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1. Scope of this thesis 

Interaction between polymers and biological matter is an important area of 
interest within the fields of tissue engineering, polymer chemistry, medicine 
and biomaterials. When such materials are being made, we would like them 
to show the inherent ability to reproduce or elicit a biological function. How 
do we design synthetic materials to interact with biological matter? 

This thesis treats two new interrelated approaches for directing biological 
response for materials when implanted. The first one is a method to improve 
the attachment of cells, investigated on a local level and applied in three 
dimensions onto polymer substrates, with the help from ionic interactions. 
This means that surface dependent signaling such as ligand-receptor interac-
tions and mechanotransduction is provided for. Locally we have explored 
interactions between carboxylic acids on biodegradable and non-
biodegradable polyester surfaces, to link with the protonated amines in the 
proteins that in turn are capable of binding cells. This chemical and me-
chanical anchoring was brought from the molecular level to the macroscopic 
to give materials capable of (i) transmitting mechanical loads to cells, and 
(ii) seed cells with very high seeding efficiency in three dimensions. The 
subsequent cell culture confirmed the efficiency of the approach. 

Secondly, new materials where synthesized, where ionic interactions were 
purposely introduced as charged end groups. These amphiphilic telechelic 
ionomers are soft rubbery like materials display molecular mobility at room 
temperature and have the possibility for ionic interactions with proteins. It 
was shown that these amphiphilic materials spontaneously formed water 
channels into the bulk, giving pathways for charging soluble proteins. Also 
sustained protein delivery was shown feasible providing a new mechanism 
for drug, and especially protein delivery from biodegradable polymers. Pro-
teins as soluble factors are in the context of this thesis seen as the third 
pathway to influence cell behavior. 
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2. Introduction

2.1 Polymers as biomaterials 
One application of biomaterials is for drug delivery systems, where it is 

desired to get a release of a specific drug during a period of time. These ma-
terials might stay or degrade, it is however better if they degrade to minimize 
the foreign body reactions. Another application is as scaffolds, which is an 
artificial or natural support for the body to either assist in regeneration of 
damaged or dead tissue, in which case the material might degrade, or in re-
placing tissue that will not regenerate, in which case it is vital that the scaf-
fold does not degrade. Together these two areas may provide powerful new 
applications in medicine. 

Ideally a biomaterial should seamlessly integrate into the body. In general 
synthetic polymers offer specific advantages to natural materials in that they 
can be tailored to give a wide range of mechanical and chemical properties 
and more uniformity than materials from natural sources.  

Scaffold material must be designed so that they do not release any toxic 
products, and they should match the modulus of the surrounding tissue, 
therefore the properties of the material depends on which tissue type it will 
be in contact with. Soft tissue require soft materials1 as well as hard tissue 
needs a hard scaffold material2. Regardless of the application, adhesion be-
tween cells and scaffold is required for cell seeding, cell spreading and to 
transmit mechanical stresses between the scaffold and the surrounding tis-
sue.

2.1.1 Non degradable polymers 
Traditional applications of synthetic polymers are generally based on their 

relative inertness to biodegradation, compared to biological polymers such 
as proteins and carbohydrates. A biomaterial is used to repair, restore, or 
replace damaged or dead tissue, or to act as the interface between some de-
vice and the physiological environment. In some application it is desirable 
that the material stays within the body, for example the coating of a pace-
maker3 or a replacement lens in the eye4. Also for applications outside of the 
body it might be desirable with non-degradable biocompatible polymers, for 



17

example hoses for heart-lung machines. Among non-degrading polymers 
used in biological application PMMA, PE, PU, PP, PTFE and silicone can be 
mentioned. There are also non-degradable natural polymers in use like cot-
ton, silk and linen.  

Poly(ethylene tereftalate) (PET) is a polyester which is used in several 
biological applications, for example sutures and hernia meshes. In this thesis 
the PET has been chosen as a non-degrading equivalent to the degradable 
polyesters that has been used. The idea with the PET is to have an inert non-
degrading reference material. PET undergoes only extremely small changes 
in vivo5, and resists fungal and enzymatic degradation. 

2.1.2 Degradable polymers 
Biodegradable polymer is a group of materials that degrade in vivo. Upon 

degradation no harmful degradation products should be formed. The polyes-
ters like poly(lactic acid) (PLA), poly(lactic acid -co- glycolic acid) (PLGA) 
and poly(glycolic acid) (PGA) belong to a class of biodegradable aliphatic 
polymers which are widely used as biomaterials. The degradation they un-
dergo is a hydrolytic cleavage of the ester group in the main chain, forming 
metabolizable products6. Ever since the 1970s these type of polymers have 
been in use, and it started with biodegradable sutures7. Another group of 
degradable polymers are polycarbonates and in this thesis poly(trimethylene 
carbonate) (PTMC) has been used, which degrades from enzymatic activa-
tion8. Another advantage of PTMC is that the degradation does not produce 
products that auto catalyze continuous degradation9 like acetic carboxylic 
acids in the polyesters. The advantage of this is that only surface erosion 
occurs and it is therefore easier to tailor degradation rate and physical prop-
erties during degradation. 

Diverse materials, except for the one already mentioned, including PTMC 
copolymers10, poly(dioxanone)11, poly( -caprolactone) homo and copoly-
mers12, polyanhydrides13, polyorthoesters14 and polyphosphazenes15 have 
been accepted for the use in medical devices. Besides eliminating the need 
for a second surgery, the biodegradation is a useful tool for applications such 
as carriers for controlled drug delivery. 

2.1.3 Ionomers
Polymers or oligomers that contain up to 15 mol% ionizable monomer 

units goes generally under the name of ionic polymers, or ionomers16. Those 
ionic groups may be localized at the chain ends (Telechelic), periodically or 
randomly along the macromolecule. The ionic group can be cationic, anionic 
or zwitterionic and the results are then called cationomers, anionomers or 
zwitterionomers. 
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Non polar polymers containing chemically linked ionic groups strongly 
affect the properties of the material, making it different from that of conven-
tional homo polymers. Because many ionomer form rubbery type of materi-
als, similar to thermo plastic elastomers (TPE), they are also called ionic 
thermo plastic elastomers. 

The change in material properties is directly related to the aggregation of 
ionic groups into microphase separated regions within the bulk of the mate-
rial. These domains have restricted mobility and will therefore act as a 
physical cross linker, which has a major effect of the material properties17.
This phenomenon is found both in amorphous and semi crystalline polymers 
and the properties that are affected are: Melt viscosity, Tg, Mechanical prop-
erties, solubility, crystallinity and degradation rate. For biodegradable poly-
mers the main reason for introducing ionic groups has been to modify the 
degradation rate18. Lately ionic groups also have been added to affect swell-
ing properties19.

A draw back of synthetic polymers is the lack of specific biochemical in-
teractions. This might be altered by the help from ionomers. Nature uses 
various means of controlling interactions and promotion of specific interac-
tions where among the simplest means is by charge. Negatively charged 
heparin20 is abundant in the human body and is rich in sulphate groups re-
sponsible for a myriad of interactions. Positively charged entities in biologi-
cal molecules include the trimethyl ammonium functionality. As example D- 
and L-carnitite functions as a complexing carrier for the transport of long 
chain Acyl Coenzyme A in and out from the mitochondrial matrix21. In order 
to extent the capabilities of synthetic biodegradable polymers a post modifi-
cation might be preformed to polymers to introduce specific charges, creat-
ing ionomers. Thereby interactions in an aqueous environment could be pro-
moted between synthetic materials and natural biomolecules. 

2.2 Biological interactions 
For biomaterials, the interface between synthetic material and living tis-

sue becomes an important issue in order for the body to avoid the foreign 
body reaction and not produce fibrotic tissue. This is today a very active 
research field22.The ideal scaffold should encourage processes that normally 
would occur in vivo such as cell adhesion and development. To achieve that 
polymers that mimic natural structure and properties, onto which cells can 
readily attach to and proliferate23 are being developed. This is often accom-
plished by immobilizing specific proteins or peptide sequences on the scaf-
fold surface which mimic natural components of the extra cellular matrix. 
Several methods have been reported that will improve protein and cell adhe-
sion to synthetic polymers. One approach to surface modification is graft 
polymerization with an active monomer such as acrylic acid24. Poly (acrylic 
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acid) promotes the immobilization of collagen and serum proteins, allowing 
better cell adhesion. However, excess of poly(acrylic acid) graft was re-
ported to hinder cell growth. Among other surface activation techniques to 
modulate the cell response exposure to radio frequency glow discharge, 
(plasma)25, modification with poly(ethylene oxide) containing polymers26

and hydrolysis of poly(methyl methacrylate)27 can be mentioned. 
The modification of the surface in chemical way is not the only option. 

Physically changing the composition of the surface may also improve pro-
tein and cell adhesion28. One such method is to coat scaffold surfaces with 
proteins by dipping a scaffold into a solution of the desired protein and al-
lowing it to absorb onto the surface. For protein adhesion to occur, the pro-
teins must first adsorb onto the polymer surface. Currently, the Andrade & 
Hlady model is one of the most accepted models for protein adsorption29 and 
describes an initially weak interaction, followed by protein denaturation 
which promotes stronger adhesion. The mechanisms for the protein-polymer 
interactions are polyelectrolyte absorption30, hydrophobic31 and ionic inter-
actions32, depending on the substrate and type of proteins involved. Another 
technique to add bio-interactivity into materials is the immobilization of the 
RGD peptides to encourage cell attachment33.

Scaffolds made from biodegradable polymers which are acceptable for in-
vivo use, e.g. PLA, PLGA, PGA and even non degradable polymers such as 
poly(ethylene terephthalate) (PET) for applications where the implant needs 
to be permanent, have the requisite mechanical properties and can be proc-
essed into various 3D shapes and forms, but they do not display appropriate 
sites for cell adhesion34. Adhesion between cells and scaffolds, cell seeding 
density, cell viability, cell proliferation, and ability to transmit loads35 be-
tween the scaffold and the surrounding tissue36 is required for adequate func-
tion of a scaffold material. Therefore, extra cellular matrix (ECM) compo-
nents such as collagen, laminin and fibronectin have been widely used to 
prepare scaffolds, since these materials provide sites for cell adhesion. How-
ever, they suffer from limited processability, source variability and poor 
mechanical properties37.

2.3 Cell culture and cell seeding 
One strategy for tissue engineering involves expansion of cells in culture, 

followed by seeding of those cells into a three dimensional (3D) scaffold to 
produce a cell-scaffold construct. This construct is then implanted to repair, 
and/or to trigger regeneration of the defect tissue38. While most techniques 
for cell culture has been developed for two dimensional (2D) growth in cul-
ture dishes, constructs for tissue engineering for many applications will 
likely require seeding and culturing of cells in 3D. Preparation of three di-
mensional tissue constructs is therefore a key research area within tissue 
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engineering, driven by recent findings that conventional two-dimensional 
cell-culture approach results in anomalous cellular behavior, morphology 
and physiology39. A major issue for all of these scaffolds is the seeding tech-
niques that need to provide for cells to be evenly distributed in three dimen-
sions throughout the scaffold. When cell sourcing and cell expansion are an 
issue, high efficiency becomes especially critical40.

Several different dynamic techniques have been developed for improved 
cell seeding efficiency in 3D, among which stirred seeding41, agitated seed-
ing41, flow perfusion seeding42, oscillating perfusion seeding40, centrifuge 
seeding43, filtration seeding44 and perfusion cartridge seeding45 are reported. 
However, seeding efficiency obtained by these techniques rarely exceeds 75 
%. Furthermore, dynamic growth and seeding techniques are also limited by 
the shape of the scaffold and the type of the cells used. Static seeding on the 
contrary may be used for almost any cell type and shape of scaffold. For 
effective static seeding different biological hydrogels, such as fibrin sealant46

and collagen47 have been employed. Strong gelation should effectively traps 
cells inside but limit the diffusion of nutrients and waste, while weak gela-
tion should improve the mass transport, but decrease cell seeding efficiency. 
Another important factor to consider is whether the cells survive the seeding 
process and proliferate once seeded into a scaffold.

To address these problems, a combination of these factors would give a 
very suitable material. This would produce a material with dense pores on 
one side to stop the cells from falling through, while large open pores on the 
other side, the side from where the cells are seeded. There are several tech-
niques leading to a material with a dense pore structure on the surface and a 
more coarse open porosity on the inside48. The mechanism of formation of 
micro porous or skinned membranes produced by immersion precipitation 
was first described by Wijmans in 198349. These techniques involve solvent 
non-solvent interactions, phase separation, polymer solvent interactions as 
well as different temperatures and concentrations of the different solutions 
and have proved very efficient to produce asymmetric membranes from syn-
thetic polymers50. These membranes are normally prepared by immersing the 
polymer solution into the non-solvent, since the miscibility of the solvent to 
non-solvent is higher than that of the non-solvent and polymer, a polymeric 
membrane with macro voids of solvent-non-solvent will be formed. 

2.4 Polymers and Protein delivery 
A wide variety of polymers have been used for applications in drug and 

protein delivery applications51. With the recent developments in genomic 
and proteomics, an increase in the delivery of drugs, especially proteins is 
expected52. While low molecular weight drugs often are robust and resist 
harsh treatment, proteins are generally fragile and have limited chemical and 
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physical stability, being susceptible to proteolysis, chemical modification 
and denaturation53. There are a multitude of delivery and release systems, 
ranging from reservoir systems54, polymer matrices55, encapsulation into 
micro- and nano spheres56 and trapping of them in hydrogels57, these systems 
might work both for drugs and proteins. The mechanism of the release might 
be physically controlled as for osmotic pump devices58, which functions as a 
pump driven by the osmotic pressure created in an aqueous environment. 
Alternatively, the drug might be dispersed in the polymer in dehydrated state 
and later, when exposed to moisture, the polymer will swell and the drug 
will be dissolved and released59. There are also chemically controlled deliv-
ery systems. As example a degradable reservoir for the drug can be men-
tioned, which functions so that when the coating degrades the content is 
released, another system where the drug is dispersed in a degradable poly-
mer matrix that upon degradation releases the drug55. Such systems has been 
employed for the release of active growth factors from a highly porous 
poly(lactide-co-glycolide) produced with the help from super critical CO2

60,
thus avoiding harmful solvents. Gels are especially important for the 
drug/protein delivery due to its water content, preventing protein degenera-
tion61. Another notable synthetic polymer is pluronic 127, a triblock copoly-
mer of PEG and poly(propylene oxide)57. Recently, biodegradable analogues 
PEG-PLA have been employed as promising carriers62. Also natural gels like 
gelatin have been investigated as drug carriers for controlled release63. For 
example, different growth factor proteins have been delivered with the help 
from gelatin to enhance bone formation. Limitations are in the control of 
release kinetics64, and problematic storage stability3a. Loading proteins into 
micro and nano spheres is one of the most common strategies for protein 
delivery today56. Since the proteins are protected inside the sphere it allows a 
somewhat extended shelf life65. A drawback with particles is that the produc-
tion methods expose the proteins to potentially denaturating conditions like 
organic solvents66, high temperatures67, detergents68 or agitation69. In that 
respect the hydrogels have a more gentle way of production. Release might 
be driven by osmosis, swelling the spheres until rupture. It can also be based 
on the carrier degradation or leaching out from the sphere, which may be 
controlled by the proper choice of polymer56. It is also possible to combine 
gels with particles as micro gels61. A newcomer in the drug release field is 
non cross linked week polyelectrolytes that for an anionic polyelectrolyte, 
carboxyalkyl methacrylate, have shown to bind cationic drugs in pure water. 
With a slight increase in ionic strength, the drugs have shown to be released 
with zero order kinetics70. Ionic interaction between cationic-anionic poly-
mers forms polyelectrolyte complex which might be used for the preparation 
of micro- and nano particles as carriers and also play a role in the diffusion 
controlled drug loading and release71.

While today’s systems display many of the desired features for protein 
delivery, there is still a need for carriers that allow (i) gentle and high effi-
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cient loading, (ii) potential protection upon storage, (iii) release rates that 
simply may be tuned, and (iv) delivery of intact proteins. Recently we dis-
covered that biodegradable oligomers with phosphoryl choline (PC) end 
groups, termed zwitterionomers, swell considerably in water and PBS buff-
ers and that protein could be adsorbed and released in a controlled fashion19,
they behave this way because of the ionic domains within the hydrophobic 
backbone matrix of the material. 

We have further tailored our biodegradable oligomers with active end 
groups chosen from natures own palette. Negatively charged sulphonic acid 
as in heparin20 and positively charged trimethyl ammonium as in D- and L-
carnitite21, functionalities were chosen. By introducing these specific func-
tionalities, interactions in an aqueous environment could be promoted be-
tween synthetic materials and natural biomolecules, providing these aniono-
mers and cationomers with efficient loading capabilities of charged drugs or 
proteins for a delayed release. Release might be deployed either from the 
swollen state or after a drying step. The protein chosen for the study of the 
anionomers is cytochrome C, a cationic protein found in the mitochondrial 
respiratory chains as an electron transfer agent72. Since it binds to anionic 
polylysines it ought therefore to be a suitable candidate for interaction with 
the anionic polymer. It contains the heme group which is responsible for the 
red color of this compound. As protein to be delivered from the cationomers, 
carboxyhemoglobin (COHb) was chosen. Hemoglobin, which is found in the 
red blood cells, is responsible for the transport of oxygen throughout the 
body. Hemoglobin is an anionic protein and it does also contain the heme 
group making it red in color73. It has an isoelectric point of 6.9 and therefore 
carries a net negative charge at pH 7.4. If denaturated, and consequently 
looses activity, these proteins either bleach, or turn brownish greenish74, thus 
providing for a visual stability probe. 
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3. Experimental

3.1 Materials 
Prior to use, pyridine, acetonitrile and 1,4-butanediol (Aldrich) were re-

fluxed over calcium hydride, distilled and stored under argon. Chloroform 
and dichloromethane (VWR) were washed with water, dried with magne-
sium sulfate and distilled over calcium hydride. Poly(ethylene terephthalate) 
(PET) (Reliance Industries Ltd.) (denier 80/34, 14needles/in gauge, thick-
ness 0.7mm) (Mw from melt viscosity: WLF model = 720000g/mol, Ar-
rhenius model = 222000g/mol), bovine collagen type 1 (Symatese Bio-
matériaux), liquid nitrogen (Air Liquide), ethanol (99.5%) (Kemetyl AB), 
stannous 2-ethylhexanoate (~95%), sulfur trioxide trimethylamine complex, 
hydrochloric acid (37%), sodium hydrogencarbonate (99.7%), 4-chloro-
butyryl chloride, 1,3-dicyclohexylcarbodiimide (99%), paratoluenesulfonic 
acid monohydrate (>98.5%), 4-dimethyl-aminopyridine (99%), trimethyl-
amine, (3-carboxypropyl)-trimethylammonium chloride (techn. grade), N,N-
dimethylformamide (DMF) (99.5%), cytochrome C (>99%), tris(hydroxy 
methyl)aminomethane (99.9+%), malachite green carbinol hydrochloride, 
phenethyl alcohol (99%), sodium hydroxide (97+%), 1,2-dichlorethane 
(99%), Dimethyl sulfoxide (DMSO) (99%), (3-mercaptopropyl) trimethox-
ysilane (95%) (Aldrich), Thiazolyl Blue Tetrazolium Bromide (MTT) 
(~98%) (Sigma), glutaraldehyde (50%) (aq), (3-aminopropyl) trimethoxysi-
lane (97%), benzyl alcohol (99%) (Lancaster Synthesis), di-sodium hydro-
gen phosphate dehydrate (>99.5%), sodium chloride (100%), diethyl ether 
(analytical grade), methanol (>98.5%), phosphate bufferd saline (PBS), phe-
nol (>99.5%), acetic acid (100%), propidium iodide, crystal violet and try-
phan blue (VWR), trimethylenecarbonate, L-lactide S and glycolide (Boe-
hringer Ingelheim), tropaeolin OO (Riedel-de Haën), historesin (Leica) and 
carboxyhemoglobin (former Pharmacia Biotech, now GE-healthcare) were 
used as received. 3T3 mouse fibroblasts were purchased from ATCC. Cell 
growth medium Dulbecco’s Modified Eagle Medium (DMEM) with Glu-
tamax-I, 50mg/mL gentamicin, 0.25% Trypsin/EDTA (Gibco), fetal bovine 
serum (FBS) (Hyclone), hoechst 33342 (Molecular Probes), tissucol, 
aprotinin, calcium chloride, thrombin, tissucol buffer and thrombin buffer 
were kindly supplied by Baxter Bioscience. The water used in the experi-
ments was deionized 18M  and filtered (0,2 m). Cell and fabric holders 
with an inner diameter of 16 mm made from Delrin® as shown in Fig. 1, 
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where holder A is designed for protein immobilization and holder B for cell 
seeding and proliferation experiments, were manufactured at Uppsala Uni-
versity workshop. A heating block in aluminum to fit the tissucol and throm-
bin flasks was also manufactured in house. 

Figure 1. Two holders fabricated to keep the knitted fabric in position during auto-
claving and protein immobilization (holder A) and for cell seeding and culture 
(holder B). A has lower sides compared to B since B is used for cell seeding and it 
is important that the cell solution does not spill over the edge, but pass through the 
material. The inner diameter of the holders is 12mm. 

3.2 Instrumentation

3.2.1 Rheometer 
Rheological behavior of the ionomers was analyzed with an AR2000 

Rheometer from TA-instrument equipped with parallel plate geometry with a 
diameter of 8mm. An oscillating torque experiment was performed at 1Hz, 
0.1mrad displacement and a heating ramp of 1°C/measurement point from -
50°C to 90°C, in order to see the Tg and the rubbery plateau before the mate-
rial turn into a viscous melt. 

3.2.2 Viscometer
The inherent viscosity (I.V.) of the synthesized lactides and glycolides 

was determined using an Ubbelohde capillary viscometer 0c from Schott, for 
the purpose of determining molecular weight with the help from the Mark-
Houvink equation. 
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3.2.3 NMR
1H-NMR spectra were recorded using a JEOL ECP 400MHz spectrometer 

with the solvent proton signal as an internal standard. Detuerated solvents 
were purchased from Lancaster synthesis and used as delivered. 

3.2.4 XPS / ESCA 
XPS analysis was performed on a Phi Electronics Quantum 2000, using a 

monochromatic Al X-ray source (h =1486.86eV). An initial survey spec-
trum was always recorded first. For x-ray surface analysis using a 45° angle 
monochromatic Al K  X-ray source for oxygen, nitrogen and carbon, oper-
ated at 21.1W and a pass energy of 58.7eV was used. If a sample was inves-
tigated by depth sputter profile where sulfur, chlorine and nitrogen were 
recorded, the following settings were used; 1.8s, 20.8W, 100 m, 45.6°, 
58.7eV. This measurement was performed 10 times, for ten increasing 
depths.

3.2.5 SEC
Size exclusion chromatography (SEC) was performed on a Waters Alli-

ance GPCV2000 with three Styragel columns (7.8x300mm, HR1-HR3-
HR5E). The detectors used were the viscometer and the refractive index 
(RI). The software used to evaluate the results was Empower. Chloroform 
was used as eluent (40°C, 1.0mL/min) and a universal calibration with 
poly(styrene) standards (shodex, Showa Denko) was performed. 

3.2.6 Contact angle measurement 
Contact angle measurements were performed on a FTÅ goniometry 

equipment with FTÅ 200 Video software from First Ten Ångström Inc. For 
wet measurements a 10 L drop of air was applied to the up side down poly-
mer film submerged in water, and the inverse contact angle was determined, 
and for dry conditions a 10 L drop of water was applied to the polymer film 
and the contact angle was determined. 

3.2.7 SEM
Scanning electron micrographs were taken using a LEO 1550 FEG SEM 

and a Philips XL30 ESEM FEG after dehydration, supercritical extraction in 
a SPI-DRYTM critical point dryer and coating with 90% Au and 10% Pd in a 
POLARON SC7640 sputter coater from Thermo VG Scientific. For cyro-
SEM a JEOL 6320F Scanning Electron Microscope, Akishima Tokyo Japan, 
equipped with high vacuum cryo stage, Oxford CT1500 HF (Oxford Eng-
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land) was used, samples were quickly frozen in liquid N2 at -210°C, which is 
achieved by pulling vacuum on the N2(l).

3.2.8 Optical microscopy 
For regular microscopy a TE2000 with LCD camera DMX1200F from 

Nikon was used. While for laser scanning confocal microscopy a LSM 510 
Meta from Zeiss, and a Leica DM IRE2 from CLSM; Leica Microsystems, 
both equipped with Ar/He lasers was used. For the histology samples the 
object was embedded into paraffin with the help from a Vacuum Infiltration 
Processor (Miles Scientific) and later cut into thin sections with the help 
from a Biocut microtome 2030 (Reichart-Jung). For the sample where the 
seeded cells grow on top of the knitted structure, historesin was used instead 
of paraffin before sections were made. 

3.2.9 UV-Vis spectrometry 
Both for cell proliferation, protein adsorption and protein release experi-

ments a Perkin Elmer Lambda 35 UV-Vis spectrometer was used. For cell 
proliferation a MTT assay from Sigma was used and the light adsorption at 
570 and 690nm was measured. For the protein adsorption and release ex-
periments two different proteins, carbocyhemoglobin (COHb) and cyto-
chrome C was used and for respective protein 482nm, 516nm, 633nm and 
365nm, 414nm, 538nm, 558nm, 566nm was used. Depending on the concen-
tration of the protein solution the different wavelengths were used. We 
choose absorbances between 0.2 and 0.8 in order to get as reliable signal as 
possible75.

3.2.10 QCM
The quartz crystal microbalance (QCM) used for the kinetics studies of 

protein adsorption onto flat substrates was a Q-Sense QCM D300, with 
quartz crystals: QSX 303 - SiO2 and QSX 301- Standard Gold. 

3.2.11 Spin coating 
For spin coating of the QCM crystals with the required polymer, a KW-

4A spin coater from SPI Supplies was utilized at 3000rpm for 20s. 

3.2.12 Cell cultures 
Bürker Hemacytometer was used to count cells in suspension, Certoclave 

(VWR) was used to sterilize equipment that came in contact with living cell-
cultures, HERAcell (Heraeus) is an CO2 incubator that was used as the nurs-
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ery for the cell cultures. All the cell culture work was performed in a laminar 
flow cabinet class II (Holten). 

3.3 Procedures

3.3.1 Synthesis

3.3.1.1 General synthesis for poly(glycolide) (PGA) 
A 100mL Erlenmeyer flask with a magnetic stir bar was charged with 

glycolide, 50g (0.43mol), phenethyl alcohol, 60.4mg (0.495mmol) and tinoc-
tanoate, 10mg (25 mol) and placed inside a glove box. The flask was sealed 
using a rubber septa, removed from the glove box, and heated to 170°C in an 
oil bath. When the increase in the viscosity of the polymer prevented the 
magnetic stir bar from spinning, the heat was switched off and the reaction 
mixture was allowed to cool to room temperature. The solid light brown 
polymer had an I.V. of 350mL/g, at 30°C in hexafluoroisopropanol (HFIP). 
1H NMR: (HFIP-d2)  2.8 (t, -end, 2H, -CH2-), 4.5 (t, -end, 2H, -CH2O-), 
5.25 (s, poly, -CH2-), 5.53 (s, end, 1H, -OH), 8.02-8.17 (m, -end, 5H, -Ph). 
13C NMR (HFIP-d2)  39.2, 60.9, 68-70.5, 116.5-125.7, 168.7 

3.3.1.2 General synthesis for poly(L-lactide) (PLLA)
A polymerization reactor was charged with L-lactide, 1000g (6.9mol) and 

tinoctanoate, 0.5g (1.2mmol), in a glove box, closed and transferred out of 
the box. Polymerization was conducted at 120°C. The reactor was main-
tained at 120ºC for 72h after the stirrer which was turning at a torque of 
200mNm stopped. Then the reactor was allowed to cool to room tempera-
ture. The solid polymer was pushed out using a hydraulic press after cooling 
it with liquid nitrogen. The polymer block was cut into smaller pieces with a 
steel band saw and finally ground into ~ 1mm granules. The granules were 
placed in a gas tight aluminized plastic bag under an argon atmosphere, 
along with a dry silica gel bag, and sealed until the time of use. The solid 
white polymer had an I.V. of 368mL/g (30°C CHCl3) which gives a calcu-
lated Mw of 726000g/mol when using Mark-Houvink parameters of 
K=0.0131 (mL/g) and a=0.75976. GPC gives a Mn of 325000g/mol, Mw of 
645000g/mol and a PDI of 1.98. 1H NMR: (CDCl3)  1.54-1.61 (d, poly, -
CH3), 5.11-5.19 (q, poly, -CH-), 13C NMR (CDCl3)  16.61, 66.64, 169.55. 

3.3.1.3 Synthesis of poly(trimethylenecarbonate) diol (PTMC) (1) 
The procedure for the 4000g/mol oligomer is given as example. A 50mL 

two-necked Schlenk flask equipped with a stir bar was carefully flame-dried 
under vacuum and purged with nitrogen before 5.0g (49.0mmol) trimethyl-
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ene carbonate, 25mg (61 mol) Sn(Oct)2 and 0.11g (1.23mmol) 1,4 buta-
nediol were added inside the glove box for a DP of 40 (20/arm). The closed 
reaction mixture was stirred at 110°C for 4h in an oil bath. Following com-
pletion of the reaction, the PTMC was dissolved in chloroform and precipi-
tated in 1L of cold methanol. The precipitate was allowed to sediment and 
washed repeatedly with methanol and dried under vacuum at 40°C until con-
stant weight. Yield: 97% 1H-NMR (CDCl3) = 1.73 (m, 2H, -CH2-, initiator), 
1.86 (m, 2H, -CH2-CH2-OH, end group,), 2.05 (m, 2H, -CH2-, poly), 3.73 (t, 
2H, -CH2-OH, end group), 4.22 (t, 4H, -CH2-, poly). 

3.3.1.4 Synthesis of , -di(3-sulfoxy-propoxycarbonyl) 
poly(trimethylene carbonate) trimethyl ammonium salt (2) 

The procedure for the 4000g/mol oligomer is given as an example. A 
50mL two-necked Schlenk flask equipped with a stir bar was carefully 
flame-dried under vacuum and purged with nitrogen before 5.0g (1.22mmol) 
of polymer (1), 1.70g (12.2mmol) of sulfur trioxide trimethylamine complex 
and 20mL of DMF was added to the flask inside the glove box. The closed 
reaction mixture was stirred at 50°C for 16h on an oil bath. Aliquots were 
withdrawn from time to time to monitor the progress of the reaction by 1H-
NMR analysis. After completion of the reaction the solution was precipitated 
into 2L of diethyl ether. The precipitate was redissolved in dichloromethane, 
filtered and precipitated in 1L of cold methanol. This was done twice. The 
precipitate was allowed to sediment and washed repeatedly with methanol 
and then dried under vacuum at 40°C until constant weight. Yield: 81% 1H-
NMR (CDCl3) = 1.73 (m, 2H, -CH2-, initiator), 2.05 (m, 2H, -CH2-, poly), 
2.93 (d, 9H, HN+(CH3)3, counter ion), 4.22 (t, 4H, -CH2-, poly). 

3.3.1.5 Ion exchange of (2) to , -di(3-sulfoxy-propoxycarbonyl) 
poly(trimethylene carbonate) sodium salt (Anionomer) (3) 

The procedure for the 4000g/mol oligomer is given as an example. A 
50mL two-necked Schlenk flask equipped with a stir bar was carefully 
flame-dried under vacuum and purged with nitrogen before 5.0g (1.22mmol) 
of polymer (2), 1.0g, (11.9mmol) solid sodium hydrogen carbonate and 
20mL of DMF was added. The reaction mixture was stirred at room tem-
perature for 16h. Aliquots were withdrawn from time to time to monitor the 
progress of the reaction by 1H-NMR analysis. Following completion of the 
reaction the solution was precipitated into 2L of diethyl ether. The precipi-
tate was redissolved in dichloromethane filtered and precipitated in 1L of 
cold methanol. This was done twice. The precipitate was allowed to sedi-
ment and washed repeatedly with methanol and then dried under vacuum at 
40°C until constant weight. Yield: 89% 1H-NMR (CDCl3) = 1.73 (m, 2H, -
CH2-, initiator), 2.05 (m, 2H, -CH2-, poly), 4.22 (t, 4H, -CH2-, poly). 
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3.3.1.6 Synthesis of -, -di(4-chloro butanoyl) poly(trimethylene 
carbonate) (4) 

The procedure for the 4000g/mol oligomer is given as an example. A 
50mL two-necked Schlenk flask equipped with a stir bar was carefully 
flame-dried under vacuum and purged with nitrogen before 5.0g (1.2mmol) 
of polymer (1), 0.31g (2.94mmol) 4-chlorobutyryl chloride and 0,46g 
(5.87mmol) pyridine were dissolved in 20mL of dichloromethane. The 
closed reaction mixture was stirred at room temperature for 24h before pre-
cipitation into 1L of cold methanol twice. The precipitate was allowed to 
sediment and washed repeatedly with methanol and then dried under vacuum 
at 50°C until constant weight. Yield: 94% 1H-NMR (CDCl3) = 1.73 (m, 2H, 
-CH2-, initiator), 2.05 (m, 2H, -CH2-, poly), 2.47 (t, R-O2C-CH2-, end), 3.55 
(t, -CH2-Cl, end), 4.22 (t, 4H, -CH2-, poly). 

3.3.1.7 Synthesis of -, -di(N,N,N-trimethyl-4-oxobutane-1-amonium) 
poly(trimethylene carbonate) (Cationomer) (5) 

The procedure for the 4000 g/mol oligomer is given as example. A 50mL 
round bottom flask equipped with a stir bar was carefully flame-dried under 
vacuum and purged with nitrogen before it was cooled to -20°C and charged 
with 5.0g (1.2mmol) of polymer (4), 0.1mL trimethylamine and 20mL ace-
tonitrile. The closed reaction mixture was stirred at 60°C for 24h before pre-
cipitation into 1L cold methanol twice. The precipitate was allowed to sedi-
ment and washed repeatedly with methanol and then dried under vacuum at 
50°C until constant weight. Yield: 91% 1H-NMR (CDCl3) = 1.73 (m, 2H, -
CH2-, initiator), 2.05 (m, 2H, -CH2-, poly), 2.51 (t, -CO-CH2-, end), 3.44 (s, -
N+(CH3)3, end), 3.75 (m, -CH2-N+(CH3)3, end), 4.22 (t, 4H, -CH2-, poly). 

3.3.1.8 One step synthesis of -, -di(N,N,N-trimethyl-4-oxobutane-1-
amonium) poly(trimethylene carbonate) (Cationomer) (6) 

A 50mL round bottom flask equipped with a stir bar was carefully flame-
dried under vacuum and purged with nitrogen before it was charged with 
2.0g (0.5mmol) of polymer (1), 0.35g (1.9mmol) (3-carboxypropyl)-
trimethylammonium chloride, 0.99g (4.8 mmol) 1,3-
dicyclohexylcarbodiimide, 85.7mg (0.29mmol) DPTS, 10mL of DMF, 5mL 
of pyridine and 5mL of chloroform before the flask was closed, and the mix-
ture allowed to stir at ambient conditions for 24 h before precipitation into 
diethyl ether twice, followed by precipitation into 1L of cold methanol. The 
precipitate was allowed to sediment and then dried under vacuum at 50°C 
until constant weight. Yield: 87% 1H-NMR (CDCl3) = 1.73 (m, 2H, -CH2-, 
initiator), 2.05 (m, 2H, -CH2-, poly), 2.51 (t, -CO-CH2-, end), 3.43 (s, -
N+(CH3)3, end), 3.75 (m, -CH2-N+(CH3)3, end), 4.22 (t, 4H, -CH2-, poly). 
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3.3.1.9 Summary of the synthesis of different molecular  
weight ionomers 

Synthesis of poly(trimethylene carbonate) diol Mw 1000g/mol (6). The 
synthesis was done according to the procedure for (1), with the exception of 
the amount of reagents: 5.0g (49mmol) trimethylene carbonate, 98mg 
(245 mol) Sn(Oct)2 and 0.44g (4.9mmol) 1,4 butanediol. Yield: 96% 1H-
NMR (CDCl3) same identification as (1).

Synthesis of poly(trimethylene carbonate) diol Mw 2000g/mol (7). The 
synthesis was done according to the procedure for (1), with the exception of 
the amount of reagents: 5.0g (49mmol) trimethylene carbonate, 49mg 
(123 mol) Sn(Oct)2 and 0.22g (2.45mmol) 1,4 butanediol. Yield: 95% 1H-
NMR (CDCl3) same identification as (1).

Synthesis of poly(trimethylene carbonate) diol Mw 12000g/mol (8).
The synthesis was done according to the procedure for (1), with the excep-
tion of the amount of reagents: 5.0g (49mmol) trimethylene carbonate, 
8.2mg (20 mol) Sn(Oct)2 and 36.8mg (0.41mmol) 1,4 butanediol. Yield: 
96% 1H-NMR (CDCl3) same identification as (1).

Synthesis of , -di(3-sulfoxy-propoxycarbonyl)poly(trimethylene 
carbonate) trimethyl ammonium salt, Mw 1000g/mol (9). The synthesis 
was done according to the procedure for (2), with the exception of the 
amount of reagents and the way of isolation: 5.0g (3.8mmol) of polymer (6), 
5.23g (37.6mmol) of sulfur trioxide trimethylamine complex. For isolation 
of the precipitate it was necessary to use a centrifuge at 4000rpm. Yield: 
63% 1H-NMR (CDCl3) same identification as (2).

Synthesis of , -di(3-sulfoxy-propoxycarbonyl)poly(trimethylene 
carbonate) trimethyl ammonium salt, Mw 2000g/mol (10). The synthesis 
was done according to the procedure for (2), with the exception of the 
amount of reagents and the way of isolation: 5.0g (2.23mmol) of polymer 
(7), 3.1g (22.3mmol) of sulfur trioxide trimethylamine complex. For isola-
tion of the precipitate it was necessary to use a centrifuge at 4000rpm. Yield: 
89% 1H-NMR (CDCl3) same identification as (2).

Synthesis of , -di(3-sulfoxy-propoxycarbonyl)poly(trimethylene 
carbonate) trimethyl ammonium salt, Mw 12000g/mol (11). The synthe-
sis was done according to the procedure for (2), with the exception of the 
amount of reagents: 5.0g (0.40mmol) of polymer (8), 0.55g (3.96mmol) of 
sulfur trioxide trimethylamine complex. Yield: 94% 1H-NMR (CDCl3) same 
identification as (2).

Ion exchange of (9) to , -di(3-sulfoxy-propoxycarbonyl) 
poly(trimethylene carbonate) sodium salt, Mw 1000g/mol (Anionomer 
1000) (12). The synthesis was done according to the procedure for (3), with 
the exception of the amount of reagents and the way of isolation: 5.0g 
(3.20mmol) of polymer (9), 2.0g, (23.8mmol) solid sodium hydrogen car-
bonate. For isolation of the precipitate it was necessary to use a centrifuge at 
4000rpm. Yield: 45% 1H-NMR (CDCl3) same identification as (3).
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Ion exchange of (10) to , -di(3-sulfoxy-propoxycarbonyl) 
poly(trimethylene carbonate) sodium salt, Mw 2000g/mol (Anionomer 
2000) (13). The synthesis was done according to the procedure for (3), with 
the exception of the amount of reagents and the way of isolation: 5.0g 
(2.02mmol) of polymer (10), 2.0g, (23.8mmol) solid sodium hydrogen car-
bonate. For isolation of the precipitate it was necessary to use a centrifuge at 
4000rpm. Yield: 92% 1H-NMR (CDCl3) same identification as (3).

Ion exchange of (11) to , -di(3-sulfoxy-propoxycarbonyl) 
poly(trimethylene carbonate) sodium salt, Mw 12000g/mol (Anionomer 
12000) (14). The synthesis was done according to the procedure for (3), with 
the exception of the amount of reagents: 5.0g (0.39mmol) of polymer (11), 
1.0g, (11.9mmol) solid sodium hydrogen carbonate. Yield: 93% 1H-NMR
(CDCl3) same identification as (3).

Synthesis of -, -di(4-chloro butanoyl) poly(trimethylene carbonate), 
Mw 1000g/mol (15). The synthesis was done according to the procedure for 
(4), with the exception of the amount of reagents and the way of isolation: 
5.0g (3.76mmol) of polymer (1), 0.96g (9.03mmol) 4-chlorobutyryl chloride 
and 1.43g (18.1mmol) pyridine. For isolation of the precipitate it was neces-
sary to use a centrifuge at 4000rpm. Yield: 30% 1H-NMR (CDCl3) same 
identification as (4).

Synthesis of -, -di(4-chloro butanoyl) poly(trimethylene carbonate), 
Mw 2000g/mol (16). The synthesis was done according to the procedure for 
(4), with the exception of the amount of reagents and the way of isolation: 
5.0g (2.23mmol) of polymer (1), 0.57g (5.36mmol) 4-chlorobutyryl chloride 
and 0.85g (10.7mmol) pyridine. For isolation of the precipitate it was neces-
sary to use a centrifuge at 4000rpm. Yield: 89% 1H-NMR (CDCl3) same 
identification as (4).

Synthesis of -, -di(4-chloro butanoyl) poly(trimethylene carbonate), 
Mw 12000g/mol (17). The synthesis was done according to the procedure 
for (4), with the exception of the amount of reagents: 5.0g (0.40mmol) of 
polymer (1), 0.10g (0.95mmol) 4-chlorobutyryl chloride and 0.15g 
(1.90mmol) pyridine. Yield: 92% 1H-NMR (CDCl3) same identification as 
(4).

Synthesis of -, -di(N,N,N-trimethyl-4-oxobutane-1-ammonium) 
poly-(trimethylene carbonate), Mw 1000g/mol (Cationomer 1000) (18).
The synthesis was done according to the procedure for (5), with the excep-
tion of the amount of reagents and the way of isolation: 5.0g (3.24mmol) of 
polymer (15), 0.3mL trimethylamine and 20mL acetonitrile. For isolation of 
the precipitate it was necessary to use a centrifuge at 4000rpm. Yield: <5% 
1H-NMR (CDCl3) same identification as (5).

Synthesis of -, -di(N,N,N-trimethyl-4-oxobutane-1-ammonium) 
poly-(trimethylene carbonate), Mw 2000g/mol (Cationomer 2000) (19).
The synthesis was done according to the procedure for (5), with the excep-
tion of the amount of reagents and the way of isolation: 5.0g (2.04mmol) of 
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polymer (16), 0.2mL trimethylamine and 20mL acetonitrile. For isolation of 
the precipitate it was necessary to use a centrifuge at 4000rpm. Yield: 87% 
1H-NMR (CDCl3) same identification as (5).

Synthesis of -, -di(N,N,N-trimethyl-4-oxobutane-1-ammonium) 
poly-(trimethylene carbonate), Mw 12000g/mol (Cationomer 12000) 
(20). The synthesis was done according to the procedure for (5), with the 
exception of the amount of reagents: 5.0g (0.39mmol) of polymer (17),
0.1mL trimethylamine and 30mL acetonitrile. Yield: 91% 1H-NMR (CDCl3)
same identification as (5).

3.3.2 Preparation of polymer surfaces 
3.3.2.1 Spinn coating for QCM measurements 

The QCM crystals were cleaned in a saturated KOH in isopropanol solu-
tion for 2h in an ultrasonic bath, before extensive rinsing in deionized water. 
The crystals were sequentially washed in acetone, ethanol, chloroform, ace-
tone, and finally ethanol, before drying under argon. PGA and PLA were 
dissolved in chloroform to give a 5wt% solution, and PET was dissolved in 
phenol and 1.2-dichlorethane to give a 2.5wt% solution. To coat the QCM 
crystals the polymers were spin coated at 3000rpm for 20s onto the crystals. 
To ensure good adhesion between the polymer and the crystal, amino func-
tionality was introduced onto the gold surface according to the following 
procedure: Prior to spin-coating the gold coated crystals were submerged 
into an ethanol solution of 5mM (3-mercaptopropyl) trimethoxysilane and 
maintained at 40°C for 30 min following which they were washed in ethanol 
three times. After washing, the crystal was silanized again in a 2% (3-
aminopropyl)trimethoxysilane in 95% ethanol-5% water solution which had 
been adjusted to pH 4.5 – 5.5 with acetic acid. The crystals were placed into 
this solution for 5 minutes prior to being washed in ethanol and dried under a 
stream of argon. Finally the polymer was spun (1000rpm) on to the crystal 
which was then heated, under a stream of argon for 10 minutes. Heating 
temperatures were 130°C for PGA and PLA and 220°C for PET.

3.3.2.2 Solid discs for protein adsorption 
Discs with a thickness of 0.3mm were prepared in Teflon coated moulds 

from PLA and PGA using a heat press. 1g of polymer was compression 
molded at 60kN over a surface area of 100cm2 for 60s at 200°C for PLA and 
220°C for PGA. To prepare PET films, 0.2g of PET was dissolved in 4g of 
phenol at 50°C, followed by dilution with 4g of 1,2-dichlorethane. The solu-
tion was evaporated for 1h under positive nitrogen pressure at 90°C, yielding 
a film thickness of ~0.2mm. This film was detached in a water bath. The 
discs were subjected to the basic hydrolysis reaction as described below in 
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order to evaluate the effect of protein deposition. Untreated samples were 
used as references. 

3.3.3 Surface treatment 
3.3.3.1 Hydrolysis

The hydrolysis times were all chosen based on a screening study that was 
performed. Samples were submerged into 2.5M NaOH at 50°C for different 
times.

PLA was hydrolyzed for 30min, PGA for 5min and PET for 2h following 
which the discs were extensively rinsed with deionized water. The hydro-
lyzed samples were used immediately for protein adsorption experiments. 
Following hydrolysis the samples were removed from the bath, rinsed in 
deionized water and changes in contact angle and weight were measured. 

3.3.3.2 Acidic washing 
The hydrolyzed surface is washed in 1N acetic acid for 5 minutes followed 
by extensive washing in water. The acidic washing allows the sodium ion 
from the sodium hydroxide in the hydrolysis step to be substituted with a 
proton. Experiments with an acid wash of the polymer surface prior to pro-
tein adsorption were performed which allowed the investigation of the pos-
sibility that the binding strength between protein and polymer could be in-
fluenced by the pretreatment. 

3.3.4 Protein adsorption 
3.3.4.1 Collagen

For adsorption of collagen the discs were submerged in a 3mg/mL solu-
tion of collagen (commercial collagen was dissolved in deionized water) at 
room temperature for 1h for PGA, 18h for PET and PLA, based on QCM 
pilot data for how quick the polymer gets saturated. Extra time, 16h for PET, 
2h for PLA and 55min for PGA, was also added in order to not only have 
electrostatic interaction, but also get hydrophobic interactions between the 
polymer and the protein. The extra time for PET was chosen to facilitate the 
laboratory work, it may be shortened up to 14 hour. Since PET does not de-
grade during adsorption the extra time will not damage the polymer. The 
discs were then placed in phosphate buffered saline (PBS) at pH 7.4 for 1h. 
Samples were washed twice in deionized water and then dried for XPS 
analysis or fixed using 5% glutaraldehyde in PBS. They were then dehy-
drated with ethanol, dried by super critical extraction and sputter coated with 
90% gold and 10% palladium prior to examination by SEM. For each meas-
urement point 5 samples were used. 
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After autoclaving the discs were taken out from the holder and submerged 
in a sterile solution of 3mg/mL collagen type 1 at pH4 at room temperature 
for 18 hours. The discs were subsequently taken out of the collagen solution 
and placed in holder A with purl side facing in, and plain side facing out and 
fixed with an o-ring as seen in fig. 4, two discs in each holder. The holders 
were submerged in PBS at pH 7.4 for 1h in order to let the collagen form a 
gel within the knitted structure. All this was performed under sterile condi-
tions.

3.3.4.2 Fibrinogen, Fibrin 
Lyophilized Tissucol, 0.3g, was dissolved by the addition of 2mL of 

aprotinin solution and diluted in a tissucol buffer solution to a concentration 
of 10mg/mL (at 37°C). The discs were immersed in the solution at room 
temperature for 1 hour for PGA, 18h for PET and PLA, based on QCM pilot 
data for how quick the polymer gets saturated. Extra time, 16h for PET, 2h 
for PLA and 55min for PGA, was also added in order to not only have elec-
trostatic interaction, but also get hydrophobic interactions between the 
polymer and the protein. The extra time for PET may be shortened up to 14 
hours, it was chosen to facilitate the laboratory work. Since PET does not 
degrade during adsorption the extra time will not damage the polymer. A 
thrombin solution was prepared by heating lyophilized human thrombin and 
calcium chloride to 37 C. Thrombin was dissolved in calcium chloride ac-
cording the manufacturers instructions and the solution was diluted from 
500IE to 10IE by the addition of thrombin dilution buffer. The discs were 
placed into the thrombin solution for 1 hour following which they were 
washed in PBS, at pH 7.4 for 1h. Samples were washed twice in deionized 
water and then dried for XPS analysis or fixed in 5% glutaraldehyde in PBS. 
They were then dehydrated with ethanol, dried by super critical extraction 
and sputter coated with 90% gold and 10% palladium prior to examination 
by SEM. For each measurement point 5 samples were used. 

0.3g Tissucol lyophilisate and 2mL aprotinin solution were heated to 
37 C. The lyophilisate was then dissolved by addition of the aprotinin solu-
tion, followed by dilution with 28mL of tissucol buffer, to a final concentra-
tion of 10mg fibrinogen/mL. PET discs were submerged in the fibrinogen 
solution for 18 hours at room temperature. A thrombin solution was prepared 
by heating 0.06g human thrombin lyophilisate and 1mL calcium chloride to 
37 C before mixing and final dilution from 500IE to 10IE with 49mL throm-
bin dilution buffer. From the fibrinogen solution the discs were placed in 
holder A with purl side facing each other and fixed by an o-ring as seen in 
Figure 4, two discs in each holder. The holders were submerged in the 
thrombin solution for 1h creating a fibrin clot in the knitted structure. 
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3.3.5 QCM experiment 
The crystals were inserted into the instrument and stabilized using water 

in the chamber. After 1h of stabilization time, the protein solutions with con-
centrations of 0.5mg/mL for collagen and 10mg/mL for fibrinogen, were 
injected. The absorption of proteins onto the crystals was measured as 
weight increase over time. After stabilization, a deionized water and 1N 
acetic acid wash was preformed to evaluate the strength of attachment of the 
proteins.

3.3.6 Creation of polarized protein membranes 
The double discs were taken out from holder A and gently separated into 

single discs by peeling the two discs apart. The single discs were placed in 
holder B, Fig. 1, with the smaller pore surface, plain side, facing the bottom 
of the holder. The holders were then placed into six-well plates and pre wet-
ted for 1h in DMEM Glutamax-I without supplements. The reference discs 
without immobilized protein were prewetted in the same way with DMEM 
Glutamax-I. 

3.3.7 Cell experiments 
3T3 Mouse fibroblasts (ATCC) were cultured in complete medium 

DMEM Glutamax-I supplemented with 10% bovine calf serum and 
50 g/mL gentamicin. The cells were maintained in a humidified, 5% CO2
atmosphere incubator, at 37 C. Third to eight passage cells were used. Cells 
were examined daily under a light microscope, and the growth medium was 
changed every fifth day. At 70% confluence, cells were detached by incuba-
tion with 0.25% trypsin/EDTA. When rounded and detached, cells were 
collected in complete DMEM Glutamax-I, centrifuged and re-suspended in 
complete DMEM Glutamax-I. Cells were counted using a Bürker hemacy-
tometer.

3.3.7.1 Cell adhesion 
A standard procedure from Sigma using an MTT assay was used to detect 

how many of 50000 3T3 mouse fibroblasts that had adhered 5 hour after 
seeding. The cells were seeded onto polymer discs 16mm in diameter sus-
pended in 2mL of DMEM medium. After 5 hour the plates were taken up 
from the well, and put into a clean well before new medium, 2mL, and MTT 
5µg/mL, 200µL, was added. The samples were incubated at 37°C, 5% CO2,
for 4 hour before the medium was removed, and the formed crystals were 
dissolved in DMSO in the incubator for 5 minutes. Finally the purple DMSO 
was measured for absorbance at 540 and 690nm. As a reference 50000 cells 
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seeded in a polystyrene culture flask was used. For each measurement five 
samples were prepared. 

3.3.7.2 3D cell seeding and cell seeding efficiency 
Cells were detached from culture flasks by trypsination as described 

above, counted and diluted to 2E7cells/mL in complete DMEM Glutamax-I. 
Medium was carefully removed from the prewetted discs fixated by o-rings 
in holder B, and the cells were seeded by pipetting 500 L cell suspension 
onto each of the discs i.e. 1E6cells. Directly after the cell suspension an ad-
ditional 3mL of complete DMEM Glutamax-I was pipetted onto each of the 
discs, without any of the fluid poured over the edge of holder B. Cell seeding 
efficiency was assessed after seeding by counting the number of cells which 
penetrated the discs. It took approximately 30s for the 3mL of fluid to pass 
through the disc and penetrated cells were immediately evaluated with a 
Bürker hemacytometer. The three different kinds of discs evaluated were 
with immobilized collagen, immobilized fibrinogen (fibrin) and a control. 
The controls were prepared in exactly the same way as the protein immobi-
lized discs except for lack of proteins. Five samples of each type of disc 
were used for cell seeding and subsequent counting. 

3.3.7.3 Cell proliferation 
Proliferation study was performed by MTT assay (Sigma) according to 

their standard procedure: 3T3s were seeded in triplicates of different concen-
tration, 5x104, 1x105, 5x105, 1x106 and 4x106 cells/mL, on hydrolyzed PET 
knitting to create a standard curve for the MTT assay. They were left to ad-
here for 4 hours before performing the MTT assay. Triplicate samples of 
50000 3T3s seeded on collagen, fibrin and control PET knittings were pre-
pared for proliferation studies. Cell numbers were analyzed at time points 0, 
1, 3, 5, and 7 days. 

To each culture well a volume corresponding to 10% of culture volume of 
sterile 5mg/mL MTT in PBS was added and incubated 4h in 37˚C, 5% CO2.
Thereafter the media was removed and equal amount DMSO was added. The 
formed purple crystals were pipetted up and down a few times to dissolve 
before absorbance was measured in a Perkin-Elmer UV-VIS spectrometer at 
570nm and the background at 690nm was subtracted according to Sigma 
procedure.

3.3.8 Microscopy preparation 
3.3.8.1 SEM, regular and cryo 

For regular SEM the samples were fixed with 2.5% glutaraldehyde in 
PBS for 15h, rinsed in PBS three times, and then dehydrated in ethanol. Fol-
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lowing supercritical carbon dioxide extraction for 1 hour, samples were sput-
tered with gold 90% / palladium 10%. 

Cryo SEM A piece of "material" was mounted in a copper holder and 
quickly frozen in supercooled N2(l) (–210°C). The size of the sample was in 
all cases approximately 2mm3. At no time after freezing was the specimen 
exposed to air. The frozen sample in the holder was transferred into the high 
vacuum cryo stage, Oxford CT1500 HF Oxford England, and fractured to 
get a fresh and uncontaminated surface. A slight sublimation of the surface 
water was performed in order to visualize the surface structures, i.e. rise in 
the temperature, from –130°C, to –90°C, After the sublimation, the sample 
was cooled down to –130°C again to stop sublimation and, still in the cry-
ostage, covered by sputtering with a 3nm thin layer of platinum/palladium 
90/10% in order to avoid charging effects during analysis. After the sputter-
ing, the sample was transferred into a JEOL 6320F Scanning Electron Mi-
croscope, Akishima Tokyo Japan, onto the cooling stage and analyzed at –
130°C.

3.3.8.2 Optical microscope  
For analysis of cell distribution both histology and scanning laser confo-

cal fluorescence microscopy was used. Histological preparation according to 
following procedures: After dehydration with increasing concentrations of
ethanol and xylene, the samples were embedded in historesin or paraffin, cut 
in 2.5µm thick sections and stained with hematoxylin and eosin, finally the 
sections were mounted on glass slides. For Confocal microscopy following 
procedure was used: Cell-matrix samples were fixed with 4% paraformalde-
hyde in PBS for 2 hours then rinsed and stored in PBS until counter staining 
with 10 g/mL Hoechst 33342 and 10 g/mL propidium iodide for 30 min-
utes.

3.3.9 Swelling behaviour 
The swelling behavior was determined on compression molded polymer 

discs with the diameter of 6mm and a thickness of 1mm. In the experiments 
PBS at pH 7.4 and deionized water were used at 22°C. The discs were im-
mersed and the swelling degree was determined at different times using the 

following formula: 100
0

0t

m
mm)swelling(% , in which m0 is the 

original weight and mt is the weight at time t.

3.3.10 Swelling front 
To evaluate the rate of swelling a ionomer disc was cut in half with a 

scalpel to produce a straight fresh edge. This piece was then placed on a 
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glass slide and put on the microscope. A drop of de ionized water was added 
along the edge and the software for the microscope was allowed to take a 
photo every minute. The photos reveal clearly the straight swelling front in 
the material. Once the front was into the material about 5 m the sample was 
put in N2(l) at -210°C to quench the sample before it was analyzed with cryo-
SEM.

3.3.11 Complexation of complementary charged dyes. 
Ionic interaction was investigated using casted films of the polymers 

which were submerged into either of the two chosen dyes for 1min. The 
dyes, malachite green carbinol hydrochloride (cationic) and tropaeolin OO 
(anionic) were dissolved in deionized water at a concentration of 1mg/mL. 
After dyeing, the films were washed 5 times in deionized water. 

3.3.12 Protein loading and release 

3.3.12.1 Discs preparation 
For the loading and release experiments, polymer discs were prepared by 

compression molding at 50°C. Polymer (1g) was compression molded using 
a Teflon mould at 60kN/100cm2 for 60s to give a 16 x 60 x 1mm plate. 
Round discs with a diameter of 6mm were punched from the plate to provide 
the starting geometry for all the experiments.

3.3.12.2 Loading of proteins into the discs 
For the anionomer, cytochrome C was dissolved in 5mM phosphate 

buffer at pH7.0 to a final concentration of 20mg/mL. For the cationomer, 
COHb was dissolved in 10mM tris buffer at pH8 to a final concentration of 
2.5mg/mL as determined by thermo gravimetric analysis (TGA). The discs 
were submerged into 0.5mL of the protein solution for adsorption at 4°C 
during 48h for Mw 2000g/mol and Mw 4000g/mol, and 168h for the Mw 
12000g/mol. After adsorption the amount of protein in the remaining solu-
tion was determined with UV-vis spectroscopy, and from that, the amount of 
protein charged into the disc was calculated. 

3.3.12.3 Drying of the loaded discs 
One series of loaded discs were dried at 4°C in air until of starting weight 

plus 5% was reached. 

3.3.12.4 Release of proteins from the loaded discs 
For release of the proteins the protein loaded discs were submerged into 

release buffers. For the cationomer a 0.1M NaCl, 10mM tris buffer at pH8 
was used, while for the anionomer a 0.1M NaCl, 5mM phosphate buffer at 
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pH7 was used. The loaded discs were submerged into 2mL of release buffer. 
The concentration of protein in the release buffer was monitored by UV-vis 
spectroscopy, using the absorbencies at 355, 418, 548, 582 and 633nm for 
COHb, and 365, 414, 538, 558, 566 and 633nm for cytochrome C where as 
for the zwitterionomer fluorescence spectroscopy with excitation at 490nm 
and emmitation measured at 513nm was used over time until the release had 
leveled off. Depending on the concentration of the protein solution different 
wavelengths were used giving absorbencies between 0.2 and 0.8 in order to 
get as reliable signal as possible75.
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4. Result and Discussion 

4.1 Protein adhesion to flat polyester surfaces 
A strategy employed to increase the interaction between a polyester sur-

face and proteins is examined in paper I. Surface modification for protein 
adsorption was investigated for three different types of polyesters. The 
polymers studied were poly(ethylene terephthalate) (PET), poly(lactic acid) 
(PLA) and poly(glycolic acid) (PGA). Under physiological conditions PET 
is not degradable, PLA degrades slowly (small changes over 26 weeks77),
whilst PGA degrades rapidly (50% strength loss after ~2 weeks77). The deg-
radation rates of PGA and PLA varies however widely depending on sample 
dimension and degradation milieu and are molecularly affected by hydro-
phobic/hydrophilic balance and crystallinity77. The reason for the observed 
differences in degradation behavior of the three polymers, originates from 
the stability of the ester group towards hydrolysis. Generally aromatic esters 
like those found in PET are less prone to react than the aliphatic ones found 
in PLA and PGA, Scheme 1. The difference in the rate of hydrolysis be-
tween PGA and PLA is attributed to the methyl group which makes PLA 
less reactive due to steric hindrance and its more hydrophobic nature. This 
difference in reactivity will be shown to have a direct influence on the rate of 
protein adsorption. All three polymers that were used were of high molecular 
weight, hence the influence of end groups was negligible. 

Scheme 1. Molecular structure of PET, PLA and PGA 
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The proteins chosen in this study were Collagen type I and fibrinogen. Fi-
brinogen, which when combined with thrombin forms a fibrin clot. The 
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mechanism of gel formation which involves formation of fibrillar structures 
is different between the two proteins. Collagen is a high molecular weight 
macromolecule that normally is in solution at pH below 4.75. At room tem-
perature when the pH is raised to 7.4 (physiological pH) the collagen mole-
cules arrange themselves into a fibrous network forming a gel. A single col-
lagen molecule has a diameter of 1.5 nm. These molecules arrange into triple 
helices that form fibrils, which in turn build up the collagen fibers, consist-
ing of around 270 collagen molecules giving a fiber diameter of approxi-
mately 40nm78. When a polymer such as hydrolyzed PET is coated with 
collagen, a thin layer of fibrils is formed as shown by scanning electron mi-
croscopy (SEM) in Figure 2a. Fibrinogen remains in solution at physiologi-
cal pH and does not spontaneously arrange itself into a three dimensional 
structure like collagen type I does. Instead, fibrinogen polymerizes in contact 
with thrombin, to form a cross-linked fibrin network, a fibrin clot. Adsorp-
tion of fibrin to a polymer results in the formation of a thin fibrin film, in 
similarity with collagen. A fibrin film with the thickness of a few fiber di-
ameters is shown in Figure 2b. It is believed, however, that the thickness of 
the layer observed in these figures is less than the actual thickness in the 
hydrated state due to compactation upon dehydration during sample prepara-
tion for SEM. 

Figure 2a: Cross section of PET with 
adsorbed collagen on the top side. 

b: Cross section of PET with adsorbed 
fibrin on the top side. 

By ester hydrolysis of the polymer that produces hydroxyl and carboxyl 
functionalities, the interactions between polyester and proteins can be im-
proved beyond that occurring from hydrophobic interactions alone79. These 
functional groups allow additional interactions between the polymer surface 
and the protein. More specifically, ionic interactions between the negatively 
charged carboxylate anion on the surface and the positively charged ammo-
nium cations found in proteins are believed to be important, Figure 3. For 
degradable polyesters, direct aminolysis by the amino groups in the proteins 
of the esters in the polymer, forms amides to directly link the proteins to the 
polyester substrate, might also be possible. 
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Figure 3: Ionic interaction between the protonated amine of the protein and the 
carboxylate anion of the polyester surface. 

Since the reactivity for hydrolysis of the ester groups varies considerably 
between the polymers, different hydrolysis times were used in this study. 
The most reactive polymer, PGA, was hydrolyzed for 5 minutes, PLA for 30 
minutes, and the least reactive polymer, PET, was hydrolyzed for 2h. These 
different times were chosen on the basis of a screening degradation study 
where the contact angle of the surface of the polymer and the weight loss 
was studied, shown in Table 1 for PET and Table 2 for PLA and PGA. The 
hydrolysis times were chosen on the basis of; some weight loss, to ensure 
extensive surface degradation and advancing contact angle, to measure any 
increase in the hydrophilicity of the surface. SEM inspection of the hydro-
lyzed surfaces revealed that for the treatment times chosen there was not any 
noticeable change in surface roughness, however if the surfaces were treated 
for longer times, surface erosion gave rise to holes and pitches, Figure 4. 

Figure 4: Surface structure as seen with SEM, before and after hydrolysis. 
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Table 1: Effect on weight and contact angle of PET upon hydrolysis. 

time (min) weight change (% ± SD) Contact angle(° ± SD) 

0 0 82,1±0,902 
20 0,00 62,9±0,721 
40 0,00 57,1±0,551 
60 -0,90±0,025 38,4±0,666 

120 -1,64±0,104 31,5±0,737 
240 -5,62±0,130 21,7±0,666 
360 -8,79±0,134 18,2±0,651 

Table 2: Effect on weight and contact angle of PLA and PGA upon hydrolysis. 
time (min) weight change (% ± SD) Contact angle (°± SD) 

PLA PGA PLA PGA 
0 85,5±0,306 82,1±0,586 
1 -0,30±0,021 -4,87±0,120 85,5±0,350 42,4±0,611 

5 -0,40±0,040 -22,67±1,365 62,9±0,831 13,1±0,306 
10 -0,90±0,056 -40,87±1,950 57,1±0,961 <13 
30 -1,40±0,110 -88,03±1,514 46,9±0,551 <13
60 -2,81±0,076  21,7±0,473  
120 -5,79±0,099  19,9±1,002  

X-ray photoelectron spectroscopy (XPS) analyzes elementary composi-
tion of a surface to a depth of approximately 10nm. The XPS spectrum of 
collagen adsorbed onto PET (Figure 5) contains peaks for carbon (284.5 eV), 
nitrogen (398 eV) and oxygen (531 eV). By integrating the area below the 
peaks an estimated composition of ~7% nitrogen, ~71% carbon and ~22% 
oxygen was observed. This indicated a thinner coating of protein than the 
detection depth of the XPS. A thicker coating would give the theoretical 
chemical composition of collagen which is ~16% N, 21% O and 63% C. 
PET itself is composed of 71% C and 29% O. 

Figure 5: XPS spectrum of a thin layer of collagen type 1 on top of a PET surface, 
showing characteristic peaks of the elements; oxygen ~22%, nitrogen ~7% and 
carbon ~71%, which can be compared with the composition of collagen having 
oxygen ~16%, nitrogen 21% and carbon ~63%. 
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XPS measures the composition of a spot with an area of 100 m2. Due to 
the size of the protein molecules and the fibrils that they form, the quality of 
the measurement depends on the local fiber concentration under this spot. If 
this area only contains a few surface fibers, some of the signals may come 
from the substrate. To overcome the resulting inaccuracy, five spots were 
scanned on each sample to obtain an average distribution of the XPS signal. 
Pre-cleaned, non-treated, surfaces were compared with hydrolyzed surfaces. 
The XPS result clearly showed that all hydrolyzed polymers adsorbed a sig-
nificant amount of protein, as indicated by a nitrogen content of ~15% (Ta-
ble 3). Interestingly, for the non-hydrolyzed samples a difference was seen 
between the degradable and the non-degradable polymers. PET had a nitro-
gen content of 6%, while PLA and PGA contained ~15% nitrogen, which 
indicated that more collagen had been adsorbed onto the degradable poly-
mers. The same pattern was observed for fibrinogen adsorption (Table 3). 

Table 3: XPS data from collagen and fibrinogen adsorption onto non treated and 
treated polyester shows that the non treated PET does not adsorb as much protein 
as the other polymers. 

 % Nitrogen ± standard deviation (SD) 

 Non-hydrolyzed Hydrolyzed 
Polymer Collagen Fibrinogen Collagen Fibrinogen 

PET 6.00 ± 0,656 7.8 ± 0,166 13.7 ± 0,153 12.6 ± 0,473 
PLA 13.5 ± 0,361 14.1 ± 0,208 15.3 ± 0,306 14.8 ± 0,306 
PGA 14.7 ± 0,252 15.6 ± 0,306 13.7 ± 0,252 14.5 ± 0,351 

For verification, samples were left to immobilize for 18 hours and then 
examined by SEM. It was clear that non hydrolyzed PET (Figure 6a) ad-
sorbed less protein than the hydrolyzed PET (Figure 6b). Protein structures 
similar to those seen on hydrolyzed PET were observed both on the hydro-
lyzed and on the non-hydrolyzed samples of PLA and PGA. Adsorption onto 
the hydrophobic PET gave a featureless surface. Adsorption onto hydrolyzed 
PET, or surfaces that spontaneously hydrolyses, not only builds slightly 
thicker layers, but also induces formation of pronounced fibrous structures. 
It also seems likely that surfaces with charged species would attract proteins 
at a different rate than that of purely hydrophobic surfaces. 
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Figure 6a: SEM micrograph showing 
the smooth surface of non-hydrolyzed 
PET with some small agglomeration 
of adsorbed collagen (arrows). 

b: SEM micrograph showing the fibrillar 
surface of collagen adsorbed onto 
hydrolyzed PET. 

Therefore, the kinetics of adsorption was monitored using quartz crystal 
microbalance (QCM), which consists of a thin quartz disc sandwiched be-
tween a pair of gold electrodes. The piezoelectric property of quartz allows 
the crystal to be excited by applying an AC voltage between the electrodes. 
The resonant frequency of the crystal depends on the total oscillating mass. 
Adsorption of material onto the sensor crystal increases the mass and de-
creases the frequency. If the adherent material is thin and rigid, the decrease 
in frequency is proportional to the mass of the materials80. The QCM there-
fore behaves like a very sensitive balance allowing protein adsorption to be 
monitored in real time. In these experiments we adsorbed proteins carrying 
significant amount of water resulting in the mass detected being the sum of 
the proteins and the water. Such a study does therefore not directly allow 
comparing the mass of adsorbed protein, but is more suitable for studying 
kinetics of adsorption. 

Thin films of the polymers were spun directly onto the QCM crystals. The 
PET, however, cracked upon contact with the sodium hydroxide solution, 
which was used for hydrolysis, indicating a problem with adhesion. In order 
to improve adhesion, the gold was silanized with a mercaptosilane and then 
cross-coupled to an aminosilane group, leaving the QCM with an amino 
layer. The amino functionality reacts with the ester group in the polymer 
when heated above its Tm and forms an amide. This treatment ensured that 
the polymer was properly adhered to the QCM and avoided the problems of 
crack formation and debonding. 

The representative QCM curves are based on 5 measurements each. From 
the QCM protein adsorption curves it was evident that the non-hydrolyzed 
PET adsorbed less protein and at a slower rate than the hydrolyzed polymer 
(Figure 7), as indicated by the smaller frequency drop than the hydrolyzed 
one. The adsorption behavior of PLA shown in Figure 8, was found to be 
quite different. Non-hydrolyzed PLA adsorbed protein at a slower rate, al-
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though the difference in total adsorption was less than that for PET, when 
compared to hydrolyzed PLA. This was expected since PLA is slowly hy-
drolyzed in the protein solution thus creating more active binding sites con-
sequentially absorb the same amount of protein as the hydrolyzed samples. 
In the case of the hydrolyzed sample, adsorption was faster since the active 
binding sites were already present when the sample was submerged into the 
protein solution. PGA behaved similarly although the adsorption rates were 
much higher (Figure 9). Adsorption behavior over extended periods to PGA 
was difficult to measure due to its high degradation rate. Almost immedi-
ately after the PGA sample was placed into the protein solution a high rate of 
weight loss was observed as indicated by an increase in frequency in the 
QCM curve (Figure 10). 

Figure 7: Quartz crystal microbalance measurement of collagen adsorption onto 
hydrolyzed and non hydrolyzed PET demonstrating that the hydrolyzed PET adsorbs 
approximately 70% more collagen than the non-hydrolyzed and that adsorption 
kinetics are faster for the hydrolyzed polymer. 

Figure 8: Quartz crystal microbalance measurement of collagen adsorption onto 
hydrolyzed and non hydrolyzed PLA. Approximately the same amount of protein is 
adsorbed in both cases, although a higher adsorption rate is observed for the hydro-
lyzed polymer. 
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Figure 9: Quartz crystal microbalance measurement of collagen adsorption onto 
hydrolyzed and non hydrolyzed PGA. Approximately the same amount of protein is 
adsorbed in both cases, although a higher adsorption rate is observed for the hydro-
lyzed polymer. 

Figure 10: Quartz crystal microbalance measurement of collagen adsorption onto 
hydrolyzed PGA. Shortly after the start of adsorption, the polymer begins to degrade 
rapidly with a subsequent increase in frequency. 

One plausible explanation for the observed differences between PLA and 
PGA could be a spontaneous surface hydrolysis of the polymer in the protein 
solution, creating the necessary binding sites for protein attachment. PGA 
has a higher rate of hydrolysis due to the more reactive esters, and they are 
thereby more prone to hydrolysis. The QCM results show that the rates of 
adsorption varied between the hydrolyzed and non-hydrolyzed samples, with 
a larger spread for PLA (slow degradation) than for PGA (fast degradation). 
On the contrary, PET does not spontaneously hydrolyze when exposed to the 
protein solution. That is why a separate treatment must be employed to cre-
ate an adequate number of binding sites for protein adsorption. Adsorption is 
controlled by polyelectrolyte adsorption, where the negatively charged car-
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boxylate ions are attracted to the positively charged ammonium ions of the 
protein, also likely accompanied by developing hydrophobic interactions. 

To further investigate the adhesion mechanisms, experiments to qualita-
tively investigate protein adhesion onto the surfaces were conducted. Since 
collagen is soluble at a pH lower than 4.75 at room temperature, the ad-
sorbed surface was washed with acetic acid 1N at pH 3 to remove unattached 
proteins. Again XPS is the technique used for the analysis. Very little differ-
ence in the amount of protein detected before and after the acidic wash, indi-
cated a relatively strong adhesion between the surface and the protein. This 
could be caused by progressively stronger hydrophobic interactions, accom-
panied by an overall gain in entropy due to water being released. 

Hydrolysis by sodium hydroxide results in a surface carrying sodium car-
boxylates. The sodium ion may compete with the ammonium ions to activate 
the protein interaction with the polymer carboxylate anion. To alleviate such 
competition the hydrolyzed surface was washed in 1N acetic acid so that the 
sodium ion was substituted with a proton. Experiments with an acid wash of 
the polymer surface prior to protein adsorption were performed which al-
lowed the investigation of the possibility that the binding strength between 
protein and polymer could be influenced by this pretreatment. 

Acid pretreatment would be particularly significant for adsorption of fi-
brinogen, with the sodium ion acting as the counter ion to the carboxylate 
anion. In the case of collagen, this treatment should in principle be unneces-
sary since adsorption occurs in an acidic environment where the counter ion 
should be substituted due to the acidity of the collagen solution. The results 
however, show that hydrolysis followed by an acid treatment (ion exchange) 
before protein adsorption, increases the amount of both fibrinogen and colla-
gen. Following adsorption, extensive washing treatments were performed in 
order to investigate whether proteins were bound to the substrate surface. 
During collagen adsorption, the collagen solution was pH3. Therefore an 
acetic acidic wash, at pH3, was performed following adsorption to investi-
gate the protein adhesion. The results (Table 4) show that adhesion was im-
proved when the surfaces had been acid treated prior to adsorption. This 
lends further supporting evidence towards a strong ionic contribution to the 
interaction mechanism for the adhesion of proteins onto the polymer sub-
strates. When fibrin (formed from fibrinogen) was adsorbed at physiological 
pH, the cross-linked protein was unaffected by the acid treatment after ad-
sorption. This could be deduced from the slight differences in adsorbed pro-
tein between the surface that had been washed with acid and the one that had 
not, Table 4. 
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Table 4: XPS data following acid washing of non acid treated and acid treated poly-
esters after collagen and fibrinogen adsorption indicate how firmly the protein has 
attached to the surface. Acidic washing prior to adsorption seems to increase the 
strength of collagen attachment, while for fibrin it is not as certain. SD: standard 
deviation. 

  Collagen (%N ± SD) Fibrinogen (%N ± SD) 

Acid pre-wash No Yes No Yes 

PET 13.4±0,127 14.6±0.404 13.9±0,202 14.6±0,351 
PLA 11.9±0,551 13.3±0.236 13.4±0,412 13.5±0,306 
PGA 11.1±0,252 12.6±0,236 13.5±0,306 14.8±0,155 

The kinetics of protein adsorption is directly related to the reactivity of 
the different esters, with PET being the least reactive, followed by PLA and 
PGA being the most reactive. The order of reactivity is reflected in the QCM 
studies, where adsorption to the more reactive of the two degradable esters is 
faster than to the less reactive one. This implies that proteins need to be ad-
sorbed onto PLA for a longer time in order to achieve a similar degree of 
adsorption as onto PGA. PET cannot be compared since it does not degrade 
in the protein solution to form more active sites, hence there is no or a very 
little reactivity in the PET ester groups. However, hydrolysis of PET gives 
an increased propensity for protein adsorption. 

Last, a cell adhesion experiment was performed to establish if the proteins 
really made any difference. For PET, PLA and PGA it is clearly an advan-
tage to adsorb proteins onto the polymer to improve cell adhesion, Figure 11, 
Where P<0.02 in all cases, according to two-sided students t-test calcula-
tions.

Figure 11: The number of 3T3 fibroblasts adhering to the different substrates after 5 
hours compared to a reference polystyrene culture dish. 
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4.2 Gradient porosity protein networks 
Gradient porosity networks have been developed and investigated in pa-

per II. The targeted structure for these experiments allows cells to penetrate 
the scaffold from one side, but hinder them from falling through on the other 
side resulting in an effective cell seeding, as schematically shown in Figure 
12.

Figure 12: Schematic representation of the principle of a gradient porosity network. 
Resulting in high seeding efficiency in 3D by simple entrapment of the cells when 
sieving the cell suspension through the scaffold. 

To benefit from the favorable cell adhesion properties of collagen and fi-
brin as well as the processability and strength of synthetic polymers, these 
materials were combined into a composite structure. A synthetic compliant 
polymer fabric made from PET, in the shape of a knitted multifilament fabric 
shown in Figure 13, were used to support both types of protein gels. 

Figure 13: Scanning electron micrograph showing knitted PET fabric before protein 
immobilization. 

The surface of the PET threads in the fabric was treated by basic hydroly-
sis to assure good adhesion of proteins81, being important for the integrity of 
the construct. Adequate adhesion between polymer and protein will also 
provide for possibilities of mechanical stress transfer from the surroundings, 
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via the synthetic polymer and the immobilized proteins to adhering cells. 
Both in a mechanically stimulating bioreactor and in in-vivo extra cellular 
matrix (ECM), tissue remodeling is strongly dependent on mechanotransduc-
tion36a. The composite scaffold could be seeded with cells, possibly condi-
tioned in a bioreactor and finally sutured in place into a patient, or just be 
used for three dimensional cell culture. In our initial experiments to prepare 
such scaffolds, the knitted PET supporting the protein i.e. the scaffold, 
curled up during autoclaving, protein immobilization and gel formation. 
Furthermore, the importance of keeping the scaffold from the bottom of the 
culture dish during cell counting experiments was noticed. Therefore spe-
cific holders for the scaffold were designed. Two sets of holders for the knit-
ted fabric, shown in Figure 4, were manufactured. Holder A is intended for 
scaffold preparation, autoclaving and gelling. Holder B is for cell seeding 
experiments. The higher walls of holder B is to ensure that the entire amount 
of cell solution would pass through the knitted discs in order to ensure that 
the cells that reach the bottom of the culture dish only derived from cells 
passing through the knittings, and not due to any spillage. Holder B also kept 
the knitting flat at a certain distance from the bottom to minimize presump-
tive migration of cells from the scaffold to the culture dish. The lower walls 
of holder A were to assure an abundant supply of fresh gelling solution from 
both sides. The discs were fixed to the holders using a rubber o-ring, as 
showed in Figure 14. 

Figure 14: The double layer of fabric 16mm discs were held in position using a 
rubber o-ring tightly fitted into the holder. 

To establish a firm link between the surface of the multi filament threads 
of the knitted fabrics (Figure 13) and the proteins, the fabric was hydrolyzed 
followed by acidic washing81. Discs of the fabric were immersed into protein 
solution, two and two together, and thereafter placed into holder A, still to-
gether, followed by immersion into gelling “non-solvent” solution, as refer-
ence a non-hydrolyzed fabric was used. Figure 15a, shows the collagen net-
work adhering to the hydrolyzed fabric, while in Figure 15b, the non-
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hydrolyzed fabric gives limited interaction with collagen. Hydrolysis of the 
PET, provides hydroxyl and carboxyl functionalities on the fabric surface. 
Especially the carboxylic acid is believed to attract proteins by polyelectro-
lyte adsorption, followed by additional hydrophobic interaction82. Further-
more the acidic washing was performed to replace the sodium counter ion, 
for a proton, further enhancing the surface to protein interaction81.

Figure 15: Scanning electron micrograph showing how the proteins, in this case 
collagen, cover each PET filament in the knitting of (a) a hydrolyzed and (b) a non-
hydrolyzed fabric. 

The gelation procedure after the protein adsorption was somewhat differ-
ent between the two proteins. Collagen is dissolved at acidic conditions, at a 
pH lower than that of the “non-solvent”, PBS which has physiological pH. 
When the collagen solution is brought into contact with a solution of higher 
pH, the collagen will precipitate from the solution to form a gel. For fibrino-
gen the gelling agent consists of a thrombin solution that initiates polymeri-
zation of the fibrinogen to form a fibrin network. At the surface of the fabric, 
the reaction is rapid, resulting in dense structure due to the lack of time for 
the proteins to re-organize. On the contrary, inside the fabric, where the dif-
fusion rate of the non-solvent is slower, there is more time for the proteins to 
arrange into thicker fibrils, forming a 3D macroporous network with the 
porosity changing with depth. The plain side, i.e. the outer surface of the 
protein gel which first comes in contact with the gelling solution, shows a 
dense network of fine fibrils, Figure 16, with pore sizes in the order of 
0.5 m which is considerably smaller than the cells to be seeded. The size of 
a cell varies, but is generally around 10-30µm83. Due to the two dimensional 
characteristics of the surface, the protein structure collapses onto the surface, 
forming a “skin like” dense coating. On the contrary, the inner purl sides for 
both fibrin and collagen adsorbed discs have an open, more coarse structure 
with pore sizes of around 40 m which is larger than the size of the cells to 
be seeded, Figure 17. Simply peeling a double disc membrane apart, creates 
two, gradient porosity, polarized, membranes, that should allow cell seeding 
in 3D by simply filtering the cell suspension through, from the porous side. 
The cells could easily penetrate the large porosity side, get partially trapped 
by the torturous porosity, and not pass through the dense skin with the fine 
porosity on the opposite side. From the microscopic analysis it is not clear if 
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the structure created is a linear gradient shifting from fine to coarse pores or 
not.

Figure 16: Scanning electron micrographs showing the dense fibrous protein struc-
ture supported by PET knitting. 

Figure 17. Scanning electron micrograph showing the coarse protein structures 
supported by the PET knitting. 

4.3 Cell seeding efficiency 
The use of gradient porosity protein networks for improving cell seeding 

efficiency has been investigated in paper II. The scaffolds consisting of the 
gradient protein structures supported by the PET fabric were wetted with 
DMEM Glutamax-I prior to cell seeding in order to increase wettability and 
to adjust the pH to 7.4. To assess cell density within the knittings, the cell 
suspension was filtered through the material, and the cells that passed 
through the membranes were counted and subtracted from the total amount 
of cells seeded. The gradient porosity protein networks, both with collagen 
and fibrin, significantly increased the cell seeding efficiency from 28% for 
untreated fabrics to 93% for the treated fabrics as summarized in Figure 18. 
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Figure 18: Cell seeding efficiency of gradient protein porosity networks compared 
to pure knitted PET. 

Histology of the seeded scaffolds, Figure 19, demonstrates that the gradi-
ent protein network supports the cells to adhere throughout the scaffold in 
three dimensions, which is further confirmed by confocal imaging, Figure 
21. Statistical analysis of the cell distribution was achieved by dividing the 
histology picture, of the cross-section, into 6 equally sized areas, A to F, as 
shown in Figure 20. The cells present in each area were counted and the 
result is displayed in Table 5, as the average of five discs. The result shows 
that the cells distribute homogenously throughout the entire construct, with a 
small deviation for the bottom part, where there are fewer cells found. Layer 
A and F has a smaller scaffold area due to the scaffold not having com-
pletely flat surfaces. The differences that occur in the statistics is that for 
layer A the cell count is a little higher per area of scaffold, which is fully 
understandable since the cells are seeded from that side. Although the num-
ber in table 1 for area F is a little lower than the other areas, it might level 
out since the actual scaffold unit area is smaller. 
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Figure 19: Cross section of collagen immobilized disc with cells seeded from the 
porous side of the polarized membrane. 

Figure 20: The cells have here been marked by dots, showing an even distribution of 
cells throughout the material. 



56

Figure 21: Cells seeded in three dimensions in a fibrin matrix, seen by confocal 
fluorescence microscopy. 

Table 5: Statistical data of distribution in polarized membrane. 
Layer Cellnumber ± S.D. 

A 18±0,71 
B 19±1,14 
C 18±0,84 
D 19±1,52 
E 14±1,30 
F 12±0,55 

Attempts were made to seed cells into scaffolds with two dense sides, and 
to seed cells from the dense side of the polarized membranes. However, this 
resulted in a 2D seeding on the top of the scaffold, Figure 22, similar to that 
of a culture dish, confirming the efficient barrier to cell penetration of the 
dense side. From measurements on 5 different discs it was obvious that al-
most no cells penetrated into the scaffold, Table 6. Figure 23 shows a typical 
distribution of cells, marked as red dots, in this type of material, when 
seeded from the dense side with almost all cells found in the top of the scaf-
fold in area A. 
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Figure 22: Cells seeded from the dense side of the polarized membrane. 

Figure 23: The cells have here been marked by dots, showing a very uneven distri-
bution throughout the material. 

Table 6: Statistical data of distribution in polarized membrane seeded from the 
dense side. 

Layer Cellnumber ± S.D. 
A 69±2,59 
B 8±2,41 
C 1±0,84 
D 0±1,34 
E 0±0,55 
F 0±0,45 
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From Figure 24, one can observe that the rate of cell proliferation in the 
scaffolds already impregnated with protein is higher compared to a pure 
polymeric scaffold. This has direct implications for the use and handling of 
delicate cells that need to be expanded and used with minimal loss and 
within a short time. The number of cells in the graph has been normalized in 
order to give comparable numbers. The cells that are seeded on to the refer-
ence scaffold proliferate slower than the protein gradient scaffold. This 
might be due to several reasons. First, of all the total area for the cells to 
grow on is more limited in the reference material. Secondly, both collagen 
and fibrin are known to provide adhesive sites for cells, and the presence of 
these proteins mimics the cells natural environment, perhaps creating a less 
stressful surrounding for the cells. 

Figure 24: Initial proliferation study comparing polarized membranes of fibrin and 
collagen with the reference knitting. 

4.4 Synthesis of biodegradable ionomers 
The synthetic procedure for biodegradable ionomers were developed and 

investigated in paper III. Nature often employs ionic interaction to assemble 
various functional molecules. For example, in the cell membrane, the posi-
tively charged phosphoryl serine complexes with negatively charged hepa-
rin84, heparin in turn may complex proteins85. Inspired by nature we have 
developed techniques to functionalize biodegradable polymers with the aim 
of producing materials that ionically can bind oppositely charged molecules 
to extend the possibilities of tailoring bio interactions. Specifically we have 
synthesized telechelic ionomers of polytrimethylenecarbonate diols (PTMC), 
and quantitatively equipped these with anionic and cationic functionalities. 
The starting PTMC diols with molecular weights ranging from 1000 g/mol 
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to 12000 g/mol were synthesized using ring opening polymerization. This 
was done in bulk with stannous octanoate as the catalyst and 1,4-butane diol 
as the initiator as shown in Scheme 2. 

Scheme 2: Synthesis of poly(trimethylene carbonate) diols 
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To prepare the anionic moiety, the anionomer, having sulphate salts at 
both chain ends, the PTMC diol was employed as a nucleophile to the elec-
trophilic sulfur trioxide trimethylamine complex to give the PTMC disul-
phate, Scheme 3. The reaction was monitored by 1H-NMR to reveal shifting 
of the methylene triplet centered at 3.73ppm, for compound 1 (Figure 25), to 
4.22ppm for compound 2, where it is overlapped with resonances from the 
polymer backbone protons. This indicates complete conversion of the start-
ing -hydroxy terminated PTMC to the desired intermediate PTMC-SO3
NH(CH3)3. A new resonance arising from the methyl groups in trimethyl 
ammonium ion was also visible at 2.93ppm. The yield after isolation for this 
transformation was 81% which is fairly low considering complete conver-
sion. It was, however, quite difficult to precipitate the formed amphiphiles 
leaving residues in the methanol lowering the overall yield. This was espe-
cially observed for the lower molecular weights, Mw 1000g/mol and 
2000g/mol. This did not, however, affect the average number molecular 
weight determined by 1H-NMR and hence no fractionation seems to take 
place.

To prepare sulphate end groups resembling those found in biological sys-
tems, for example those in heparin, the trimethyl ammonium counter ion was 
exchanged to sodium by simply stirring a solution of the polymer in DMF 
with solid NaHCO3. Deprotonation of the ammonium salt yields trimethyl 
amine, which then evaporates from the reaction mixture. Also this step is 
clearly visible in the 1H-NMR spectra 3 in Figure 25. The methylene reso-
nance from the trimethyl ammonium counter ion at 2.93ppm disappears, 
driven by the evaporation of trimethyl amine when replaced by sodium. Ini-
tially, acetonitrile was unsuccessfully surveyed as polar solvent for the sulfa-
tation reaction. It was shown that DMF, being an enough strong dipolar 
aprotic solvent was required to dissolve the sulfate salts. In similar way, the 
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ion exchange was initially attempted in THF with the aim to allow easy puri-
fication and isolation procedure. Surprisingly THF turned out to cleave the 
sulfate ester, returning to the starting materials. Also for this step DMF was 
finally selected. 

Scheme 3: Synthesis of difunctional anionomer 
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Figure 25: 1H-NMR of the starting poly(trimethylene carbonate) diol (1), the inter-
mediate sulphate functionalized PTMC with the trimethyl ammonium counter ion (2)
and the final anionomer with sodium as counter ion(3). 
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The cationomer was synthesized using two different approaches. First, a 
one step procedure condensing (3-carboxypropyl) trimethylammonium chlo-
ride with PTMC-diol to form an ester with the help from DCC/DPTS was 
tried. Secondly, and preferred route, is a two step synthesis, Scheme 4, 
where in the first step, 4-chlorobutyryl chloride is reacted with the -
hydroxyl end-group of the PTMC mediated by pyridine, and in the second 
step trimethylamine displaces the chloride to introduce the cationic ammo-
nium group. These steps were followed by precipitation of the products into 
cold methanol twice to give 90% yields. The two step procedure is the pre-
ferred one, because of the ease of purification and the absence of allergenic 
compound such as DCC used in the one step procedure. Also for this synthe-
sis 1H-NMR end group analysis was an easy way of assuring complete con-
version, figure 26. For the acylation, the 1H-NMR revealed the disappear-
ance of the methylene triplet centered at 3.73ppm, shifting to 4.22ppm but 
hidden under the polymer backbone resonances like the anionic compound. 
Two new resonances appear in the intermediate as triplets, one at 3.55ppm 
attributed to the methylene adjacent to the chloride, and the other corre-
sponding to protons at the -position to the carbonyl at 2.55ppm. Again this 
demonstrated the complete conversion of the starting -hydroxy terminated 
PTMC to the intermediate PTMC-Cl. The acylation step resulted in an iso-
lated yield of 94%. In the second reaction the cationic end group is intro-
duced. This is accomplished by displacing the alkyl chloride with trimethyl-
amine(g) under pressure. Also this step was monitored by 1H-NMR. The me-
thylene triplet at 3.55ppm shifted down field to 3.75ppm and looses its dis-
tinctiveness due to reduced mobility of charged groups in chloroform 
leading to aggregation and thus peak broadening. A new singlet peak from 
the eighteen methyl protons present in the two ammonium groups appears at 
3.43ppm. 

Scheme 4: Synthesis of difunctional cationic ionomer 
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Figure 26: 1H-NMR of the starting poly(trimethylene carbonate) diol (1), the inter-
mediate PTMC with chloride as end group (4) and the final cationomer (5). 

Using the developed synthetic procedures, four different molecular 
weights of the starting polymer, Table 7, and eight cationomers and aniono-
mers, Table 8, were prepared in 5g scale. Because of the high yields in all 
the reactions and final products showed molecular weight close to those of 
the starting materials one may exclude fractionation upon precipitation. The 
only problematic substance was the ionomers with molecular weight of 1000 
g/mol. Both of them were soluble in water and chloroform rendering isola-
tion difficult. The ionomers with molecular weight of 2000 g/mol were also 
found soluble in water as well as organic solvents at room temperature. They 
could however be isolated by precipitation at -20°C. Molecular weight char-
acterization using SEC was only performed on the starting material, since 
the charges of the ionomers causes agglomeration in solution and strong 
interactions with the columns resulting in inaccurate data. 
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Table 7: The selection of backbone PTMC diols synthesized 
Sample M/I ratio Mn theory Mn NMR PDI Yield (%) 

PTMC 1000 10 1110 1329 1.21 96 
PTMC 2000 20 2130 2240 1.30 95 
PTMC 4000 40 4170 4088 1.33 97 

PTMC 12000 120 12330 12626 1.30 96 
M/I: monomer to initiator ratio,  
Mn: number average molecular weight (g/mol),  
PDI: poly dispersity index.

Table 8: The selection of ionomers synthesized. 
Material Mn theory Mn NMR Yield (%) 

Anion 1000 1520 1506 45 
Anion 2000 2540 2387 92 
Anion 4000 4580 5212 89 
Anion 12000 12740 12536 93 
Cation 1000 1853 1508 <5 
Cation 2000 2873 2616 87 
Cation 4000 4913 4824 91 
Cation 12000 13073 15797 92 

Mn: number average molecular weight (g/mol) 

4.5 Surface and bulk properties of ionomers 
Synthesized ionomers were investigated for their surface and bulk proper-

ties, which is described in paper III. The rheological behavior of the iono-
mers was compared with that of the starting PTMC, Figure 27, revealing an 
interesting phenomenon. For ionomers the Tg shifts to higher temperatures 
compared to the corresponding PTMC diols. Above Tg PTMC behaves as an 
amorphous melt while the ionomers display a rubbery plateau like region 
retaining mechanical integrity. These observations corroborates with the 
behavior of non biodegradable ionomers where the ionic functionalities ag-
gregate, forming ionic domains in the bulk86. These ionic inverse micellar 
domains create physical cross links in the PTMC matrix. Figure 27 shows 
the rheological behavior for Anionomer 4000 and PTMC 4000 and is repre-
sentative for all the ionomers, with variations depending on charge and mo-
lecular weight as summarized in Table 9. Due to the difficulties in isolation 
of the lowest molecular weight ionomers the rheological behavior could not 
be determined for the Cationomer 1000. The higher the molecular weight, 
the more extended the rubbery plateau is. 
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Figure 27: Rheological behavior of the Anion 4000 in comparison with PTMC 4000. 

Table 9: Rheological data of all ionomers and their corresponding PTMC diols. 
Tg and the modulus of the plateau are presented. 

Material Tg (°C) Plateau (Pa) 

PTMC 1000 -48 -- 
Anion 1000 -40 1,17E+6 
Cation 1000 N.D. N.D. 
PTMC 2000 -34 -- 
Anion 2000 -27 1,81E+6 
Cation 2000 -30 4,66E+6 
PTMC 4000 -18 -- 
Anion 4000 -11 4,09E+6 
Cation 4000 -13 5,42E+6 

PTMC 12000 -15 -- 
Anion 12000 -13 3,34E+6 
Cation 12000 -14 4,44E+6 

If the equation, 'GRTM s , suggested by Wall87, Treolar88 and Flory89,
is applied for these ionomers the average segment molecular weight, Ms,
may be estimated. Albeit the equation is not truly valid under the applied 
conditions, the results are qualitatively in agreement with the molecular 
weight of each segment. For all materials, the calculated segments have 
lower molecular weight than the formed oligomers, and the deviation is be-
tween 10 - 50%. The original equation is valid for a cross linked rubber, and 
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here we are dealing with physically cross linked material that when heated 
looses their cross links. For example Anion 4000 gives an Ms of around 
2400g/mol. It also supports the suggested structure of phase separated ionic 
domains functioning as cross links as schematically shown in Figure 28. 

Figure 28: A schematic representation of ionic domains present in the hydropho-
bic bulk of the PTMC. These hydrophilic inverted micelles function as physical 
cross links with mean distances between aggregates given by the average mo-
lecular weight between cross links Ms.

The ionic aggregates in the anionomer contain sodium ions and the 
cationomer chlorine ions that may be probed by XPS. By performing a depth 
profile analysis it is clearly visible that the surface is depleted of the ionic, 
hydrophilic, end group domains that are found only in the bulk of the mate-
rial, Figure 29. The ultra high vacuum in the XPS instrument behaves like a 
very hydrophobic surrounding. Therefore a good method for determining 
how the material behaves in a hydrophobic surrounding. 

Figure 29: XPS depth profiles of biodegradable ionomers with the Cl2p signal from 
the counter ion of the cationomers to the left and Na1s signal from the anionomer to 
the right. 
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At room temperature these ionomers are above their Tg, i.e. there is mo-
bility in the material, within the so called “rubbery plateau” region and at the 
same time the material displays hydrophilicity within the bulk. This should 
stimulate spontaneous surface migration of the hydrophilic end groups when 
the material is subjected to a hydrophilic surrounding as depicted by Figure 
30.

Figure 30: Surface migration of ionomer end groups in hydrophilic media. 

Surface properties from cast films were therefore characterized by univer-
sal static contact angle measurement, both water drop on the surface in air 
and air bubble on the surface in water. The reference PTMC has a universal 
contact angle of 85° in air and 82° in water. Conversely, the ionomers dis-
play a quite different behavior. Representative are the 4000g/mol anionomer 
and cationomer where the contact angle in air is the same as for the reference 
PTMC, while in water it is very low, with a contact angle of only 28° for the 
anionomer and 25° for the cationomer (Table 11). The other ionomers with 
varying molecular weights show similar behavior. Hence, when in air the 
non polar PTMC is oriented towards the air surface with the end group bur-
ied in the bulk, likely forming inverted micellar domains. Treatment in water 
rearranges the film and enriches ionic end groups at the polymer-water inter-
face, as schematically shown in Figure 30. 

Table 10: Water contact angles and under water contact angles measured with 
air bubble. 

Contact angle (°) 
H2O in Air 

Contact angle (°) 
Air in H2O

Glass 90±3.6 91±4.7 
PTMC 4000 85±1.5 82±1.5 

Anionomer 4000 86±2.4 28±1.8 
Cationomer 4000 85±2.1 25±2.1 
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The aim of this investigation was to develop materials inspired from na-
ture, with control of the charge interactions to complex complementary 
charged molecules. To verify this concept, films of the anionomer 4000 and 
the cationomer 4000 were prepared. Unfunctionalized PTMC 4000 was used 
as reference. These films were immersed into water solutions containing 
cationically or anionically charged dyes. A yellow anionic dye, Tropaeolin 
OO, Scheme 5a, and a blue cationic dye, malachite green carbinol hydro-
chloride, Scheme 5b, were used as demonstrators to show electrostatically 
functionalized surfaces. Figure 31 displays the photo of the reference PTMC 
that is unaffected by the dyes, the cationomer that adsorbs only the yellow 
anionic dye while anionomer only adsorbs its complementary blue cationic 
dye. 

Scheme 5: Structure of the anionic (a) and cationic (b) dyes used. 
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Figure 31: Specific uptake of oppositely charged dye in the anionomer and cationo-
mer. The yellow anionic dye, Tropaeolin OO, and the blue cationic dye, malachite 
green carbinol hydrochloride was used. 



68

4.6 Swelling behavior of biodegradable ionomers 
Surface and bulk properties of the ionomers led us to believe that the ma-

terials would have the possibility to swell considerably in water, which also 
was investigated in paper III. If the bulk of the ionomers consists of hydro-
philic domains, they should be able to swell in water. A swelling study was 
performed and it did indeed display considerable swelling, Table 10. All of 
the ionomers formed soft organo hydrogel hybrids, except for the lowest 
molecular weight compound, which dissolved. The degree of swelling and 
the time until constant weight varied considerably from around 40% to 560% 
and 2 to 1500 hours. With the aim of potential applications in vivo, swelling 
was also performed in phosphate buffer solution (PBS) at pH 7.4. Neither of 
the ionomers swelled as much in PBS as in water, which can be attributed to 
a lower driving force for osmosis when the difference in ion concentration is 
smaller. To give some idea of swelling rates, which are dependent on sample 
size, both the time to one third of maximum swelling and the time to con-
stant weight was determined. Initially, swelling is rapid due to osmosis. 
Soon, however, the morphology is likely to change from isolated water drop-
lets to an open co-continuous structure with decrease in the osmotic pres-
sure. Swelling is now driven only by the desire of the ionic end groups to 
gain entropy. This is, however, counterbalanced by unfavorable water con-
tacts to the hydrophobic PTMC i.e. the hydrophobic effect90. When the 2000 
and 4000 g/mol molecular weight ionomers were swollen to their maximum, 
they turned into fragile gels rather than rubbery materials. An exception was 
the anionomer 4000 in PBS which still displayed rubber-like behavior. The 
12000 molecular weight ionomers were swollen to soft but robust gels. 

Table 11: Swelling in water and PBS at 22°C.  
Material Swelling in PBS (w%) tmax (h) t1/3 (h) Swelling in H2O (w%) tmax (h) t1/3 (h) 

Anion 1000 dissolved -- -- dissolved -- -- 
Anion 2000 dissolved -- -- dissolved -- -- 
Anion 4000 42 900 6 390 400 24 
Anion 12000 45 1500 100 49 1300 75 
Cation 1000 dissolved -- -- dissolved -- -- 
Cation 2000 590 -- -- 560 2 0,08 
Cation 4000 251 76 3 405 6 0.2 
Cation 12000 37 600 35 88 850 100 
tmax: Time until constant weight.  
t1/3: Time until 1/3:rd of constant weight 
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4.6.1 Structure within swollen ionomers and their use for 
delivery applications 

Upon swelling presented ionomers display a formation of a 3D inner 
structure, which is presented in paper IV. Significant efforts in drug delivery 
have been made to maximize the therapeutic effect while minimizing the 
adverse effects. Conventional administration routes like oral, inhalation and 
intravenous injection distribute the drug to the target, but also to non-target 
sites. This creates a burden on the whole body system, while the requirement 
is only at a particular site in the body. Therefore new localized or targeted 
drug delivery systems are being explored to minimize the disadvantages 
associated with systemic drug delivery91. Delivery via polymer systems is 
one of the simplest approaches. Biodegradable polymers are of particular 
interest, since they enjoy the advantage of self-elimination, avoiding the 
need to remove the polymer system from the body after its use. An attractive 
approach for the delivery of pharmacologically active compounds is the con-
trolled and sustained release of active agents from a resorbable polymeric 
delivery system that is injected forming a parenteral drug depot next to the 
diseased tissue92.

To maintain the drug level in the therapeutic range, thereby avoiding inef-
fectiveness or a toxic effect, a zero-order controlled release device is most 
often desirable93. However, the design of monolithic systems is often non-
trivial. Considerable work have been conducted to achieve a constant rate of 
release94,59. These include, for example, swelling/erosion-controlled systems 
based on hydrophilic polymers95, electrolyte-induced compositional hetero-
geneity as a peripheral matrix-stiffening phenomenon96 and multi-layer bar-
riers such as Geomatrix® technology97. In practice, the performance of these 
methods depends on the nature of the drug and polymer materials. Mono-
lithic systems with a simple uniform drug matrix are in fact of interest as a 
result of ease in manufacture for versatile classes of drugs. Unfortunately, 
diffusion-controlled systems of simple geometries such as slabs, cylinders, 
and spheres seldom provide a mechanism of zero order release because of 
the gradual decrease of drug concentration with time98. A noticeable excep-
tion is given by biodegradable polymers where surface erosion is much 
faster that bulk erosion, which is the case for some polyanhydrides99 and 
specifically designed poly(ortho esters)100. In this case the dispersed drug is 
loaded with the help of solvents into the polymer and is released with the 
propagating degradation front101, again the geometry is an important factor to 
consider.

To extend the scope from synthetic biodegradable polymers to materials 
that are able to dissolve or disperse both hydrophilic and hydrophobic sub-
stances, we have developed cationomers and anionomers. For those materi-
als to perform as hosts, to load and release active substances, pathways of 
their transport must be provided for. A new mechanism based on a linear 
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swelling front of water to induce pore formation in the material, resulting in 
co-continuous structures of both water and the swollen material would make 
such materials interesting as drug carriers. Such swelling mechanism is 
unique in that it may provide both simple water based loading of therapeutic 
agents and zero order release kinetics of the same, i.e. a constant rate of re-
lease from a biodegradable reservoir. In this thesis I describe interaction of 
these materials with hydrophobic, hydrophilic and charged substances, and 
the successful linear propagation of a distinct swelling front to produce and 
open porous structure within the material. 

All materials investigated behave like classical ionomers with agglomera-
tion of the ionic domains in the bulk, transforming the viscous liquid PTMC 
to a rubbery material at room temperature. The surface exposes almost ex-
clusively the hydrophobic PTMC against air, driven by desire of the system 
to minimize the interfacial free energy reflected by contact angles of ~86°, 
which is very close to that of unfunctionalized PTMC. Immersion into water, 
however, prompts the polar chains ends to accumulate at the water-air inter-
face which results in a drastic reduction in the contact angle to ~25°. 

These materials also swell considerably in water, for example the 
cationomer with molecular weight of 4000g/mol swells 400%. The initial 
surface rearrangement is rapid. Follow this, the surface enriched layer, ac-
commodating the ionic end groups, develops to a larger surface with an open 
co-continuous structure. Swelling is continuously driven by the desire of the 
ionic end groups to gain enthalpy and entropy. This is, however, counterbal-
anced by several effects where major contributors are the hydrophobic effect 
i.e. unfavorable water contacts to the hydrophobic PTMC backbone31, loss of 
entropy when chains are stretched and the molecular mobility of PTMC. An 
interesting aspect of the swelling behavior is how the initial water enter the 
hydrophobic material. 

A microscopic investigation of the swelling revealed a sharp swelling 
front as shown in Figure 32 for cationomer 4000 having a rate of propaga-
tion of 20 m/min. Similarly the anion swell with 3 m/min. The formed inte-
rior structure left by the propagating water front shows a porous structure 
with pore sizes between 1 and 10 m by the cryo SEM pictures in Figure 33 
A, B. 
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Figure 32. Aqueous swelling front in ionomer (tip of arrow), direction indicated by 
the arrow. A-C, optical microscopy, and D cryo SEM, both with cationomer 4000 
g/mol.  

By dissolving the red emitting hydrophic fluorophore Rhodamine into the 
polymer and the hydrophilic green emitting fluorophore BODIPY disulpho-
nate in the swell water, Figure 33 C and D, it became clear that the porosity 
is open allowing free passage of green water into the structure. 

Figure 33. A and B: Cryo SEM revealing the inner structure of swelled ionomers, C 
and D: Hydrophobic PTMC stained with red Rhodamine DHPE and the water phase 
stained with green BODIPY. 
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One possible mechanism could be that water vapor initially diffuses 
through the outer hydrophobic PTMC layer into the ionomeric aggregates, 
driven by osmosis, to expand these and eventually coalesce and form chan-
nels to the surface. We did, however, surprisingly observe that when the 
cationic surface was pretreated with the negatively charged heparin (Mw 
5000-30000 g/mol) the material did not swell at all even upon prolonged (5 
months) storage in water due to polyelectrolyte adsorption blocking the sur-
face. Thus an immobilized layer of a few nm thickness102 inhibits the mecha-
nism responsible for water entrance into the structure. This provides for a 
mechanism of release triggered by the cleavage of the protective polyelectro-
lyte layer by site-specific enzymes in vivo. Taking into account the rapid 
surface rearrangement upon water immersion that involves migration of the 
ionic chains ends to the material-water interface, it seems plausible that this 
mobility is associated with the swelling phenomena. Following, or accompa-
nying, the surface rearrangement is the formation and opening of channels 
guiding water into the structure. Hence, when placed in an aqueous solution, 
water soluble species should easily diffuse into the material. The water 
“channels” will open allowing passage into the material. The pore sizes (1-
10 m) are such that large macromolecules like globular proteins could en-
ter. Evaporation by drying removes only water and leaves the cargo inside 
the material. In fact, as the material is well above its Tg (Tg(PTMC4000)= -20°C), 
the channels will close to encapsulate the content. Re-immersion into water 
will again open the diffusion pathways to allow for a release that might be 
controlled by the swelling front only. These materials may offer attractive 
opportunities for delivery of macromolecules where the delivery system 
protects the protein against denaturation upon storage and provides for con-
stant and sustained release.  

4.7 Protein loading and release from biodegradable 
ionomers

Finally we apply these materials demonstrating how loading and release 
of intact proteins is achieved without elevated temperatures or usage of sol-
vents other than water. This is presented in paper V. We present a new 
mechanism for drug delivery from biodegradable polymers. It is based on 
the findings that amphiphilic telechelic ionomers may open and close chan-
nels to load, store and release its content as schematically depicted in Figure 
34. Importantly, this takes place in aqueous solutions and at ambient tem-
perature, thus being compatible with gentle protein delivery. 
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Figure 34. Schematic illustration of how protein loading and release occur in the 
ionomeric material, from the swelling of the protein solution to the release of the 
contained proteins. 

Using earlier presented synthetic procedures, paper III, three different 
molecular weights of the starting polymer with their characteristics as shown 
in Table 12, and five cat- and anionomers, Table 13, were investigated. 
Those ionomers were chosen on the basis of the data in Table 11. The iono-
mers were prepared in 5g scale from the PTMC diols, for the use in protein 
loading and release experiment. 

Table 12. Characteristics of PTMC diols synthesized 
Sample M/I 

ratio
Mn 

theory
Mn 

NMR
PDI
SEC

Yield
(%)

PTMC 2000 20 2130 2240 1.30 95 
PTMC 4000 40 4170 4088 1.33 97 
PTMC 12000 120 12330 12626 1.30 96 

M/I: monomer to initiator ratio, Mn: number average molecular weight (g/mol), PDI: 
poly dispersity index. 

Table 13. The selection of ionomers synthesized. 

Material Mn 
Theory 

Mn 
NMR

Yield
(%)

Anionomer 4000 4580 5212 72 
Anionomer 12000 12740 12536 87 
Cationomer 2000 2873 2616 78 
Cationomer 4000 4913 4824 86 
Cationomer 12000 13073 15797 84 

Mn: number average molecular weight (g/mol). 

Opening of water channels: The ionomer is a telechelic molecule consist-
ing of the ionic hydrophilic end groups and a hydrophobic polymer back-
bone. Aggregation of the ionic end groups in the bulk, figure 34A, results in 
materials with rubbery behavior, typical of ionomers103. These could be eas-
ily compression molded into the desired shape of small discs. Loading of 
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substances into the discs can be performed by immersion into aqueous solu-
tions. Upon contact with aqueous solution, an interesting molecular rear-
rangement starts. First the hydrophilic end groups will enrich in the water - 
air interface, while the hydrophobic backbone will stay in the hydrophobic 
bulk. Thereby the initially hydrophobic surface will turn hydrophilic, which 
was reported as a change in contact angle where the hydrophobic 85° was 
changed to the hydrophilic 25°104. The rearrangements do not stop at the 
surface, but continues by channel formation into the bulk, allowing water 
and accompanying substances to enter, Figure 34B. Macroscopically, the 
water uptake occurs linearly with time through a sharp swelling front that 
can be seen by optical microscopy, Figure 32A-C. In Figure 32D a cryo-
SEM picture reveals both the swelling front and the inner co-continuous 
swollen structure consisting of micron sized, aqueous domains held together 
by sub micron polymer struts. Finally, the fully swollen samples carrying 50-
500% water appeared as soft opaque gels.  

Protein loading. Two red colored proteins were selected as models to 
probe both loading and release. These were carboxyhemoglobin (COHb) and 
cytochrome C, both carrying the red iron containing heme group. Upon de-
naturation, these proteins, especially COHb, loose or change their color to 
green, blue or brown74. Hence, the color gives the opportunity to visualize 
loading, release and denaturation, and quantify it with UV-visible spectros-
copy. Upon immersion of discs into protein containing solutions, the pro-
teins followed the water through the open channels into the disc. In order to 
investigate the protein distribution in the disc, it was sectioned and analyzed 
using light microscopy. The distribution of protein through out the ionomer 
disc is shown in Figure 35, where a cross section of a protein adsorbed disc 
is displayed. The red color is evenly distributed throughout the disc, indicat-
ing that the protein penetrates all the way in to the middle of the disc. This 
was true for both proteins. It was also observed that the cationomer even 
seemed to enrich protein from the solution as seen in Figure 36, where the 
discs released sample has a deeper red color, and hence higher protein con-
centration than the protein solution the disc was loaded in. 
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Figure 35. A cross section of a protein loaded disc shows that the protein is evenly 
distributed throughout the entire ionomeric disc. 

Figure 36. Loading COHb solution to the left and released COHb solution to the 
right. 

Drying. The protein containing ionomers were treated in two different 
ways before the release experiments, (i) used directly as swollen or (ii) first 
dried. Since the ionomer gel is viscoelastic, evaporation of water from the 
pores should result in their closure driven by capillary forces. Upon water 
removal and ionomer shrinking the open morphology pores closes to encap-
sulate the proteins within the ionomer matrix as schematically shown in Fig-
ure 34C. Assuming that the proteins are retained in the polar clusters, or 
inverse micellar domains, this should prevent development of hydrophobic 
interactions and enable later release. 

Release. To study protein release from (i), swollen, ionomer discs carry-
ing water and protein, and (ii), dried, ionomer discs carrying only protein, 
the discs were immersed into a buffer solution. The release was monitored 
by with UV-Vis spectroscopy. The only visible difference between the dried 
and the wet sample was that the dried samples release a hint less protein than 
the wet one. Both proteins used have a strong adsorption in the region 415-
420nm, and weaker adsorptions between 500-600nm as shown in Figure 37. 
The hydrophilic environment that dried protein containing discs are exposed 
to, prompts the cannels to open up again and release the contained protein, as 
schematically depicted in Figure 34D. 
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Figure 37. UV-Vis spectra of Cytochrome C and carboxyhemoglobin. 

All the proteins were released with unaltered UV-vis adsorption spectra, 
indicating retained structure61. The proteins contained in the bulk of the 
polymer could be visually inspected and thereby the conclusion that a small 
protein fraction had degraded could be drawn. Figure 38 display photographs 
of three discs of cationomer, first the starting ionomer disc, second the 
COHb loaded disc, and finally a disc that has released 95% of the adsorbed 
proteins. In the last disc a more greenish brownish color can be seen, indicat-
ing denaturated protein, which represents about 5% of the total loading. The 
COHb is only weakly anionic in nature73, limiting ionic interaction with the 
matrix, thus allowing facile release. The reason for some protein denature-
tion may be explained by hydrophobic interactions105 with the PTMC back-
bone. If the charge of the ionomer and the protein are complementary, more 
extensive adsorption develops. This is reflected for the anionomer whose 
released fraction of Cytochrome C is less than the cationomers release of 
COHb. Cytochrome C contains positively charged clusters that are essential 
for the docking of its reaction partners in its biological role as an electron 
carrier72, which in our materials also interacts with the negatively charged 
matrix. In the anionomer disc, however, the colors of denaturation cannot be 
seen as the disc stay red even after release, indicating that some of the pro-
tein still contained might be intact. Upon an increase in the salt concentration 
in the release buffer more cytochrome C is released in its intact form as 
judged by UV-vis spectroscopic analysis. This points to that the ionic 
strength of the buffer plays an important role for the rate and amount of re-
lease. Salt gradually replaces the protein-matrix interaction, known in chro-
matography as “salting out”106. The differences in amount released can be 
seen in Table 14, where also time to full release is presented. The drying 
procedure seems to affect the amount of proteins released in all cases, 
probably because of the increase of hydrophobic interactions when the water 
is evaporated. Such interactions become more pronounced with higher mo-
lecular weight. Generally, higher molecular weights also give longer release 
times which are a result of lower molecular mobility and fewer channels. All 
the investigated ionomers shows an initial burst release, followed by a re-
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lease more close to the first order release kinetics, Figure 39. It seems like 
the higher the molecular weight, the lower the release rate. The loading ca-
pacity also seems to be lower if the molecular weight is increased. Both 
these observations is likely due to the fact that higher molecular weight gives 
less ionic groups per volume of material, hence less ionomeric properties of 
the material. 

Figure 38. A series of cationomer discs. A, unloaded ionomer, B, COHb loaded 
ionomer and C, ionomer that have released approximately 95% of its protein con-
tent. 

Table 14. Amount of Cytochrome C and COHb loaded into and released from the 
different ionomers tested. 

Ionomer Loaded* Released** (%) Time*** (days) 

Dried 2.8mg 46 7 Anionomer 4000 
Wet 2.9mg 49 8 

Dried 1.6mg 16 12 Anionomer 12000 
Wet 1.7mg 17 13 

Dried 0.69mg 88 8 Cationomer 2000 
Wet 0.65mg 95 7 

Dried 0.46mg 90 11 Cationomer 4000 
Wet 0.61mg 99 5 

Dried 32.8 g 32 21 Cationomer 12000 
Wet 25.0 g 39 18 

* Amount of loaded protein, ** Amount of loaded protein that is released,  
*** Time to maximum release 
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Figure 39. Curves showing the release of CPHb and Cytochrome C from dried 
discs. On the left cationomers of three different molecular weight 2000, 4000 and 
12000 g/mol, on the right the release from 4000 and 12000g/mol anionomer. 
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5. Concluding remarks 

My aim throughout the course of this work has been to investigate inter-
action between synthetic polymers, proteins and living cells. We have stud-
ied how proteins interact with surfaces, how we may manipulate protein and 
polymeric structures to achieve adequate cell interaction, and also how to 
introduce bio functionalities into biodegradable polymer for interaction with 
proteins.

Protein adhesion to smooth polyester surfaces 
In order to get a good interaction between tissue and an implant it is im-

portant that the tissue is fastened to the implant to make the transfer of me-
chanical load possible. The cells them self will not directly adhere to a scaf-
fold, but via extra cellular proteins will they attach, so it is of importance to 
provide for good adhesion between the ECM and the scaffold. XPS, SEM 
and QCM results showed good agreement in suggesting that surface activa-
tion does not alter the protein adsorption onto degradable polyesters, PLA 
and PGA, with spontaneous hydrolysis by the ester group is found sufficient 
to allow protein adsorption to these polymers. Minor surface hydrolysis 
however may be employed to increase the adsorption kinetics. With regards 
to non-degradable polyesters, PET, where there was no evidence of degrada-
tion in physiological or even slightly acidic environments, hydrolysis helped 
to cleave the esters, therefore increasing the number of active sites onto 
which the proteins could attach. The structure of the adsorbed protein layer 
became structured showing clear fibrous structure onto polymers displaying 
possibilities of ionic interactions. Whether this structure is due to an in-
creased amount of proteins adsorbed or induced by the local interaction at 
the polymer-protein interface is not clear. This study has allowed us to de-
velop simple and reliable procedures whereby polyester scaffold materials 
can be functionalized and it has demonstrated and explained the mechanism 
behind the formation of the protein coatings. Finally it was confirmed that 
the protein adsorption does increase the cell attachment to the substrates, 
indication good interaction from the polymer via the proteins and to the 
cells.

Polarized membranes to increase cell seeding efficiency 
In this study we have used the knowledge about protein adsorption and 

further developed that to create polarized protein membranes anchored to a 
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knitted fabric prom the polyester PET. Also knittings from biodegradable 
polyesters, like PLA and PGA, are being investigated in our laboratory. Re-
sults from SEM, histology, cell seeding experiments and proliferation studies 
show good agreement in suggesting that a polarized membrane have been 
created, which is favorable for efficient cell seeding. We have developed a 
simple and reliable procedure whereby scaffold materials can be processed 
into gradient membranes with good cell adhesion and seeding capabilities. 
Not only is the seeding more effective, the proliferation of the cells is found 
to be much faster, possibly allowing the scaffold with autologous cells to be 
sutured into the patient with minimal delays. 3D cell seeding in compliant 
matrices allow us to place the composite material (cells, proteins and poly-
mer) in mechanically stimulated bioreactors for further investigation of how 
mechanic stimuli affect cell proliferation and differentiation. 

Synthesis of bio functional ionomers 
We have now looked at how to manipulate “ready made” polymers, and 

how to produce different protein structures. Now the next step is to try to 
incorporate the functional sites already from the beginning of the process to 
allow better control of the materials properties. A general synthetic proce-
dure to produce anionic or cationic functional biodegradable polymers from 
their diols has been developed. Poly(trimethylene carbonate) diols were used 
for quantitative conversion of the alcohols to either sulphate or to trimethyl-
ammonium functionalities. The synthesis of , -di(3-sulfoxy-
propoxycarbonyl poly(trimethylene carbonate) trimethyl sodium salt 
(Anionomer) was accomplished by reacting the PTMC diol with sulfur triox-
ide trimethylamine complex followed by an ion exchange to give the final 
product with the in vivo acceptable sodium counter ion. A simple two step 
procedure gave the , -di(N,N,N-trimethyl-4-oxobutane-1-amonium) 
poly(trimethylene carbonate) (Cationomer) involving the reaction of the 
PTMC diol with 4-chlorobutyryl chloride and followed trimethylamine to 
displace the chloride to introduce the cationic ammonium group. In a hydro-
philic environment the ionic groups was shown to spontaneously enrich at 
the surface. Therefore, when the polymer degrades to expose new surface, 
the system has the potential to reform bio active surface through migration 
of ionic groups present in the bulk. It has been shown that these materials 
behave rubbery, attributed to the association of ionic groups to form physical 
cross links in the bulk. Finally, immersed into water these ionomers swell up 
to 5-6 times their own weight creating possibilities for cargo space within 
the material. Functionalization of these materials at the surface and in the 
bulk with charged hydrophilic molecules can now be performed by simple 
immersion into its aqueous solution, which was shown using anionic and 
cationic dyes. These ionomers will fully degrade in-vivo by enzymatic deg-
radation leaving no harmful degradation products. 
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Bio interesting properties of the ionomers 
The synthesized ionomers display, upon investigation, several very inter-

esting properties. From the swelling experiments we discovered that the 
ionomer swell in a linear fashion with a linear swelling front. The structure 
of the swollen ionomer was investigated and that revealed that the swollen 
material has a sponge like inner structure. The walls of the channels created 
are lined with the charged ionomer end group, which would make this a very 
interesting material for protein loading, storage and release. 

A new mechanism for protein loading and protein delivery has been pre-
sented using colored proteins and fully biodegradable cationomers and 
anionomers materials. The loading is simple and gentle to the proteins, by 
just letting the ionomer itself swell in a solution of desired protein. The pro-
tein will penetrate together with water into the ionomer carrier when the co-
continuous porosity in the swollen ionomer is formed. The release can be 
performed immediately after adsorption, or the protein loaded ionomer 
might be dried, potentially allowing storage of the device, before release of 
up to ~95% of the adsorbed protein with preserved protein structure. The 
rate of release can be adjusted by the molecular weight of the backbone, but 
also likely by type of backbone. Future studies should involve variation of 
charge of the end group to enhance or minimize ionic interactions between 
protein and matrix. Also, the biologic activity of encapsulated and released 
proteins should be determined. Possible molecules to complex into these 
materials include charged drugs, peptides and full proteins. It has been tested 
in the laboratory to block the swelling with the help from charged molecules. 
In the case of cationomer and heparin, the heparin completely blocked the 
ionomer from swelling at all in water. 
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7. Svensk sammanfattning 

Biomaterial
Med biomaterial menas i allmänhet material med användning i biologiska 

miljöer. Forskning inom detta område har som mål att ta fram nya material 
med önskad effekt eller egenskap som passar in i den biologiska omgivning-
en. Biokompatibilitet är något man ofta hör i dessa sammanhang, det innebär 
vanligtvis den effekt ett material har på intilliggande biologisk vävnad. Om 
vävnaden har en positiv reaktion anses materialet vara biokompatibelt. Ett 
uttryck vi skulle vilja införa är biointegrerbart, dvs. ett material som verkli-
gen integrerar sig med omgivningen, inte bara sitter där, utan verkligen ak-
tivt tar del i samspelet mellan biologiskt och syntetiskt material. 

Polymerer 
Polymerer tillhör en klass av material som i allt högre utsträckning an-

vänds i biologiska applikationer som biomaterial. Polymerer är mycket stora 
molekyler vilka är uppbyggda av många små repeterande enheter. Start 
byggstenarna kallas monomerer. Polymerer förekommer som både syntetis-
ka och biologiska. Biologiska polymerer är bland annat proteiner och kol-
hydrater. Exempel på syntetiska polymerer är polyeten, PE, vilken vi finner i 
plastpåsar och polyestrar så som PET vilken återfinns i fleecetröjor och läsk-
flaskor. Båda dessa polymerer har också andra applikationer, som till exem-
pel användning i kroppen, som biomaterial. PE används som ledyta ibland 
annat höftleder. PET återfinns i suturtrådar. Båda dessa exempel är stabila, 
dvs. icke biologiskt nedbrytbara. Det finns också biologiskt nedbrytbara 
polymerer, dessa polymerer används i applikationer där man inte behöver 
dess hjälp resten av livet, utan bara under den tid läkningsprocessen tar. Det 
är förstås viktigt då polymeren bryts ned att nedbrytningsprodukter som går 
ut i kroppen inte är toxiska och att kroppen kan transportera bort dem på ett 
säkert och ofarligt sätt. 

Polymerer som biomaterial är ett område som ökat kraftigt det senaste de-
cenniet. Tidigare användes bionedbrytbara suturtrådar och skruvar, men nu 
går forskningen och även användandet mot mer komplexa områden så som 
tillfälligt stödmaterial vid vävnads regenerering och vid framtagandet av 
artificiell vävnad. Man försöker tillverka ”smarta” material med inbyggd 
biologisk funktion, till exempel för att styra vävnads tillväxt och främja 
blodkärls tillväxt. I dessa tillämpningar används ofta bionedbrytbara polyest-
rar så som polymjölksyra och polyglykolsyra vilka bryts ner i vatten, hydro-
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lytiskt, men även polykarbonater som polytrimetylkarbonat vilken bryts ner 
av enzymer, enzymatiskt 

Biologisk interaktion hos polymera material 
Interaktioner mellan polymerer och biologiskvävnad (figur) är ett viktigt 

område inom såväl medicin, biomaterial, polymerkemi som ”tissue enginee-
ring”. För att skapa ett biohärmande material måste det uppvisa förmåga att 
efterlikna någon biologisk funktion. Hur skall vi utforma ett syntetiskt mate-
rial för att det skall samverka med biologiska material? 

Figuren visar hur celler via interaktion med extra cellulära proteiner fästs vid-
syntetiska PET trådar med hjälp av polyelektrolyt interaktion mellan protein och 
syntetisk polymer. 

Denna avhandling tar upp interaktioner mellan biologiska system och po-
lymerer, främst joniska interaktioner. Polyestrar, vare sig biologiskt nedbryt-
bara eller inte, kan efter hydrolytisk klyvning av esterbindningen interagera 
med amoniumjoner via den skapade karboxylsyran. Aminer finns i proteiner 
och detta gör att vi kan förankra proteiner till polyesterytan. En annan typ av 
interaktion är då vi odlar celler i polymera strukturer, så kallade ”scaffolds”. 
Vi har arbetat med mjuka och elastiska strukturer i form av stickade materi-
al. Detta för att möjliggöra tre dimensionell cellkultur. Ett problem som upp-
står vid denna typ av material är att få cellerna att stanna kvar i den porösa 
strukturen, dvs att få en effektiv cellsådd, hur skall vi uppnå det? Jo, genom 
att arbeta med interaktioner mellan polymer, protein och slutligen celler. 
Genom att skapa ett polariserat nätverk av proteiner genom stickningen, men 
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stora öppna porer på ena sidan så att cellerna lätt tränger in, medan på den 
andra sidan ha små trånga porer som förhindrar cellerna att falla igenom. På 
detta sätt fås ett material med förmågan att effektivt så celler i tre dimensio-
ner och möjliggöra tre dimensionell cellkultur, se figur. Den sista interaktio-
nen vi har studerat handlar om kemiskmodifiering av polymerer till en typ av 
material vi kallar jonomerer, där joniska grupper har satts på i änden på bio-
logiskt nedbrytbara polykarbonater. De ändringar som gjorts är antingen 
med anjoniska eller katjoniska grupper, som då de väl är på plats i bägge 
ändar av molekylen påverkar materialet till helt andra egenskaper än innan 
funktionalisering. Det är möjligt att välja funktionella grupper som samver-
kar med till exempel proteiner, man kan också välja grupper för att undvika 
interaktioner. Svällningsegenskaper, glastemperaturen, nedbrytningshastig-
heten och mekaniska egenskaper är exempel på egenskaper som kan varieras 
med valet av funktionellagrupper. 

Jag har i denna avhandling specifikt studerat: 
1. Protein adsorption av kollagen och fibrinogen på PET och på polymjölk-

syra och polyglykolsyra, genom att utnyttja joniskinteraktion mellan po-
lymer och protein. Artikel I.

2. Skapandet av ett tredimensionellt polariserat proteinmembran i stickad 
PET för att höja cellsådds effektiviteten, med hjälp av cell-protein-
polymer interaktioner. Artikel II.

3. Syntesen av anjonomerer och katjonomerer, hur dessa nya material beter 
sig i vatten och hur de mekaniska egenskaperna förändras med funktio-
naliteten. Artikel III.

4. Användandet av de joniska interaktionerna hos jonomerer för att skapa 
material med en inre struktur vilken är möjlig att påverka och styra. Ar-
tikel IV.

5. Protein upptag och frisättning från jonomerer. Interaktioner mellan pro-
teiner och jonomerer spelar här en väsentlig roll. Artikel V.
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