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Abstract 

Degradable polymers have gained an increased attention in the field of biomedical 
applications over the past decades, for example in tissue engineering. One way of 
improving the biocompatibility of these polymers is by chemical surface 
modification, however the risk of degradation during the modification procedure is a 
limiting factor. In some biomedical applications, for example in nerve guides, a 
patterned surface is desired to improve the cell attachment and proliferation. 

In this thesis a new non-destructive, single-step, and solvent free method for 
surface modification of degradable polymers is described. Poly(L-lactide) (PLLA) 
substrates have been functionalized with one of the following vinyl monomers; N-
vinylpyrrolidone (VP), acrylamide (AAm), or maleic anhydride (MAH) grafts. The 
substrates were subjected to a vapor phase atmosphere constituted of a mixture of a 
vinyl monomer and a photoinitiator (benzophenone) in a closed chamber at very low 
pressure and under UV irradiation. Poly(ε-caprolactone) (PCL), poly(lactide-co-
glycolide) (PLGA), and poly(trimethylene carbonate) (PTMC) have been surface 
modified with VP using the same  procedure to show the versatility of the method. 
The wettability of all of the four substrates increased after grafting. The surface 
compositions were confirmed by ATR-FTIR and XPS. The VP grafted PLLA, PTMC 
and PLGA substrates have been shown to be good substrates for the normal human 
cells i.e. keratinocytes and fibroblasts, to adhere and proliferate on. The topography 
of substrates with well defined nano patterns was preserved during grafting, since the 
grafted layer is very thin. We have also shown that the method is useful for a 
simultaneous chemical and topographical modification of substrates by masked vapor 
phase grafting. The surface topography was determined with SEM and AFM. 

 

Keywords: Vapor phase grafting, covalent surface modification, solvent free, nano 
patterned topography, degradable polymers, poly(ε-caprolactone), poly(L-lactide), 
poly(lactide-co-glycolide), poly(trimethylene carbonate), N-vinylpyrrolidone, maleic 
anhydride, acrylamide 



Sammanfattning 

Intresset för användningen av nedbrytbara polymerer till biomedicinska applikationer 
som till exempel vävnads rekonstruktion har ökat avsevärt de senaste decennierna. 
Ett sätt att öka biokompatibiliteten hos dessa polymerer är genom kemisk 
ytmodifiering, men risken för nedbrytning under själva modifieringen är en 
begränsande faktor. I vissa biomedicinska applikationer, till exempel nervguider, är 
det önskvärt att ha en väldefinierad ytstruktur för att öka vidhäftningen och tillväxten 
av celler. 

I den här avhandlingen presenteras en ny ickeförstörande, lösningsmedelsfri 
enstegsprocess för ytmodifiering av nedbrytbara polymerer. Substrat av poly(L-
laktid) (PLLA) har ytfunktionaliserats med var och en av följande vinylmonomerer, 
N-vinylpyrrolidon (VP), akrylamid (AAm) eller maleinsyraanhydrid (MAH). 
Substraten har exponerats för en gasfasatmosfär av en blandning av en vinylmonomer 
och en fotoinitiator (bensofenon) i en tillsluten reaktor vid mycket lågt tryck och 
under UV-strålning. Metodens mångsidighet har även påvisats genom att ytmodifiera 
substrat av poly(ε-kaprolakton) (PCL), poly(laktid-co-glykolid) (PLGA) och 
poly(trimetylen karbonat) (PTMC) med VP. Vätbarheten ökade för alla fyra 
materialen efter ympning med en vinylmonomer. Ytsammansättningen fastställdes 
med ATR-FTIR och XPS. De VP ympade filmerna av PLLA, PLGA och PTMC 
visade sig vara bra substrat för mänskliga celler, i detta fall keratinocyter och 
fibroblaster, att vidhäfta och växa på. Yttopografin hos filmer med väldefinierade 
nanomönstrade ytor kunde bevaras efter ympning, tack vare att det ympade lagret är 
så tunt. Gasfas metoden har också visat sig användbar för att simultant ytmodifiera 
både kemiskt och topografiskt genom maskad gasfasympning. Yttopografin 
bestämdes med SEM och AFM. 

 

Nyckelord: gasfasympning, kovalent ytmodifiering, lösningsmedelsfri, nedbrytbara 
polymerer, nanomönstrad topografi, poly(L-laktid), poly(ε-kaprolakton), poly(laktid-
co-glykolid), poly(trimetylen karbonat), N-vinylpyrrolidon, maleinsyraanhydrid, 
akrylamid 
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AAm Acrylamide
AFM Atomic force microscope
At-% Atomic %
ATR Attenuated total reflectance 
BPO Benzophenone
DMEM Dulbeco´s modified eagle’s medium
DSC Differential scanning calorimetry
FCS Foetal calf serum
FTIR fourier transform infrared spectrometry
HTX eosin Hematoxylin-eosin
MAH Maleic anhydride
Mn Number average molecular weight
Mw Weight average molecular weight
NMR Nuclear magnetic resonance spectrometry 
PCL Poly(ε-caprolactone)
PDI Polydispersity index
PDMS Silicone rubber, poly(dimetyl siloxane)
PLA Poly(lactide)
PLGA Poly(lactide-co-glycolide)
PLLA Poly(L-lactide)
PMMA Poly(methyl methacrylate)
PTMC Poly(trimethylene carbonate)
PVP Poly(N-vinylpyrrolidone)
ROP Ring opening polymerization
SEC Size exclusion chromatography
SEM Scanning electron microscopy
TMC 1,3-dioxan-2-one, trimethylene carbonate
UV Ultra violet
VP N-vinylpyrrolidone
XPS X-ray photoelectron spectrometer
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1 Purpose of the study 

The tissue-implant interactions are strongly dependent on the device surface 
properties in many biomedical applications. A better interaction is achieved if the 
biocompatibility is improved by surface modification. Our group has been working 
with surface modification for a long time and has earlier developed a method for 
covalent modification of biostable polymers such as PMMA and PET by exposure to 
a mixture of vinyl monomer and photo initiator in the vapor phase in a closed 
chamber and under very low pressure and UV irradiation. The main focus of this 
work was to develop a new similar method for non destructive surface modification 
of degradable polymers to increase their biocompatibility. 

Since degradable polymers are sensitive to degradation and solvent effects during 
the modification procedure, the method should be solvent free and only use low 
energy irradiation, such as UV light. 

To achieve an environmentally stable surface chemistry the surface graft should be 
attached with covalent grafting rather than by physical coating. 

A specific surface topography could guide cell growth on implants and/or support 
cell proliferation. By application of our vapor phase grafting technique, it should be 
possible to create patterns on the surface of the substrates by coverage with a PDMS 
stamp with a desired structure and maintained in position on the surface of the 
substrate during the grafting step. Substrates with a well defined structure could be 
possible to surface modified while preserving the structure. 
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2 Introduction 

2.1 Background 

All foreign materials will give rise to host responses when in contact with or 
implanted into the body. These responses vary and depend on the nature of the 
implanted material. An appropriate host response means that no harmful reactions 
take place at the site of implantation. That is why the implanted material must be 
biocompatible. Biocompatibility is a widely discussed expression. The most common 
definition of biocompatibility is “the ability of a material to perform with an 
appropriate host response in a specific application”1. There are a number of different 
requirements that need to be fulfilled for a material to be considered biocompatible. 
The material has to be non-toxic, non-cancerogenic, non-mutagenic, non-allergenic, 
and free from contaminants. Also, the material has to have no adverse immunological 
responses and harmless degradation products. 

Synthetic polymers have been used in the field of biomedical application for 
several decades. At first, biostable polymers were used, and later on, degradable 
polymers were introduced in the 1960’s when PLA was used as a material for tissue 
replacement2. 

Polymers are often divided into two different groups depending on their long term 
properties when implanted into living tissue; biostable and degradable polymers. 
There are also different demands on the materials depending on where they are 
placed into the body, as for example, the environment in the eye is very different 
from the environment in the stomach. Biostable materials are used when a permanent 
function of the material is requested, e.g. as prostheses. When a temporary function 
of the implanted material is needed, as for example in sutures, drug delivery systems 
or as scaffold material for tissue repair, degradable polymers are used. 
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2.1.1 Biostable polymers 

Biostable polymers should be physiologically inert when implanted into living 
tissue and the mechanical properties should be preserved for long time at the implant 
site. Biostable polymers are here defined as polymers that do not degrade when 
implanted into living tissue for at least 30 years. Examples of some biostable 
polymers and their mechanical properties and examples of applications are shown in 
Table 1. 

Table 1. Examples of biostable polymers and their applications. 

Polymers Applications 

Poly(methyl methacrylate) Bone cement3, eye lenses4

Silicone Breast implants5, nerve guides6,7  

Poly(ethylene terephtalate) Blood vessels8

Poly(ethylene) Hip joints9

2.1.2 Degradable polymers 

Polymer degradation is here defined as the chemical reactions resulting in cleavage 
of main chain bonds producing shorter oligomers, monomers and/or other low 
molecular weight degradation products Polymers may degrade in different ways, the 
degradation may be caused by environmental action, either by biocatalytic processes 
(involving fungi, enzymes, bacteria etc.) or by chemical and radical processes (UV 
irradiation, oxidation, hydrolysis) alone10,11. The most commonly used degradable 
polymers in biomedical applications include PLA, PCL, PTMC and PLGA and are 
described below. 
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Poly(lactide) PLA 

PLA (Scheme 1) can be synthesized by two different polymerizations; 
condensation polymerization of lactic acid or ROP of lactide (the cyclic dimer of 
lactic acid). ROP is a more used way of polymerization than a condensation reaction, 
because it has higher reaction rates and yields higher molecular weights. PLA has 
two stereoisomers, L-lactide and D-lactide, and a racemic form D,L-lactide, due to 
the chiral carbon in every repeating unit. The pure stereoisomers are semicrystalline 
and the racemic polymer is amorphous. PLLA has been used throughout this study. 

Scheme 1. Structure of PLA. 

OH
O H

O

n
 

 
The melting temperature of PLLA is 170-190°C, and the glass transition 

temperature is 55-60°C. It has good mechanical properties, and non-toxic degradation 
products, rendering this polymer very popular for biomedical applications. It has 
been used since the 1960’s for biomedical devices, and is today the most widely used 
degradable polymer for biomedical applications. It has been extensively studied for 
temporary supports (e.g. sutures12, orthopedic stents13, and scaffolds14), wound 
dressings15, and for the controlled release of drugs16, , ,17 18 19. 

 

Poly(ε-caprolactone) PCL 

PCL (Scheme 2) is obtained by ROP of the 7-membered lactone monomer ε-
caprolactone. PCL is also a semicrystalline polymer, it is tough and flexible with a 
melting temperature of 58-65°C, and a glass transition temperature of -60°C. The 
degradation rate is slower than for PLLA, and it is a suitable polymer for long term 
drug release as for example in contraceptives20. The degradation rate may be 
enhanced by copolymerization with other esters as for example lactide and glycolide. 
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Scheme 2. Structure of PCL. 
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Poly(lactide-co-glycolide) PLGA 

PLGA (Scheme 3) is a copolymer of the monomers lactide and glycolide and is 
obtained by ROP21,22. PLGA is less stiff than the original components since the 
crystallinity decreases with an increase of the content of any of the comonomers. 
PLGA with a glycolide content of 25-70% is amorphous23. The glass transition 
temperature and the morphology are dependent on the composition of the copolymer. 
Examples of applications are drug release systems24 and sutures25. 

Scheme 3. Structure of PLGA. 
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Poly(trimethylene carbonate) PTMC 

PTMC (Scheme 4) is synthesized by ring-opening polymerization of the cyclic 
carbonate TMC26. It is a soft and rubbery polymer with a glass transition of 
approximately -17°C. The carbonate bond in PTMC is inherently more sensitive to 
hydrolysis than the polyester linkage in for example PLLA. However, the hydrolytic 
degradation rate of PTMC is slower than for PLLA, due to the lack of the 
autocatalysis mechanism that occurs for PLLA. TMC are used in copolymers with ε-
caprolactone or L-lactide to improve the degradation rate and the thermal properties 
of the polymer27,28. 
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Scheme 4. Structure of PTMC. 
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2.1.3 Monomers 

The VP, AAm, and MAH monomers were used in this thesis for surface 
functionalization. Their structures are presented in Scheme 5. 

Scheme 5. Structure of the used monomers: a) VP b) AAm c) MAH. 
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N O
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VP is polymerized to PVP by radical polymerization. PVP has a unique 

combination of properties; solubility in both water and a range of organic solvents, 
non-toxicity, complexing ability towards several organic and inorganic compounds, 
good film forming ability, and biocompatibility29, ,30 31. PVP has been used in the 
biomedical field32, for example as blood plasma expander during the 2nd world war, 
and in the cosmetic and food industrial sectors for decades. As a polymeric carrier, 
PVP has been shown to prolong the plasma circulation lifetime of bioconjugated 
drugs33. Given the featured properties of PVP, there is every reason to suspect that the 
presence of graft PVP chains upon the surface of a substrate would enhance the 
biocompatibility and haemocompatibility of that substrate when implanted into a 
biological system.  

MAH is difficult to homopolymerize and do most often occur in copolymers. 
Anhydride groups are formed from the MAH during surface grafting34, these are 
often utilized as coupling sites for attachment of bioactive moieties.  

AAm is known for increasing the wettability of substrates, and is used in surface 
modifications35. The amide groups can also be used as coupling sites for bioactive 
moieties. 
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2.2 Surface properties 

Polymeric biomaterials are used in many biomedical applications. The surface 
chemistry of the implant is of great importance whenever it is implanted into living 
tissue. Biological interactions between the host tissue and the implant are mainly 
taking place at the surface of the implant. The substrate surface can be designed to 
prevent or promote cell growth, stimulate or prevent blood clothing, attract or reject 
specific proteins, or in some other way control the biological response.  

Ongoing research is being conducted to find materials with bio- and 
haemocompatibility for different biomedical applications. The most common 
approach to achieve such materials so far has been the immobilization of biological 
molecules, typically heparin and albumin, on the biomaterials surface36, ,37 38. 

The wettability, i.e. the hydrophilic/hydrophobic surface behavior of polymeric 
biomaterials implanted into living tissue, is crucial for the cell and protein adhesion39. 
The wettability can be improved by surface modification to achieve a moderately 
hydrophilic surface, which has been shown to be optimal from a biocompatible point 
of view40,41. 

2.3 Surface modification 

There are many different surface modification methods described. Most of them 
are either mutual or preparative irradiation techniques using γ-, electron beam, X-ray, 
or UV light irradiation. Covalent attachment of the functional groups is often 
preferred over physical deposition or coating, because of superior environmental 
stability. 

The gain of covalent immobilization of functional groups on the surface is 
twofold. Firstly, the functional groups can serve as anchoring groups for the 
attachment of bioactive moieties (heparin, collagen42, RGD-peptides43, growth 
factors44 etc.) so that desirable biomedical properties of the surface can be achieved 
with a stability that is superior to surfaces with physically absorbed moieties. 
Secondly, the wettability of the surface can be improved, making it more 
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biocompatible toward cell growth and flow of body fluids than the hydrophobic 
surfaces of most polymeric biomaterials . 

The surface modification of degradable polymers is challenging because of their 
susceptibility of degradation by chain scission,45, ,46 47 sensitivity toward solvents, and 
general low heat stability. This implies that solvent free conditions, low temperature, 
and low energy irradiation is preferred. 

2.3.1 Covalent chemical attachment 

Many different strategies for covalent modification of polymeric surfaces have 
been described over the years48. Most of these methods involve high energy 
irradiation followed by grafting in monomer solution49 and photografting50. Other 
important strategies for covalent modification are ozonization51, photooxidation52, 
hydroxylation with peroxydisulfate53, plasma treatment54,55, flaming of the surface56, 
chemical treatment with sulfuric acid or chloric acid solutions57, or alkaline 
hydrolysis with NaOH58 but the risk for hydrolytic degradation of the substrates 
during modification makes these methods unsuitable for most degradable polymers. 

High energy irradiation followed by grafting in solution is here designated as the 
pre-irradiation method. This method is described for high energy irradiation of 
polypropylene subsequently dipped into a monomer solution. The EB irradiation of 
polyethylene followed by grafting, have thoroughly been studied concerning the 
irradiation time and dose, monomer concentration, and concentration of inhibitor. It 
has also been applied for the modification of PCL films. PCL films have been grafted 
with AAm by the pre-irradiation method, where the substrates were EB irradiated in 
argon or air atmosphere and stored in liquid nitrogen prior to grafting in an aqueous 
solution of AAm. A higher degree of crystallinity has been observed for the films 
irradiated in argon than in air59. Poly(1,5-dioxeopan-2-one) and linear low 
polyethylene have also been grafted with AAm with the pre-irradiation 
method60, , ,61 62 63. Poly(1,5-dioxeopan-2-one) and PCL are two of very few degradable 
polymers that can resist high energy irradiation without major chain cleavage. High 
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density polyethylene tubes have been modified by the pre-irradiation method, by 
grafting with acrylic acid, followed by attachment of chitosan hydrogels or heparin64. 

Photoinitiated surface grafting has been described for different polymers, such as 
ultra high strength polyethylene fibers65. There are many ways of performing the 
photoinitiated grafting, for example by photografting in, or after absorption in 
monomer solution, , , , ,66 67 68 69 or by bringing the polymer in contact with a mixture of 
molten monomer and initiator under UV irradiation70. Other examples are the 
continuous process and the batch process. The continuous process involves pre-
soaking in a mixture of monomer, solvent, and photoinitiator and thereafter UV 
irradiation71. The batch process involves a vapor phase atmosphere of the monomer 
and initiator in a solvent during UV irradiation72. Yasutake et. al. describes a 
photoinitiated method for surface modification, where the monomer is used in vapor 
phase, but the substrates are soaked in a solution of photoinitiator in solvent prior to 
irradiation73. These photoinitiated vapor phase grafting methods all involve at least 
one step where the substrate in one way or the other needs to be in contact with a 
solvent. Our group has developed a solvent free method for covalent surface 
modification of biostable polymers, which has been applied for modification of PET 
and PMMA, ,74 75. 

Silicone substrates are known for being difficult to modify by ordinary methods 
for organic polymers because the silicone consists of a partly inorganic structure. 
Plasma treatment represents one suitable method that makes the modification 
possible. Plasma treatment is used to introduce the Si-H groups onto the surface of 
the silicone elastomer76. After that, the formed Si-H groups are reacted with a 
terminal double bound of a molecule by a catalyzed hydrosilylation reaction. The 
coupled molecule may either provide the desired properties itself, or have a 
functionality that is able to couple another molecule with suitable characteristics. 
Hydrosilylation graftings that have been examined are for example; grafting of 
aminopropyl vinyl ether onto Si-H groups on PDMS and subsequently coupled with 
heparin77 and grafting of allyltetrafluoroethyl ether onto Si-H groups on PDMS78. 
There are also general drawbacks with the plasma method, it is difficult to achieve an 
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even surface modification in small cavities, and to obtain a completely reproducible 
surface chemistry. 

2.3.2 Patterning techniques 

The topography of implants is also of importance in biomedical applications79. It 
has been shown that well-defined small scale patterns on the surface can induce a 
number of cellular reactions, including aiding of cell attachment, orientation of cell 
growth, cell activation, and influence of the growth rate80,81. Nerve guides is an 
example of an application that may gain an improved cell function by surface 
patterning82.Many different types of topographies have been studied, of which a so 
called groove/ridge topography with evenly spaced, parallel channels of equal depth, 
is one of the most widely used. Variation of the dimensions of the grooves and ridges 
can have some impact on the resulting cell reaction, a phenomena which is highly 
interesting for tissue engineering purposes80,81. Cells growing on such topographies 
often become markedly oriented along the channels43,81. The patterning of chemical 
moieties, especially biological ligands, on surfaces is a very useful combination of 
chemical and topographical surface modification. 

Many surface patterning techniques have been described, among them a 
photolithography technique83 where glass discs are patterned by covering the discs 
with a chrome layer followed by etching using a photoresist and exposure of light. 
The initial pattern is a hundred times larger than desired and therefore reduced twice 
until the pattern obtains the desired size. The final surface obtains a micrometer 
structure on which the substrate is casted. The limitation with the photolithography 
technique is that the resolution of the final pattern decreases the more reductions is 
performed with the stepper. Plasma assisted patterning is a technique where two 
subsequent plasma treatments are used to pattern the surface84. Firstly, a 
functionalization step is used, to create amino groups on the surface, in order to 
obtain good cell adhesion. Secondly, a passivation step creates cell repelling areas 
and pattern the surface using a mask. Plasma treatment has been described for 
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degradable polymers, but may cause etching, and when applied in small patterns as in 
the nanometer scale it may fail to create an even modification.  

There are several soft lithographic patterning techniques, for example microcontact 
printing, laminar flow patterning and microfluidic channels85,86. They all have in 
common that they use elastomeric (“soft”) stamps or channels for pattern transfer or 
modification. In microcontact printing, a PDMS stamp is inked with a solution and 
physically brought in contact with the substrate so that the desired chemical moieties 
are transferred in the pattern given by the stamp. The microfluidic channel strategy 
uses capillary action to fill channels between a PDMS stamp with channels on the 
surface and a substrate with a solution containing desired biomolecules or cells. The 
laminar flow patterning technique is similar to the microfluidic strategy, but uses 
stamps with branched channels in which a laminar flow generates parallel streams of 
different solutions without mixing other than the diffusion between the streams in the 
channels. All soft lithographic techniques can generate patterns in the micrometer 
scale. These described methods create surface patterns in the micrometer scale. The 
techniques using microfluidic channels and laminar flow are restrained of the 
capillary forces when creating a pattern in the nanometer scale. The capillary forces 
are too weak and can only transport the fluid short distances, resulting in that only 
small areas can be patterned. 



Experimental 

3 Experimental 

3.1 Materials 

N-vinylpyrrolidone, 97 %, was purchased from Fluka (Paper I and III) and Aldrich 
(Paper II), it was distilled at 100 ºC, 25 mbar before use and stored cold. Acrylamide, 
99 +% (Acros), benzophenone, 99 +% (Acros) (Paper I and II) (Fluka) (Paper III), 
and maleic anhydride, >99 % (Fluka) were used as received. Chloroform, 99.5 % 
(Aldrich), toluene, HPLC grade (Merck), ethanol, 99.5 % (Lab-Scan), methanol, 
HPLC grade (Lab-Scan), dichloromethane, HPLC grade (Lab-Scan), were used as 
received. Polylactide in pellet form (Mn= 145600, Mw= 191400) and poly(ε-
caprolactone) (Paper II) (Mn= 103900, Mw= 131600) in pellet form was a kind gift 
from Tenova respectively Radi Medical systems AB. Poly(ε-caprolactone) from 
Union Carbide TONE 787 was injection molded into smooth discs (Paper III) with a 
thickness of 2 mm and into nano patterned films (Paper II) (grooves 450 nm wide and 
195 nm deep) at Åmic AB, Uppsala Sweden. Square pieces were cut from the films, 
ultrasonically washed in ethanol and dried before grafting. Glycolide was purchased 
from Boheringer Ingelheim, L-lactide, 98 % (Aldrich) was recrystallized from 
toluene before use. 1,3-propandiol, 99,6 +% (Aldrich), diethyl carbonate, 99 % 
(Aldrich) and stannous 2-ethylhexanoate, ~95 % (Sigma) was used as received. 
Dichlorodimethylsilane, >98 % (Fluka), Triethylamine, >99,5 % (Fluka), were used 
as received. PDMS stamps used for patterned surface grafting were prepared by 
mixing the prepolymer and curing agent components, Sylgard 184 (Dow Corning) in 
a ratio of 10:1. The mixture was poured over a nano patterned metal master mould 
(Channels 450 nm wide and 195 nm deep at a distance of 1000 nm), and then cured 
for 5 h at 60 °C. After that, a second layer of solution was applied and the PDMS was 
allowed to cure for an additional 20 h. Finally, the PDMS sheet was peeled off and 
cut into pieces and subsequently used as stamps during grafting. 
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Experimental 

3.2 Synthesis 

3.2.1 Monomers 

TMC was synthesized from 1,3-propandiol and diethylcarbonate with stannous 2-
ethylhexanoate as transesterification catalyst, as previously described87. The mixture 
was refluxed and the formed ethanol was distilled off. The residual reaction mixture 
was vacuum distilled and white solid monomer was obtained. The monomer was 
recrystallized from toluene. 
1H-NMR (400 MHz, CDCl3): δ= 4.4 (t, 4H, -O-CH2-), δ= 2.12 (m, 2H, -CH2-CH2-
CH2-) 
13C-NMR (400MHz, CDCl3): δ= 22.03 (CH2-CH2-CH2-), δ= 68.5 (-O-CH2-), δ= 149 
(C=O) 

Melting point: 47,6 °C (DSC) 

3.2.2 Polymers 

Ring-opening polymerization of PTMC was performed by charging the monomer 
into a silanized round flask in the presence of the initiator stannous 2-ethylhexanoate 
which was kept at 80 °C for 36 h under inert atmosphere. The polymer formed was 
dissolved in dichloromethane, precipitated in cold methanol, reprecipitated for 
purification and finally vacuum dried to constant weight.  
1H-NMR (400 MHz, CDCl3): δ= 4.23 (t, 4H, -O-CH2-), δ= 2.04 (m, 2H, -CH2-CH2-
CH2-). 13C-NMR (400 MHz, CDCl3): δ = 28,5 (CH2-CH2-CH2-), δ= 64,7 (-O-CH2-), 
δ= 155,3 (C=O) 

Glass transition temperature: -20 °C (DSC) 

Molecular weight: Mn= 71300, Mw= 97300 (SEC, CHCl3) 

 

A random copolymer of PLGA (50/50 mol/mol) was ring-opening polymerized by 
adding the glycolide and lactide monomers and stannous 2-ethylhexanoate as initiator 
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into a silanized round flask under inert atmosphere, keeping the temperature at 170 
°C for 48 h.  

After dissolution in dichloromethane and precipitation in methanol, the product 
was vacuum dried to constant weight. 
1H-NMR (400 MHz, CDCl3): δ= 5,15-5,21 (m, 1H, -O-CH(CH3)), δ= 4,79-4,9 (m, 
2H, -O-CH2-), δ= 1,58 (d, 3H, -CH3) 
13C-NMR (400 MHz, CDCl3): δ= 17,1 (-CH3), δ= 61,3 (-O-CH2-), δ= 69,5 (-O-
CH(CH3)), δ= 166,8 (C=O, glycolide), δ= 170 (C=O, lactide) 

Glass transition temperature: 42,6 °C (DSC) 

Molecular weight: Mn= 55400, Mw= 77400 (SEC, CHCl3) 

3.3 Substrate preparation by solution casting 

4 g of polymer was dissolved in 100 ml chloroform. The clear solution was pored 
onto a smooth glass mould that was previously silanized. The glass mould was 
silanized in a mixture of dichlorodimethylsilane, triethylamine and dichloromethane. 
The solvent was allowed to slowly evaporate from covered moulds and the films 
were dried. Circular pieces with a diameter of 15 mm and 9 mm were cut from the 
films and used as sample substrates in the following grafting. 

3.4 Vapor phase grafting 

Grafting of film substrates was performed in a glass reactor consisting of two 
interconnected chambers. The substrates were placed in one of the chambers and the 
grounded monomer, MAH or AAm, or liquid VP, and the grounded photoinitiator 
benzophenone (molar ratio of monomer to initiator = 10:1) were charged in the other 
chamber. The horizontal connection tube between the chambers was stuffed with 
glass wool to only let vapor pass through and to prevent staining of the substrates. 
The reactor was covered with a quartz plate transparent to UV light and fitted, via a 
vent to a vacuum line with a rotary vane pump (Alcatel 2005) and a turbo pump 
(Alcatel 600 T) in series. The reactor was evacuated and slowly filled with argon or 
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nitrogen gas three times and finally evacuated, sealed and disconnected from the 
pump. Then it was immersed into a water bath thermostated at different temperatures 
depending on substrate (Table 2). The reactor was illuminated with UV light from an 
Osram Ultra-Vitalux 300 W lamp. The UV lamp was positioned at such a distance 
from the reactor so that the air and water in between would eliminate the risk of heat 
radiation from the lamp affecting the temperature in the reactor. The temperature 
inside the reactor during UV illumination has been checked with a thermometer to 
ensure a stable temperature. 

Table 2. Graft temperature for investigated substrates. 

Substrate PLLA PCL PLGA PTMC 

Graft temp. [°C] 50 45 35 30 

The reactor was irradiated with UV light for predetermined times. The reaction 
was stopped by turning of the UV light, withdrawing the reactor from the water bath 
and opening it. The grafted films were rinsed in deionized water, soaked in deionized 
water for one hour and then washed in ethanol (99.5 %) for four hours including 
ultrasonication. Finally, the films were thoroughly dried under vacuum. 

For comparison, PLLA films (denoted PLLA blank) were also subjected to the 
grafting process, including UV irradiation and 50 °C for 30 minutes without the 
presence of initiator. 

In case of the masked vapor phase grafting (Paper III), PCL films were covered 
with PDMS stamps before being placed in the chamber (Scheme 6). The grafting 
procedure was performed as described above with a bath temperature of 40 °C and 
the substrates were illuminated for 20 min. After grafting, the stamps were removed 
from the films and the latter were treated as described above. 
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Scheme 6. Schematic illustration of the principle of masked vapor phase grafting. 

 

3.5 Electron beam irradiation 

PLLA films were irradiated with electron beam irradiation with a dose of 2,5 Mrad 
per passage from a pulsed electron accelerator (Mikroton, Acceleratorteknik, The 
Royal Institute of Technology, Stockholm) operating at 6.5 MeV. The films were 
place on a glass surfaced cooling plate in air (LKB Multitemp. I.) operating at 2,5 °C. 
This was performed to allow for a comparison with vapor phase grafted PLLA films. 

3.6 Characterization 

3.6.1 Size exclusion chromatography, SEC 

The molecular weights were determined from filtered samples with SEC on a 
system consisting of a Waters 717plus auto sampler, a Waters model 510 apparatus 
equipped with three PLgel 10 µm mixed-B columns, 300 x 7.5 mm (Polymer Labs., 
UK) and an PL-ELS 1000 evaporative light scattering detector (Polymer Labs., UK). 
Chloroform, was used at 25 °C as an eluent, with a flow rate of 1.0 ml/min. The 
system was calibrated with polystyrene standards with narrow molecular weight 
distributions (Mw/Mn= 1.06). 

Monomer and 
initiator 

PDMS 

Substrate 

UV irradiation 

Substrate 
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3.6.2 Fourier transform infrared spectrometry, FTIR 

FTIR spectra were recorded on a Perkin Elmer Spectrum 2000 FTIR equipped 
with an Attenuated Total Reflectance (ATR) crystal accessory (Golden Gate) 
providing an analysis of the surface down to a depth of approximately 1 µm. All 
spectra were calculated means from 16 (Paper I and III) or 32 (Paper II) scans at 2 
cm-1 resolution with correction for atmospheric water and carbon dioxide. 

3.6.3 X-ray photoelectron spectrometry, XPS 

The surface compositions of the substrates were examined by XPS, also known as 
ESCA. The analysis was performed on an AXIS-HS X-ray Photoelectron 
Spectrometer (Kratos Analytical, Manchester, UK) with a monochromatic Al Κα X-
ray source at 15 kV and 20 mA. The take-off angle to the substrates was 90 °, the 
pressure was approximately 1.3*10-11 bar and the pass energy used to determine the 
elemental composition was 80 eV. Sensitivity factors were supplied by the 
manufacturer. 

3.6.4 Scanning electron microscopy, SEM 

Surface topographies were examined by SEM using a JEOL JSM 5400 scanning 
microscope. Samples were mounted on metal stubs and sputter coated with gold-
palladium (Denton Vacuum Desc II). 

3.6.5 Atomic force microscopy, AFM 

The surface topographies were further analyzed with an atomic force microscope, 
CSM Instruments Nano indentor with combined Atomic Force Microscope. The 
analyses were performed in dynamic contact mode in air using a Pointprobe plus 
probe with a nominal spring constant of ~46,5 N*m-1 and a resonance frequency of 
181-200 kHz. The length of the cantilever was 223 µm. Image analysis was 
performed in CSM Instruments imagePlus v. 3.1.10. 
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3.6.6 Static contact angle measurement 

The static contact angles of surfaces were measured on an apparatus purposely 
constructed at the department. The samples to be analyzed were placed on a flat and 
well-lit surface in front of a Sanyo VCC4100 Color CCD video camera, equipped 
with a Cosmicar 25 mm 1:1.4 television lens, connected by means of a 20 mm spacer 
in order to increase the optical magnification. The video signal was transferred to a 
computer using an IC-PCI frame grabber card from Imaging Technology Inc. The 
live feed from the camera was captured and processed with OPTIMAS 6.2 software 
from the Optimas Corporation. The contact angle data of each sample are averages of 
4 individual measurements. 

3.6.7 Nuclear magnetic resonance spectrometry, NMR 

1H-NMR and 13C-NMR spectra were recorded at 500 MHz on a Bruker DMX-500 
Nuclear magnetic resonance spectrometer, using Bruker software. Samples of about 
40 mg were dissolved in CDCl3 (Aldrich Chemical Co.) in 5 mm-o.d. sample tubes. 

3.6.8 Differential scanning calorimetry, DSC 

The melting and glass transition temperatures for the synthesized monomer and 
polymers were measured with a temperature- and energy calibrated Mettler Toledo 
DSC 820 purged with nitrogen gas. The samples were loaded into 40 µL aluminum 
caps. Thermograms were recorded, from-30°C to 160°C. The heating rate was 
10°C/min and the nitrogen flow was set to 80 ml/min. 

3.6.9 Cell culture 

The ability of the substrates to function as matrix for the adhesion and proliferation 
of normal human cells were tested by Prof. Gunnar Kratz at the University Hospital 
of Linköping, Sweden. 
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Human preadipocytes and fibroblasts were obtained from tissue specimens taken 
from healthy patients undergoing routine reduction mammoplasty. The tissue was 
received fresh from the operating room, transported in sterile NaCl-soaked gauzes 
and processed within 24 hours. Primary cultures of human skin fibroblasts were 
isolated by dissecting the dermal layer of the skin samples and subsequently 
incubating the fragments at 37 °C over night in DMEM containing 2 % FCS, 165 
U/ml collagenase (type 1; Worthington, NJ) and 2.5 U/ml dispase (Gibco BRL, Life 
Technologies, Germany). Cells were expanded by incubation in fibroblast control 
media in 25 cm2 culture flasks in 37 °C, 5 % CO2 and 95 % humidity. Media were 
changed every second day. 

Primary culture of keratinocytes was obtained by enzymatically separating the 
epidermis from the dermis. The cells in the epidermis were treated with a 
trypsine/EDTA solution to obtain a single cell suspension which was subsequently 
plated in 75 cm2 cell culture dishes and incubated with a defined, serum-free, 
keratinocyte medium in 37 °C, 5 % CO2 and 95 % humidity. Media were changed 
every second day. 

3.6.10 Cell adhesion and proliferation tests 

The films were coded, sterilized in ethanol and in the size of 1 cm2. The films were 
then placed in 12-well cell culture dishes and incubated with two different normal 
human cell types; keratinocytes and skin fibroblasts (50 000 cells/cm2) in cell culture 
medium optimized for the respective cell type (see previous paragraph). The cells 
were analyzed with vital staining and histology after seven days of incubation. Cells 
on the membranes were stained with MTT staining, digitally photographed (since the 
substrates were not transparent, regular microscopy pictures could not be assessed) 
and the percentage of cellular coverage (in ten high power field microscopy) was 
calculated. Control cells cultured on cell culture plastics optimized for the adhesion 
and proliferation of cells were used as reference and regarded as 100 %. 
Subsequently the membranes were fixed in 4 % buffered formaldehyde and de-
hydration was performed through an ethanol-xylene series before the tissue-sheets 
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where imbedded in paraffin. Sections of 7 microns were either stained with HTX-
eosin or processed for immunohistochemical assays to ensure the origin and 
preserved phenotype of the cells. 
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4 Results and Discussion 

In the field of biomaterials it has been shown that the surface properties of 
implants are crucial for the interaction between the tissue and the implant, especially 
during the early stages after implantation. 

In this work, a method for covalent surface modification of degradable polymers is 
described. Three different monomers, VP, MAH and AAm were grafted on PLLA 
substrates. Moreover, VP was grafted on three additional degradable polymers, to 
examine if the method was suitable for degradable polymers in general. Finally, the 
method was applied for the patterning of nano sized substrates, and also to surface 
modify already nano patterned surfaces. 

4.1 Comparison of UV and EB irradiation of PLLA 

Surface modification is often performed by high energy radiation activation of the 
surface. The created free radicals are initiated by the radiation energy, and used as 
active sites for the monomers during grafting. There are two unwanted side effects 
that may occur; crosslinking caused by the recombination of free radicals, and 
degradation caused by disruption of the attractive forces between atoms and causing 
chain cleavage. 

While using UV irradiation as in this study, the radicals are formed by a 
photoinitiator, BPO, and not by the irradiation itself. BPO is transferred into an 
excited state when it absorbs UV irradiation and will abstract hydrogens from the 
substrate surface by inelastic collision as it relaxes back to its ground state. As a 
result, radicals are formed on the substrate surface and they will react with the vinyl 
functionality of the monomer and initiate graft polymerization. 

To evaluate the effect of irradiation of degradable polymers, PLLA substrates were 
irradiated with either UV or EB irradiation. The molecular weights of the substrates 
were then measured. Untreated substrates were also evaluated for comparison. The 
results in Table 3 showed that the molecular weight of the EB irradiated substrates 
had significantly decreased compared to untreated substrates and the UV irradiated 
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films. It has earlier been shown that chain scission occurs in polylactide films 
subjected to EB irradiation. The PLLA substrates are not transparent, and therefore 
will the UV irradiation not penetrate the substrates. The bulk material will thus not be 
affected of the irradiation during the vapor phase grafting. That is true for all the 
samples, regardless of the grafting time investigated in this study. 

Table 3. Molecular weights of Polylactide (PLLA) and PLLA films treated in various ways. 

Sample Mn
a PDIa,b

PLLA pellets 163000 1,3 

PLLA film, untreated 145600 1,3 

PLLA film, electron beam irradiated 89000 1,8 

PLLA film, blankc 130800 1,6 

PLLA film, grafted with Acrylamide 10 min 127500 1,4 

PLLA film, grafted with N-vinylpyrrolidone for 17,5 min 135800 1,5 
a Measured by Size Exclusion Chromatography (SEC) with chloroform as an eluent  
b Polydispersity Index = Mw/Mn 
c Film subjected to the UV-grafting process for 30 minutes without the presence of initiator 

4.2 Extent of grafting and graft yield 

To evaluate how successful the grafting procedure was, the films were weighed 
before and after the grafting procedure. The graft yields (the percentage increase in 
weight) were calculated from the weight of the films before (W0) and after grafting 
and drying (Wg): 
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The extent of grafting is another way of quantifying the results: 
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where S represents the surface area. 

Firstly, the extent of grafting was evaluated for PLLA substrates grafted with 
different monomers, VP, AAm and MAH. The results showed that the yield increases 
in the monomer order of MAH < AAm < VP, but that there are no significant 
differences until longer grafting times are reached (Figure 1). After 30 minutes, the 
substrates grafted with VP and AAm have reached an extent of grafting that is 
enough for full surface coverage in a thin layer. 30 minutes is quite a long time 
compared to photografting in solution, a faster increase in graft yield would be 
reached, but then higher temperatures are required than what is acceptable for our 
substrates.  
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Figure 1. Extent of grafting and graft yield for PLLA grafted with (♦) VP, (■) AAm, and (▲) MAH.  

There are different factors affecting the extent of grafting, as for example the 
concentration of monomer in the atmosphere in the reactor. The concentration will 
determine how much monomer that is available to the grafting site, and this is 
determined by the vapor pressure of the monomer. The temperature of grafting will 
also affect the concentration of monomer in the vapor phase. Since all the PLLA 
substrates were grafted at the same temperature, this will not make any difference 
between the grafted PLLA substrates. The upper limit of the temperature that can be 
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used while preserving the physical characteristics of the substrates is set by the glass 
transition temperature of the substrates. The differences in obtained graft yield and 
extent of grafting can be explained by the differences in vapor pressure at the grafting 
temperature for the monomers. This affects the monomer concentration in the vapor 
phase. VP has a much higher vapor pressure88 (1,64 mbar at 50 °C) than AAm (0,13 
mbar at 50 °C), and is thus more accessible to the site of grafting polymerization than 
AAm. With MAH, the lowest graft yield and extent of grafting is obtained, although 
this monomer has the highest vapor pressure (2,25 mbar at 50 °C) of the investigated 
monomers. This because the concentration of monomer in the vapor phase is still so 
low that depropagation is favored over propagation for MAH and 
homopolymerization will not occur. Instead, a grafted monomolecular layer of 
succinic anhydride on the substrates will form instead of the chains formed by 
grafting with VP or AAm. 

When VP was grafted on different degradable polymers, it was shown that the 
extent of grafting and graft yield was highest for PLLA, and PCL (Figure 2) when 
comparing the results after 30 min of grafting.  

The two methods of calculating the yield give slightly different answers, because 
the extent of grafting is affected of the size of the substrate area. 
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Figure 2. Extent of grafting and graft yield for substrates of PLLA, PCL, PLGA, and PTMC grafted with 
VP. 

As the concentration of monomer in the vapor phase depends on the vapor 
pressure of the monomer, the graft temperature directly affects the extent of grafting 
and graft yield, when the same monomer is used for all the substrates. The upper 
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limit of the graft temperatures is set by the softening points of the polymers so that 
their physical integrity is not deteriorated during grafting. Because of this, lower 
grafting temperatures were needed for PLGA, and PTMC substrates respectively. The 
higher graft temperature, the higher the extent of grafting and graft yield would 
theoretically be. The presence and amount of hydrogens that readily can be abstracted 
on the substrates is also important for the extent of grafting. This is so because of the 
photografting mechanism, where the photoinitiator, BPO, is transferred to an excited 
state as it absorbs the UV light and eventually relaxes and abstracts hydrogen from 
the substrate surface by inelastic collision. The radical species then formed on the 
substrate surface reacts with the vinyl functionality of the monomer and effectively 
initiates graft polymerization. Homolytic cleavage of the C-H bond requires less 
energy for a tertiary carbon than for a secondary carbon, which in turn forms a more 
stable radical than a primary carbon. The reactivity of tertiary alkyl radicals may 
however be impaired by sterical hindrance. Generally, the more hydrogens that are 
bound to tertiary and secondary carbons on the polymer chain, the easier the polymer 
reacts during photografting. 

An example of how the monomers are attached to the surface by vapor phase 
grafting is shown in Scheme 7. The grafted chains are collapsed on the surface of the 
substrate in the dry state and therefore not pointing out as shown in the figure. As a 
result, the thickness of the grafted layer is hard to estimate. 
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Scheme 7. Monomer attachment to surface by vapor phase grafting. 

While comparing the substrates grafted with VP for 30 min, it was shown that the 
PLLA and PCL substrates had the highest extent of grafting and graft yield, followed 
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by the grafted PTMC and PLGA films. PCL contains many secondary hydrogens in 
between the ester functionalities, hence grafting is more easily initiated than for 
PTMC and PLGA. PTMC is grafted at lower temperature than PLGA, but PTMC has 
more secondary hydrogens per repeating unit and therefore bounds easier to VP and 
achieves a higher extent of grafting than PLGA. 

4.3 Surface composition analysis 

The increase in graft yield and extent of grafting with time for the grafted films, is 
a strong indication of that the surface of the grafted films have been modified. But 
nothing is then said about how the surfaces are modified. The chemical surface 
compositions of the substrates were therefore examined by ATR-FTIR89 and XPS90. 

With ATR-FTIR, the untreated PLLA substrates showed a characteristic band at 
1747 cm-1, corresponding to an ester C=O band. 

Already after 5 min of grafting, the PLLA substrates grafted with AAm obtained 
another C=O band at 1663 cm-1, corresponding well with the stretching vibrations 
caused by secondary amides in the solid state expected to be found in the area of 
1670-1650 cm-1 (Figure 3). The weak-to-medium intensity band (amide II), expected 
close to 1620 cm-1 is seen at 1618 cm-1 and can be separated from the amide C=O 
band. The broad amide N-H stretching vibrations are found in regions of 3450-3320 
and 3220-3120 cm-1. 
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Figure 3. ATR-FTIR spectra of PLLA films, untreated and vapor phase grafted with AAm for different 
times. 

The VP grafted PLLA substrate also shows an amide C=O stretching vibration 
band in the solid state (amide I) (Figure 4). The band, which is expected to be found 
in the region of 1680-1630 cm-1, is visible at 1658 cm-1. The amide I band is seen 
after a short time of grafting, and the peak intensity increases with time. The broad 
amide N-H band is located at 3600-3200 cm-1. Both the AAm and VP grafted 
substrates should have an amide III C-N stretching band in the region of 1440-1200 
cm-1, but these bands are overlaid by the C-H, C-H2, and C-C peaks originating from 
the main chains of the substrates and the grafts, and can therefore not be resolved. 
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Figure 4. ATR-FTIR spectra of PLLA films, untreated and vapor phase grafted with VP for different 
times. 

The MAH grafted substrates contains a monomolecular layer of succinic anhydride 
on the surface of the substrates, as discussed above. Because of the low extent of 
grafting obtained, the intensity of the succinic anhydride peaks in the ATR-FTIR 
spectra will be low. In the region of 1840-1720 cm-1, two C=O bands are expected to 
be found separated with a distance of ~60 cm-1 assuming that the anhydride 
functionality is still intact (Figure 5). One C=O band is detected at 1720 cm-1 as a 
shoulder on the C=O peak originating from the PLLA substrates. No peaks are found 
over 1800 cm-1, which means that anhydride groups are not present on the PLLA 
surface. A most explanation is that the anhydride functionalities are not very stable, 
and that they have hydrolyzed during the purification of the grafted films. At around 
1635 cm-1, a broad C=O peak is detected. The shoulder at 1720 cm-1 and the band 
at1635 cm-1 implies that there are different C=O groups present, but because of an 
undetectable broad O-H band in the 3300-2500 cm-1 region, a higher extent of 
formation of free acid groups are excluded. Instead, adducts with ethanol may have 
formed. 
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Figure 5. ATR-FTIR spectra of PLLA films, untreated and vapor phase grafted with MAH for different 
times. 

The untreated PCL films show a characteristic ester C=O band at 1718 cm-1, the 
same band appears at 1746 cm-1 for the untreated PLGA films before VP grafting. 
The untreated PTMC films shows instead a characteristic carbonate C=O band at 
1734 cm-1. There are also C-H stretching vibrations in the 2900 and 2800 cm-1 region. 
In accordance with the VP grafted PLLA substrates, a primary amide C=O stretching 
vibration band in the solid state (amide I) is expected in the region of 1680-1630 cm-1 
for the VP grafted films. This band is displayed at 1661, 1654, and 1659 cm-1 for the 
VP grafted PCL, PLGA, and PTMC films respectively (Figure 6 and Figure 7). The 
bands are visible already after short grafting times for all the substrates, and increase 
in intensity with grafting time. The broad and weak N-H stretching vibration bands 
are seen in the region of 3600-3200 cm-1 for all the grafted substrates. The amide III 
band assigned to the C-N stretching are expected to be seen in the region of 1440-
1200 cm-1, but as discussed above are these bands overlaid by C-H, -CH2- and C-C 
bands and therefore hard to distinguish. 
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Figure 6.ATR-FTIR spectra of PLLA and PCL films, untreated and vapor phase grafted with VP for 30 
minutes respectively. 
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Figure 7 ATR-FTIR spectra of PTMC and PLGA films, untreated and vapor phase grafted with VP for 
30 minutes respectively. 
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The ATR-FTIR analyses have clearly shown that the monomers have covalently 
been attached to the surface of the degradable polymer films investigated. It has also 
been shown that the amount of grafted monomer on the films increases with grafting 
time. To verify that the grafted material was covalently attached to the surface, PLLA 
substrates were subjected to the vapor phase grafting method for 30 min at 50 °C but 
without the presence of a photoinitiator. There was no weight increase recorded for 
these films after purification and the ATR-FTIR spectra showed no peaks other than 
those originating from the PLLA bulk material. This shows that the monomers are 
covalently attached through the photoinitation process of BPO and not just physically 
absorbed onto the surface. 

The surface composition of the grafted substrates were further analyzed with XPS 
(Figure 8 and Figure 9), a technique that analyze the very outermost part of the 
substrate at a much smaller depth compared to the ATR-FTIR. The ATR-FTIR 
results were confirmed by the XPS measurements. The theoretical surface 
composition was calculated with the assumption that the entire surface was covered 
with the grafted material, and is measured as at-% of the present elements with the 
hydrogens excluded. The theoretical values for the ungrafted substrates were also 
calculated for comparison. The analyses showed small amounts of Si in the samples, 
originating from the grease used for the reactor during the grafting procedure. The 
values from the XPS analyses have been corrected considering this, and are presented 
in Table 4. The results show that all the VP grafted substrates contained nitrogen, as 
expected when the monomer is covalently bound to the surface. The surface 
composition of the VP grafted PLLA substrates corresponded well with the 
calculated theoretical values. The PCL substrates grafted with VP showed almost as 
good results. The VP grafted PLGA and PTMC films showed slightly lower amounts 
of nitrogen than the theoretical values. They also showed slightly higher amounts of 
oxygen and carbon than was expected from a fully VP covered film. This can be 
explained either by the surface not being fully covered with VP, or that the VP layer 
is so thin that the bulk material is included in the investigated depth of the XPS 
analysis. 
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The AAm grafted films also contained nitrogen as expected, the amount was 
however lower than for the theoretical values. The percentages of oxygen and carbon 
were higher than expected. Again, plausible explanations are 1) that the surface was 
either not fully covered, or 2) that the bulk material was included in the depth of the 
analysis. The XPS results verify previous results, which show that grafting with VP 
gives a higher yield and extent of grafting than AAm. 

There is no significant difference in C/O ratio for the theoretical values of pure 
PLLA substrates and MAH grafted substrates. This makes it difficult to evaluate the 
XPS analysis of the MAH grafted substrates. The hydrogen atoms cannot be seen in 
the XPS spectra, which also make it more difficult. We can only conclude that, as 
expected, the MAH grafted substrates did not contain any nitrogen, and that the ratio 
of carbon and oxygen corresponded well with the theoretical values of a fully MAH 
covered film. 
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Figure 8 XPS data of a) PLLA film, and PLLA film grafted for 30 minutes with b) VP c) AAm d) MAH. 
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Figure 9 XPS data of films grafted for 30 minutes with VP: a) PCL b) PLLA (c) PLGA and (d) PTMC. 
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Table 4 Surface composition, theoretical and measured (XPS) of pure and grafted substrates. 

 Substrate Ca Oa Na C/Oa N/Oa

Theoretical Pure PLA 60,0 40,0 - 1,5 - 

  Pure PCL 75,0 25,0 - 3,0 - 

  Pure PLGA 55,6 44,4 - 1,3 - 

  Pure PTMC 57,1 42,9 - 1,3 - 

  Pure VP 75,0 12,5 12,5 6,0 1,0 

  Pure AAm 60,0 20,0 20 3,0 1 

  Pure MAH 57,1 42,9 - 1,3 - 

Measured Pure PLA 64,7 35,4 - 1,8 - 

  PLA-VP 73,9 16,5 9,59 4,5 0,6 

  PCL-VP 76,0 17,2 6,82 4,4 0,4 

  PLGA-VP 63,7 33,3 3,03 1,9 0,1 

  PTMC-VP 71,1 20,9 8,825 3,4 0,4 

  PLA-AAm 64,5 28,2 6,88 2,3 0,2 

  PLA-MAH 63,6 36,4 - 1,7 - 
a Corrected values. 

4.4 Wettability of the substrates 

The surface wettability is of great importance in the field of implants and medical 
devices. Wettability, when quantified as the static contact angle between water and 
the substrate, is optimal in the range of 30-60° for implants. Surfaces with higher or 
lower wettability, e.g. the polymers used in this study, are less biocompatible in terms 
of adhesion and proliferation of cells, compared to those with optimal wettability. 
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Pure PLLA films showed a static contact angle of ~80º and for pure PCL films 80º or 
above. It was clearly shown that PLLA substrates grafted with varying monomers 
showed an increase in wettability. The wettability increased with the grafting time 
and in the monomeric order of VP>AAm>MAH. The increase varied with the extent 
of grafting, the higher extent of grafting, the lower the static contact angle of the 
films, i.e. the films got more hydrophilic. For example, PLLA grafted for 30 min 
showed an static contact angle as follows, for VP graft: 25º, AAm: 35º and for MAH 
50º (Figure 10). MAH grafted films obtain an optimal wettability after 30 minutes, 
while VP and AAm grafted films needs somewhat shorter times. That is due to that 
the MAH grafted films obtains a monomeric layer as mentioned above. 
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Figure 10. Static contact angle for PLLA films vapor phase grafted with (♦) VP,(■) AAm, and  
(▲) MAH. 

The static contact angles were also determined for the VP vapor phase grafted 
films. The results showed, as in the PLLA study, that the wettability increased with 
grafting time. All the substrates obtained optimal contact angles after 20 minutes or 
longer grafting times (Figure 11). 
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Figure 11. Static contact angle for VP vapor phase grafted substrates:(♦) PCL, (■)PLLA, (▲) PLGA, 
and (X) PTMC. 

4.5 Surface topography 

The surface topography of the vapor phase grafted degradable polymers were 
analyzed with SEM. The untreated substrates of PLLA, PCL, PLGA and PTMC had 
a smooth topography. In the study of PLLA films grafted with different monomers, 
VP, AAm, or MAH for 30 minutes, it was shown that all the grafted films obtained a 
rougher surface. VP gave rise to the roughest surface, which can be explained by the 
VP grafted films having the highest extent of grafting and that the VP therefore forms 
the longest or the most polymer chains on the surface. The surface layers of all the 
grafted films were homogenously textured and therefore indicating that 30 minutes 
grafting is enough for totally coverage of the surfaces in a thin layer (Figure 12). 
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Figure 12. SEM micrographs (magnification x1000) of a) a blank PLLA film, and PLLA-films grafted 
for 30 minutes with b) VP c) AAm d) MAH. 

The analysis of the VP grafted films revealed that the films grafted for 30 minutes 
with VP obtained a rougher surface texture, than the untreated films. It was also 
shown that the grafted PLLA films had the roughest surface. This can be explained 
by the same reason as mentioned above, that the PLLA grafted films has the highest 
extent of grafting and therefore has the most or the longest polymer chains on the 
surface of the substrate (Figure 13). 

c) d) 

b) a) 
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a)  

Figure 13. SEM micrographs (Magnification x2000) of ungra
with VP: a) untreated PCL, b) grafted PCL, c) untreated PLL
grafted PLGA, g) untreated PTMC h) grafted PTMC.
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4.6 Cell studies 

Cell adhesion and proliferation on the VP grafted PLLA, PCL, PTMC, and PLGA 
films were investigated. Two different kinds of normal human cells were cultured on 
the VP grafted substrates; keratinocytes and skin fibroblasts. After seven days of 
incubation, the coverage of cells on the different films were measured and compared 
to cells cultured on cell culture plastics (regarded as 100 %). The modified PTMC, 
PLGA, and PLLA films provided a good matrix for the cells to adhere and proliferate 
on. PLGA were as good (100 %) as optimized cell culture plastics in this respect, 
while PTMC (90 %) and PLLA (90 %) were almost as good. Digital photographs 
were taken and an example is shown for PTMC and in Figure 14. The PCL films 
showed a peculiar behavior. The two human cell types did not adhere onto the PCL 
substrates (5 %) but the substrates did not affect cells growing adjacently, ruling out 
cytotoxic effects. Rather, the cells seemed to slide off the surface. Such an effect is 
interesting for some biomedical applications, such as plastic surgery, and materials 
resistant to cell adhesion are also sought after as intestine tissue materials. The 
different behavior of the modified PCL films in this study compared to the other 
substrates cannot be explained by differences in surface chemistry. It is possible that 
the PCL surfaces, being much smoother than for example PLLA, were simply so 
smooth that the cells could not adhere. This odd behavior of VP-grafted PCL surfaces 
has to and will be further investigated. 
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Figure 14. Digital photographs of PTMC surfaces cultured in keratinocytes for 7 days and then MTT-
stained. 

4.7 Patterned surfaces 

Patterned surfaces of implants can improve the cell proliferation and serve as 
guidance for cell growth. The covalent vapor phase grafting method has been used 
for creating patterns both chemically and topographically simultaneously. The 
method has also been used to chemically modify nano structured surfaces while 
maintaining the structure. 

4.7.1 Grafting on patterned surfaces 

Nano patterned surfaces were grafted to show that the vapor phase grafting method 
is able to create thin layers of grafts, allowing for surface modification of patterned 
materials, while preserving a fine structure. 

Nano patterned PCL films (grooves 450 nm wide and 195 nm deep) were 
ultrasonically washed in ethanol and dried before grafting with VP for 30 min at  
45 °C. The contact angle measurements showed that the static contact angle had 
decreased from 75 °C to 22 °C resulting in a large increase of wettability. The surface 
composition was analyzed with ATR-FTIR. It was clearly shown that the VP 
monomer was covalently attached to the surface as previously discussed.  

The surface topography was analyzed with SEM. The micrographs showed that the 
pattern on the surface was well preserved (Figure 15). 
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a) b) 

  
 c) 

 

Figure 15. SEM micrographs of nano patterned PCL film, untreated or grafted with VP for 30 minutes: 
a) untreated, magnification x2000, b) grafted, magnification x2000, and c) grafted, magnification 
x10000. 

The topography was further examined with AFM to obtain an even more detailed 
analysis of the surface (Figure 16). The SEM results were confirmed, showing that 
the nano pattern was well preserved after grafting with VP. The grafted surface layer 
is thus very thin. 
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Figure 16. AFM micrograph of, from left to right: untreated nano patterned PCL, nano patterned PCL 
VP grafted for 30 min at 45°C. 

Cross section of AFM micrographs of the untreated and the VP grafted nano 
patterned PCL films are shown in Figure 17, verifying that the surface layer is very 
thin. 
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Figure 17. Cross section of AFM scans, top: untreated nano patterned PCL, bottom: VP grafted nano 
patterned PCL. 

4.7.2 Masked grafting 

Nano patterned PCL films were obtained by masked vapor phase grafting with 
MAH and VP. The films were covered with nano patterned PDMS stamps during the 
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grafting procedure. To avoid swelling of the PDMS stamps, which would affect the 
patterned surface of the stamps, is it important that the method is solvent and solvent 
vapor free. 

The wettabilities of the grafted substrates were examined by static contact angle 
measurements. The untreated substrate of nano patterned PCL had a static contact 
angle of 75 °. PCL films subjected to 20 min of masked vapor phase grafting at 40 °C 
with MAH showed a static contact angle of 58 °, and the same result was achieved 
for PCL films patterned with VP. The results are in the interval of moderate 
wettability, which are sought for to achieve optimal wettability for the adhesion and 
proliferation of cells . 

The surface composition was examined with ATR-FTIR (Figure 18). It was 
verified that the VP was covalently attached to the surface, showing a shift of the 
strong ester C=O band to 1718 cm-1, an amide I band at 1669 cm-1 and an amide N-H 
band in the region of 3600-3200 cm-1. The MAH grafted films obtained a thin 
succinic anhydride layer instead of MAH, because of the low monomer concentration 
in vapor phase at this temperature, as discussed previously. At low concentration 
depropagation is favored over propagation for MAH. The anhydride part should give 
rise to two C=O bands separated by ~60 cm-1, in the 1840-1720 cm-1 region. But as 
for the PLLA films grafted with MAH, the anhydride bonds are hydrolyzed during 
washing and formed free carboxylic acids and, to a larger extent, adducts with 
ethanol. In the spectrum of grafted PLLA, the band of the resulting C=O groups 
could be seen as a shoulder just above 1700 cm-1 on the PLLA ester C=O band. Since 
PCL has its ester C=O band at 1718 cm-1, this shoulder is completely overlaid and 
hard to distinguish. The surface chemistry for the MAH grafted PCL films are 
therefore more difficult to verify than for the VP grafted films. Only a small shift of 
the PCL C=O peak to 1721 cm-1 and a poorly resolved shoulder at 1734 cm-1 imply 
that grafting has taken place. On the other hand, contact angle measurements and 
AFM strongly point to the fact that the PCL surfaces have been chemically and 
structurally modified as a result of masked MAH grafting.  
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Figure 18. ATR-FTIR spectra of masked vapor phase grafted PCL, grafted  for 20 minutes with MAH 
and VP, and untreated PCL. 

The grafted PCL surfaces were first examined by SEM to evaluate how successful 
the patterning of the surfaces was (Figure 19). The SEM analysis showed that the 
surfaces of the MAH and VP grafted films had obtained a striped structure, in 
contrast to the smooth untreated films. The SEM micrographs do not provide any 
information about the height of the ridges and the depth of the channels. The films 
were therefore also analyzed with AFM to give a three dimensional view of the 
samples. 
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a) b) 

  

Figure 19. SEM micrographs (Magnification x3500) of PCL films modified by masked vapor phase 
grafting with a) MAH b) VP. 

The AFM analysis clearly showed that the masked vapor phase grafted substrates 
had obtained a striped surface structure, consisting of ridges and channels (Figure 20 
and Figure 21). The VP grafted films had ridges with a height of 90 nm separated by 
a distance of 990 nm in average. The MAH ridges were 110 nm high, separated by a 
distance of 990 nm in average. The dimensions of the ridges are for neither case 
exactly as a perfect cast of the silicone stamp, which would have given ridges with a 
height of 195 nm, separated by of 1000 nm. This can be explained by the decreasing 
space for monomer transport and graft propagation as the growing grafts start to fill 
up the narrow channels in the stamp. The surfaces do still present a pronounced 
topography and the succinic anhydride group resulting from the MAH grafting is a 
reactive moiety that could easily by covalently modified with bioactive substances 
for the preparation of a functional surface. 
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Figure 20. AFM images of a PCL film modified by masked vapor phase grafting with MAH, a) and b) 
3D-representation c) cross section of AFM scans. 
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Figure 21. AFM images of a PCL film modified by masked vapor phase grafting with VP, a) and b) 3D-
representation c) cross section of AFM scans. 

 



Conclusions 

 - 51 -

5 Conclusions 

A new non-destructive, single-step, and solvent free method for surface 
modification of degradable polymers has been presented. PLLA films have been 
functionalized with either VP, AAm, or MAH grafts. The substrates were subjected 
to a vapor phase mixture of the vinyl monomer and a photoinitiator in a closed 
chamber, thereafter irradiated with UV light under very low pressure. The static 
contact angles of the substrates were decreased from ~80º for pure PLLA to ~50º for 
MAH, ~35º for AAm and ~25º for VP after grafting for 30 minutes. The wettability 
and extent of grafting increased with the grafting time. The surface chemistry was 
confirmed with ATR-FTIR and XPS. It has also been shown that the method can be 
applied for modification of various degradable polymers, by grafting of PCL, PTMC 
and PLGA substrates with VP. The surface wettability decreased significantly for all 
the substrates. The VP grafted PLLA, PTMC and PLGA substrates showed to be 
good substrates for the normal human cells keratinocytes and fibroblasts to adhere 
and proliferate on. 

The graft layers forming on the substrates are so thin so that it is possible to 
preserve a nano patterned topography. It was also possible to simultaneously modify 
substrates both chemically and topographically. This was achieved by covering PCL 
substrates with PDMS stamps with a desired topography, and maintaining the stamps 
on the substrates during the VP or MAH grafting procedure. The topography of the 
substrates was examined by SEM and AFM, and the chemical composition of the 
surface was confirmed by ATR-FTIR and XPS. The contact angles were also 
significantly decreased. 
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