cells and PHBV (Tezcaner et al., 2003).

Hirotsu et al. published an interesting article on the plasma modification of self-made PBS
sheets in different discharge atmospheres (Oz, Nz and helium) (Hirotsu et al., 2000b).
Contact angle measurements on the plasma-modified samples clearly showed that plasmas
are able to increase the hydrophilicity, however, it was not stated which chemical groups
contributed to this increased wettability.

4.2 Plasma post-irradiation grafting of biodegradable polyesters

Section 4.1 clearly focussed on the observation that plasma treatment can easily induce
desired functionalities onto the surface of biodegradable polymers resulting in an
improved cell affinity. However, hydrophobic recovery acts as a brake on practical
applications of plasma-treated polyesters. Nevertheless, this drawback can be solved by
covalently immobilizing bioactive molecules on plasma-treated surfaces (Gupta et al.,
2002). Typically extracellular matrix (ECM) proteins such as gelatine, collagen or fibrin
have been grafted on the surface of biodegradable polyesters since these proteins are
known to enhance cell adhesion and proliferation (Ma et al., 2007). Different authors have
studied the immobilization of collagen on PCL films (Ma et al., 2007, Chong et al., 2007,
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Cheng & Teoh, 2004). Firstly, an argon plasma is applied to a PCL film to generate radicals
on the polyester surface. Exposure to the atmosphere for several minutes leads to the
formation of functionalities such as surface peroxides and hydroperoxides that will be
employed as initiator sites for UV-induced graft polymerization of acrylic acid. To pre-
activate the carboxyl groups, the grafted substrates are immersed into a carbodiimide
solution. In a final step, the material is immersed into a collagen solution leading to the
production of a collagen-immobilized biodegradable polyester. These collagen-modified
PCL surfaces have been tested with a diversity of cells including human dermal
fibroblasts, human myoblasts, human endothelial cells and human smooth muscle cells
and all demonstrated favourable response from these cells (Ma et al., 2007, Chong et al.,
2007, Cheng & Teoh, 2004). Next to collagen, Kang et al. also immobilized insulin on the
surface of a PHBV co-polymer and observed that the proliferation of human fibroblasts
was significantly accelerated on these films compared to the untreated samples (Kang et
al., 2001).

4.3 Plasma syn-irradiation of biodegradable polyesters

As described in section 3.2.3, a polymer can also be grafted on the surface of a biodegradable
polyester by pre-adsorption of the monomer followed by a plasma treatment. However for
the specific case of biodegradable polymers, we were able to track only one research paper
using this plasma approach (Ding et al., 2004). In this paper, Ding et al. tried to modify the
surface of PLLA films with a chitosan layer. However, results indicated poor cell adhesion,
but acceptable cell proliferation.

4.4 Plasma polymerization on biodegradable polyesters

Plasma polymerization differs from plasma grafting in that respect that it coats the substrate
rather than covalently binds species to a plasma-modified polymer surface (Barry et al.,
2005). Allylamine is one of the most frequently used monomers to plasma polymerize on
biodegradable polymers such as PLLA, PCL and PHBV (Barry et al., 2005, Guerrouani et al.,
2007, Carlisle et al., 2000). Plasma polymerized allylamine films on biodegradable polymers
resulted in highly hydrophilic surfaces with contact angles of 20° or lower due to the amine
groups on the surface.

As there is a great interest in the surface modification of 3D implants, plasma
polymerization has also been performed on the surface of 3D PLA scaffolds. Plasma grafting
has been compared with plasma polymerization using allylamine (Barry et al., 2005). In the
case of plasma grafting, the scaffolds were first pre-treated with an oxygen plasma and
afterwards exposed to allylamine vapour, while plasma polymerization was carried out by
exposing the scaffolds to an allylamine vapour plasma after an oxygen plasma pre-
treatment. XPS measurements of the scaffolds at different points across the scaffold
diameter demonstrated that the grafting process resulted in a more homogeneous nitrogen
concentration through the scaffold while the concentration of nitrogen on the internal
surface of the scaffold on which the plasma deposit was formed decreased from the edge to
the core of the scaffold, as can be seen in Figure 6. However, at the lowest nitrogen
concentration, the nitrogen concentration on the internal surface of the plasma-polymerized
scaffold was still greater than that of the grafted surface. The plasma-coated scaffolds also
showed a higher metabolic activity than the plasma-grafted samples. Moreover, fibroblasts
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were detected in the centre of the plasma-coated samples, which was not the case for the
grafted scaffolds (Barry et al., 2005).

5. Conclusion

The growing research fields of tissue engineering and regenerative medicine are a leverage
for surface engineering of biodegradable polymers. Next to chemical surface modification
techniques which encounter problems with the use of hazardous organic solvents in relation
to cell viability, non-thermal plasma technology knows a steep growth as solvent-free
technique. Plasma treatments are already commonly performed on biodegradable polymers
such as PLA and PLGA, while treatment of more advanced biodegradable polymers (such
as PCL, PHBV, PBS and composites) and other plasma-based techniques (such as plasma
grafting and plasma polymerization) are only at the verge of breaking through. Non-
thermal plasma technology can greatly enhance cell-material interactions, however, a better
understanding of these interactions is of crucial importance. This knowledge can provide us
information on which plasma-based strategies should exactly be pursued.
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Fig. 6. Nitrogen concentration as determined by XPS at set points across the internal
diameter of grafted and plasma-polymerized allylamine (ppAAm) scaffolds (Reprinted from
(Barry et al., 2005) with permission from Wiley-VCH Verlag GmbH & Co. KGaA).
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