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Scope of thesis 

The primary goal of the work described in this thesis was to develop a new 
biodegradable polymer that (1) exhibits low elastic modulus and high elon-
gation at break, (2) is easy to synthesise, (3) is processable, and (4) shows a 
potential to function in vivo.

A low modulus highly elastic polymer can be obtained by taking advan-
tage of the morphological structure of segmented poly(urethane urea).  

Our hypothesis was that by increasing the hydrogen bonding density in 
the hard segment, the hard segment length or content could be reduced and 
thereby minimising the elastic modulus and maximising the strain capability. 
The first aim was therefore to develop a synthetic route where the final 
product would contain a hard segment derived only from the diisocyanate. 
Hence, no chain extender needed. 

Since the properties of these materials strongly depend on the degree of 
phase separation, the influence of soft and hard segment structure was stud-
ied.

We also wanted to determine if and to what extent the materials degrade 
through hydrolysis. Besides mass and molecular weight, the impact of hy-
drolysis on the mechanical properties was concluded.  

The in vivo-potential was studied using human fibroblasts in a cell seed-
ing study and an animal study was performed to establish the extent of for-
eign body reaction. 
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1. Introduction 

1.1 Biomaterials
The term biomaterial means; a nonviable material used in a medical device, 
intended to interact with biological system1. Wide ranges of materials are 
used as biomaterials, from metals (titanium, bone fixation) to ceramics (hy-
droxyapitate, tooth implant) to polymers (polyethylene, hip joint), Table 1. 
As will be described later on, all materials will cause a reaction from the 
body, a so-called foreign body reaction. Therefore, the term biocompatible 
was introduced as term to distinguish suitable from non-suitable materials 
and its definition is; The ability of a material to perform with an appropriate 
host response in a specific application1. A material can therefore be biocom-
patible in one application but non-biocompatible in another, depending on 
the host response.

To utilize artificial or xenogen materials as implants is not a new concept. 
The use of amalgam dates back to the Tang dynasty, about 700 ac, gold was 
used in the early Egyptian culture more than 2000 years ago and during the 
19th century, ivory was used as a prosthetic material. Up until the late 1930s, 
ceramic and metals had dominated the biomaterial research mostly due to 
their inertness and mechanical strength.  

Nylon is one of the first polymers published for in vivo use2. It was used 
as suture material and poly(ethylene) was shown in 1947 to generate a low 
foreign body reaction. Teflon® was later also shown to give mild reactions2.

The purpose of biomaterials is to either replace, permanently or temporar-
ily, lost or damaged tissue, or release pharmaceutical substances.  Even 
though artificial materials have been used to support our body for some time 
there is still issues to be resolved.

Two of those issues are; the loss of functions that the natural tissue have 
and the risk of failure of the material. Tissue engineering is an interdiscipli-
nary science where biology, chemistry and material science join to enhance 
regeneration of tissue. The target of this new science is to be able to implant 
a material that during a limited period of time acts as a substitute for the lost 
tissue while surrounding tissue regenerates to new healthy tissue. In order to 
achieve this, the material needs to be able to function as a substitute and 
degrade without causing any major inflammatory responses. 
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Table 1. Different biomaterials and their applications. 

Class Material E-modulus (GPa) Tensile str (MPa) Application 

Metals Stainless steel 190 500-1300 Hip joint 

 Titanium 110 500-1000 Bon fixation 

Ceramics Hydroxyapitite 120 - Bone repair 

 Al2O3 380 1000-10,000 Teeth 

 Bioglass 35 - Bone regeneration 

Polymers Poly(ethylene) 0.6-1.8 23-40 Hip joints 

 Polysiloxane - 3-10 IOLa

 Polyamides 130 44-90 Tissue reinforce. 
aIOL – Intraocular lenses 

1.2 Polymers as biomaterials 
The attraction of polymers is that you can quite easily engineer the proper-
ties that you want. Polymers can be hard and rigid or they can be soft and 
elastic. They can be inert and non-degradable or they can be susceptible to 
hydrolysis and enzymatic degradation. The mechanical properties of the 
biomaterial, being metal, ceramic or polymer, degradable or non-degradable, 
are very important. It has been shown that even if the material itself is non-
toxic, a mismatch in elastic modulus between the tissue and the material can 
cause a massive inflammatory response3. Therefore, tuning of the mechani-
cal properties, such as elastic modulus, elongation at break and tensile 
strength is very important when developing biomaterials. As a result of the 
versatility of polymers they are today found in biomaterial applications 
where earlier metals and ceramics were found, as well as soft tissue re-
placement, Table 1.

1.2.1 Non-degradable polymers 
In some applications, the biomaterial is meant to be stable and not degrade 
with time. The isolation of an electric cord in a pace maker, patches and 
intraocular lenses are examples where non-degradable polymers are required 
and used4. Some of the first non-degradable polymers that were used, and 
still are, were actually materials that surrounds us in our every day life. 
Poly(tetra fluoro ethylene) (Teflon®) and poly(ethylene) (used in plastic 
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bags) are two very common non-degradable polymers found today in sur-
gery rooms. Teflon is used as a biomaterial for the same reason it is used to 
coat our frying pan, that it is a non-adhesive surface. Therefore it is found 
where coagulation could lead to disaster, for example a vascular graft for 
patients with cardiovascular diseases4. Poly(ethylene) is used in its high den-
sity form as a very hard material with low friction and high wear resistance 
and as a result it can be found as a hip joint4. However, non-degradable 
polymers will always stay in the body and they can never replace the func-
tions of the human tissue. 

1.2.2 Biodegradable polymers 
Research focus has more and more shifted towards biodegradable polymers 
that can be used in tissue engineering5-9 or in a drug delivery system10-12.
These polymers degrade into non-toxic products through hydrolysis and/or 
enzymatic degradation in vivo5,7,13-16. Today a wide range of biodegradable 
polymers has been accepted for use as biomaterials. The most common class 
of biodegradable polymers are polyesters with their ester bonds that upon 
reaction with water are cleaved, giving an alcohol and a carboxyl group, as 
seen in Figure 1. These groups can then in turn break another ester bond and 
so on, this phenomenon is called autocatalysis. 

Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), shown in Figure 
1, are currently the two most common biodegradable materials. PLA can be 
either crystalline or amorphous, depending on the symmetry of the side 
groups, and it is used as sutures, orthopaedic devices or in drug delivery 
systems17. PGA is highly crystalline and degrades faster than PLA and is 
found as sutures and bone fixation17-19. Poly( -caprolactone) (PCL) is a semi 
crystalline polymer that is with its longer aliphatic chain more hydrophobic 
than the earlier mentioned polymers. It degrades slower than both PLA and 
PGA and a part of the degradation is an intra cellular mechanism20. Research 
focus for PCL has been towards drug delivery system but also as a mechani-
cally functional material17,20-22.

Poly(trimethylene carbonate) (PTMC), Figure 1, is a biodegradable poly-
carbonate that does not degrade considerably through hydrolysis but instead 
enzymatically14,23. Unlike polyesters no alcohols or carboxyl groups are 
formed and hence no autocatalytic reactions occur. PTMC is an amorphous 
polymer and is studied in applications where a more rubbery behaviour is 
required24-27.

These above mentioned biodegradable polymers can also be used as the 
soft segment in biodegradable polyurethanes and poly(urethane urea)s. 
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Figure 1. Top: Four common biodegradable polymers, PLA, PGA, PTMC and PCL. 
Bottom: Reaction scheme of hydrolysis of polyester, generating a carboxylic acid 
and an alcohol, the latter can then break another ester bond. 

1.3 Polyurethanes
Polyurethanes are very versatile materials and are found in applications 
varying from paint to shoe soles to car bumpers and heart valves. The only 
thing they all have in common is that they all contain a urethane (carbamate) 
linkage, -NHCOO-, that is formed when an isocyanate and a hydroxyl group 
reacts, Figure 2. Polyurethanes can also contain a urea (carbamide) linkage 
and these are formed when an isocyanate reacts with an amine, Figure 2, 
resulting in a poly(urethane urea). Urea formation usually involves addition 
of water to create the amine from isocyanate during the formation of carbon 
dioxide gas. This gas is used when making polyurethane foams used for 
cushions and mattresses.  
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Figure 2. Reaction between isocyanate and alcohol (top) and isocyanate and amine 
(bottom) resulting in a urethane and urea linkage respectively. 

A subgroup to polyurethanes are segmented poly(urethane)s (PU), or 
poly(urethane urea)s (PUU). These materials comprise of a morphology with 
soft and hard segments that phase separate into domains, Figure 3. The soft 
segment, that has a glass transition temperature (Tg) below usage tempera-
ture, acts as a spring giving the material its elastic properties, while the hard 
segment works as a physical cross-link through either crystalline domains 
and/or through hydrogen bonding, Figure 3. The degree of phase separation 
is highly dependant on the formation of hydrogen bondings between 
urea/urethane groups, miscibility of the starting compounds, molecular 
weight, hard segment content and possible formation of hydrogen bonding 
with soft segments28-33. The phase separation can also be altered through 
annealing34.

The mechanical properties of PU and PUU depend on for example soft 
and hard segment composition, hard segment content and the degree of 
phase separation35-39. A soft segment that has a low Tg will generate a soft 
material while crystalline materials will be more rigid when used below Tm.
Amorphous soft segments can exhibit crystallisation during elongation, so 
called strain crystallisation, which will result in a higher tensile strength. 
These crystals are formed when the elongated chains starts to align into an 
ordered structure, but as soon as the stress is removed the crystals will melt 
and the plastic deformation will be reduced40-43. Depending on whether the 
hard segment constitutes urethane or urea linkages the physical cross links 
between the chains will vary in strength as well as the number of 
urea/urethane groups31,32,44,45. The latter is referred to as hard segment con-
tent. However, since the properties the mechanical properties are closely 
related to the phase separation. Phase mixing will cause interference between 
the hard and soft segments and disrupt the properties31,32,34,35.
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Figure 3. Phase separation of hard and soft segments into domains. The hard seg-
ments in PU and PUU constitute hydrogen bonding between the chains. 

These polymers are normally synthesised as shown in Figure 4, where a 
polydiol, which will become the soft segment, is first end-capped with a 
diisocyanate. This pre-polymer is then chain extended with a stoichiometric 
amount of either a shorter diol, resulting in a PU, or a shorter diamine, giv-
ing a PUU35,37,44,46-49.  A drawback with this way of synthesising is the re-
quirement of knowing how much chain extender is needed to reach 
stoichiometry. And, since polymers always are polydisperse the isocyanate 
content needs to be determined. Also, since the isocyanate is sensitive to 
protic impurities, like moisture, the reactions need to be performed in dry 
environment. Hence, tedious control is necessary when synthesising PU and 
PUU using a chain extender. 
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Figure 4. Top, the phase separated system with hard and soft segments. Bottom, 
reaction scheme of classical synthesis using a chain extender. 
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1.3.1 Polyurethanes as biomaterial 
Segmented polyurethanes are widely used as biomaterials50. Due to their 
mechanical properties and their high degree of haemocompatibility50 PU and 
PUU are often found in vascular applications such as pace maker insulation, 
heart valves and intraaortic ballons50,51. Pellethane (Dow Chemical), Biomer 
(Ethicon) and Tecothane (Thermedics) are three commercially available 
PU/PUU. They are non-degradable materials containing a polyether soft 
segment and a hard segment derived from an aromatic diisocyanate. Poly-
carbonates are also found in some materials, as well as hard segments from 
aliphatic diisocyanates52.

Polyurethanes and poly(urethane urea)s are not only interesting for the 
vascular area, recent studies have shown promising results in applications 
such as ligament reconstruction53, meniscus replacement54 and to aid bone 
regeneration55.

1.3.2 Degradation of poly(urethane)s 
Degradation of PU and PUU in vivo can occur through several mechanisms. 
Even if the material is said to be non-degradable they do degrade to some 
extent56-60. Polyester containing PU and PUU undergo bulk hydrolysis 
through random chain scission. The urethane and urea linkages are known to 
be much less sensitive to hydrolysis at physiological conditions than the 
ester bonds61,62. Soft segments of polyethers are known to be sensitive to 
crack formation, so-called environmental stress cracking (ESC)59,63. ESC is 
mainly thought to be a result of built in stress in the material from the proc-
essing but also the presence of macrophages and foreign body giant cells 
have shown to play an important part. Medical devices that are in contact 
with metals can undergo metal ion oxidation (MIO) where metal corrosion 
products degrade polyurethanes63,64. Also, deposition of calcium containing 
apatite minerals, calcification, is a common reason for failure of vascular 
implants such as heart valves65.

Tang et al. showed that cholesterol esterase, an enzyme produced by 
macrophages, catalyses hydrolytic degradation. They showed that hydrogen 
bonding between hard and soft segments influenced the degradation more 
than phase separation and soft segment crystallinity66. Wang et al. showed 
that the same enzyme catalysed the hydrolysis of the ester bond adjacent to 
the urethane linkage rather than the urethane itself62. Christenson et al. 
showed however, that the effect of oxidation of poly(ether urethane) and 
poly(carbonate urethane) was more profound than the enzymatic catalysis of 
hydrolysis67. Recently, a more controlled degradation of the hard segment 
has been developed, using a chain extender containing L-phenylalanine that 
is susceptible to the enzyme chymotrypsin68. Studies have shown that the 
enzyme cleaves both urethane and urea bonds adjacent to L-
phenylalanine69,70.   
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Other factors than just the soft segment controls the degradation rate of 
the material. Longer hard segments form a more pronounced phase separa-
tion and more stable hydrogen bonding that lead to less degradation through 
enzymatic hydrolysis. The hydrogen bondings in the hard segments “pro-
tect” the segment from undergoing hydrolysis59.

A problem with degradation of PU and PUU are the potentially carcino-
genic by-products from the hard segment. It is the corresponding diamine to 
the diisocyanate that can be toxic71-74 and the formation of harmful isocy-
anates when cross-linking points degrade75.

Thus, by using a diisocyanate, which during degradation forms a diamine 
that is non-toxic or even naturally occurring in the body, this problem can be 
avoided. Methyl-2,6-diisocyanatehexanoate and 1,4-butanediisocyanate de-
grade during hydrolysis to the two diamines lysine76,77 and putrescine78. Ly-
sine is an amino acid and putrescine is a naturally occurring substance and is 
thought to be important for cell growth79.

1.3.3 Hydrogen bonding and phase separation 
Hydrogen bonding, via phase separation, plays a major role when it comes to 
mechanical and degradable properties of PU and PUU. They create the 
strong secondary forces that hold the chains together and the more hydrogen 
bonding groups, i.e. urethane and/or urea, the stronger the material will 
be45,80,81. Earlier studies have shown that urea groups form stronger hydrogen 
bonds than urethanes as a result to the two –NH- groups81,82.

The degree of phase separation can be influenced through heat treatment, 
so called annealing. At an elevated temperature the polymeric chains will 
move more freely and thereby form more discrete domains. Phase separation 
can be studied using various techniques such as SAXS, AFM, FTIR and 
DSC83-86.

1.4 Biomaterial-tissue interaction 
When discussing biomaterial-tissue interaction in vivo one needs to consider 
that the insertion itself, either by surgery or an injection, causes an injury to 
the tissue. Hence, the material is placed in an area where the body is mobilis-
ing its defence and the healing process has already started. The sequence of 
host response is as follows; (I) provisional matrix formation, (II) acute in-
flammation, (III) chronic inflammation, (IV) granulation tissue formation, 
(V) foreign-body reaction, (VI) fibrous capsule formation. The different 
stages can overlap or occur at the same time87.

Within tenths of a second, protein adsorption is seen on an implant sur-
face and within a minute the material is covered with a thin layer. The pro-
teins, mainly fibrin produced by activation of the coagulation system, encap-
sulate the material. When cells later arrive they only see a protein layer, not 
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the material surface. The acute inflammation phase, which lasts for few min-
utes to a couple of days, is characterised by oedema formation and accumu-
lation of neutrophils. Phagocytosis (engulfment and degradation) usually 
does not apply to biomaterials to any great extent due to the difference in 
size but the release of enzymes activates macrophages. Chronic inflamma-
tion is recognised by the presence of for example macrophages and the pro-
liferation of blood vessels. The degree and duration of chronic inflammation 
depends on the chemical and physical properties of the biomaterial. Depend-
ing on how the material behaves, i.e. if it releases any by-products or causes 
mechanical damages, the cells respond. Macrophages, which are the most 
important inflammatory cells, can produce a number of different degrading 
mediators and metabolites such as proteases and reactive oxygen. Granula-
tion tissue is a special type of tissue found only in wound healing; it replaces 
the initial fibrin clot. In this tissue, the angiogenesis (formation of blood 
vessels) is more profound and collagen and proteoglycan producing fibro-
blasts are seen constructing a fibrous capsule. Foreign-body reactions in-
volve macrophages and formation of foreign-body giant cells, which are 
multinucleus cells derived from macrophages. Depending on the topography 
of the implant the number of cells vary. The foreign-body reaction can be 
temporarily or permanent depending on if the implant degrades and/or 
causes persistent inflammatory stimuli87.
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2. Experimental 

2.1 Materials 
The three-armed thermoplastic elastomer was custom synthesised by Poly-
med Inc., US, and was purified by precipitation into 2-propanol from chloro-
form. The stents were purchased from W. C. Hereus GmbH, Germany. PBS-
buffer (w/o Ca2+ and Mg2+, sterile) was purchased from Dulbecco.   

Methyl-2,6-diisocyanatehexanoate (LDI) (Kyowa Hakko Europe GmbH) 
was distilled at 100 C and 0.1Torr. 1,4-butanediisocyanate (BDI) (Sigma) 
was distilled at reduced pressure. Hexamethylene diisocyanate (HDI) 
(>99%, Fluka), 4,4’-methylbis(phenyl)diisocyanate (MDI) (98%, Merck) 
and 2,4-toluene diisocyanate (TDI) (80%, Merck) were all used as received. 
-Caprolactone (Sigma Aldrich) was distilled at reduced pressure from 

CaH2, trimethylene carbonate and D,L-lactic acid (Böhringer) were used as 
received but opened inside the glove-box and 1,4-butandiol (Merck) was 
distilled at reduced pressure. Both were stored in a glove-box. Butanol 
(Sigma-Aldrich) was distilled from MgSO4 (Merck). Stannous 2-
ethylhexanoate (Sn(Oct)2) (Sigma Aldrich) was used as received but opened 
inside the glove-box and 1,4-diazabicyclo[2.2.2]octane (DABCO) (Merck) 
was sublimated at reduced pressure. N,N-dimethylformamide (DMF)( 
HPLC, Sigma Aldrich) and  chloroform-d (CDCl3) (Chemtronica) was kept 
over molecular sieves (4Å). Chloroform (Sigma Aldrich), 1,1,1-3,3,3-
hexafluoro-2-propanol (HFIP) (Acros), ethanol (Solvecco), 2-propanol 
(VWR), methanol (Sigma Aldrich), D2O (Chemtronica), 1,1,1-3,3,3-
hexafluoro-2-propanol-d2 (HFIP-d2) (Acros) and phosphorous pentoxide 
(P2O5) (Fluka) were used as received. Polypropylene (Borealis), HD810 MO, 
was used as it was.  

For the cytoxicity test was DMEM:F12 cell culture medium (Gibco, Invi-
trogen), foetal bovine serum (HyClone, PerBio Science AB), gentamicin 
(Gibco, Invitrogen), MTT assay (Sigma Aldrich) and phosphate buffer solu-
tion (Biochrom) used as received. Serum free medium, F12 (Gibco/Life 
Technologies), laminin (Gibco/Life Technologies) and gelatine 
(VWR/Merck). 

For the cell seeding test in Paper I were serum free medium, F12 and 
laminin received fromGibco/Life Technologies and gelatine from VWR. For 
cell staining was propidium iodide purchased from Molecular Probes. 

For the in vivo study were Tissue Tek® O.C.T. (Histolab Products AB, 
Sweden), ED1 (Serotec Ltd., Oxford, UK), Vectastain ABC peroxidase 
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standard PK-4000 kit (Vector Lab. Inc., Burlingame, CA, USA) and 3-
Amino-9-Ethyl-Carbazole (Sigma Chemical Co, St. Louis, USA) used. 

2.2 Instrumentation 
2.2.1 NMR 
Chemical composition of synthesised materials were determined using a Jeol 
ECP-400 NMR at 400MHz. CDCl3 was used for soft segments and HFIP-d2 
for the PUU. For the latter, a capillary with D2O was inserted into the NMR-
tube to lock the NMR-signal. The average degree of polymerisation ( SSDP )
for the soft segment (SS) through end-group analysis according to: 

)73.363.3(
2

I
I

DP polymer
SS   (1)  

The hard segment content was achieved by calculating the average number 
of repeating units in the hard segment using equation (2), resulting in 
( nHSM ), and then apply equation (3): 

PolymerI
IDPDP SSHS

)58.3(
  (2) 

)(
(%)

SSnHSn

HSn

MM
M

HS    (3) 

2.2.2 DSC 
A Perkin Elmer Q1000 DSC was used to study glass transition (Tg) and 
melting temperature (Tm) for the PUU. Samples of 4-6mg were cycled be-
tween 180 C and -80 C at a heating rate of 10 C/min. All calculations are 
based on the second heating. 

2.2.3 SEC 
Two different systems were used for molecular weight determination. 

Waters Alliance GPCV 2000 with RI and viscometer detectors. The sys-
tem was equipped with three Styragel columns (HR5E-HR4-HR1) and cal-
culations were based on polystyrene standards. Each sample was dissolved 
in chloroform to a concentration of 1-2mg/mL. The measurements were 
performed at 40 C and at a flow rate of 1mL/min.  

Waters 717 plus autosampler and a Waters model 515 pump 
equipped with three PLgel 10 µm mixed B columns, 300 x 7.5 mm 
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(Polymer Labs., UK). Spectra were recorded with a PL-ELS 1000 
evaporative light scattering detector (Polymer Labs., UK). Mille-
nium32 version 3.05.01 software was used to process the data. Chlo-
roform (with 5% methanol) was used as eluent, at a flow rate of 1.0 
mL/min. Polystyrene standards with a narrow molecular weight distri-
bution were used for calibration.

2.2.4 FTIR 
Consumption of isocyanates and hydrogen bonding in PUU films were stud-
ied using a FTIR (Perkin-Elmer, Spectrum One) with a ZnSe-crystal in ATR 
mode. Isocyanate consumption was followed by extracting samples from the 
polymerisation solution and hydrogen bonding from the films used for me-
chanical measurements and scanned 4 and 64 times at a resolution of 4 and 
2cm-1, respectively. Degree of hydrogen bonding was calculated from the 
peak height ratio of hydrogen bonded and non-hydrogen bonded car-
bonyl/carbonate groups. The height of the peak was defined from the peak 
base line. 

2.2.5 XPS/ESCA 
Surface analysis was performed by XPS (Physical Electronics, Quan-
tum2000) using a 45° angle monochromatic Al K  X-ray source, operated 
at 21.1W and with a pass energy of 58.7eV. 

2.2.6 Stress-strain measurements 
Stress-strain properties were determined at a deformation rate of 100mm/min 
using an Instron 5544 with Merlin software. Dog-bone shaped samples was 
either punched out from solvent casted films (width 10mm, length 23mm, 
thickness 12-32µm) or from compression-moulded samples (width 10, 
length 23mm, thickness 300-500µm). 

Permanent set, i.e. degree of plastic deformation after the stress has been 
removed, was determined after the stress-strain measurement by measuring 
the length of the pieces.

2.2.7 SEM 
Due to the risk of pinholes formed in thin solvent casted films, Scan-
ning Electron Microscopy (Philips XL30 ESEM-FEG) was used to 
verify that no defects were present. A thin layer of gold was applied 
through sputtering. Both surfaces and cross section were studied.  
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2.2.8 Viscometer 
Inherent viscosity, I.V., was conducted for the poly(urethane urea)s. Samples 
were dissolved in 10mL HFIP giving a concentration of 0.1g/100mL and 
filtered using a PTFE 0.45µm filter. A viscometer, an Ubbelohde capillary 
0c, together with a timer from Schott (ViscoClock) was used. The water-bath 
held a temperature of 25 C and each sample was measured four times. PUU 
from aromatic diisocyanates were not soluble when precipitated and dried, 
therefore, the I.V. was determined by extracting a sample from the polymeri-
sation solution (DMF) and diluting it to the desired concentration. The in-
herent viscosity was calculated using equation (1):  

p

s

p

c
t
t

VI
ln

..  (1) 

where tp is the time, in seconds, for the polymer solution and ts is the time for 
the solvent. Cp is the polymer concentration in g/dL. 

2.3 Procedures 
2.3.1 Synthesis of soft segment diols 
The soft segment polydiols were synthesized using 1,4-butanediol as the 
initiator. All chemicals were added inside a glove-box and the reactions were 
conducted at 110 C. HS content was calculated based on the average number 
of LDI-units obtained from NMR-measurements as described below.  

2.3.1.1 Synthesis of poly( -caprolactone), PCL 
The soft block, poly( -caprolactone) diol was synthesised, initiated from 1,4-
butandiol. To an oven dried (220 C) 250-mL round bottom flask cooled 
under argon was added 25.6g (0.225mol) of -caprolactone, 0.68g 
(7.6mmol) of 1,4-butandiol and 0.12g (0.30mmol) of Sn(Oct)2 added inside a 
glove-box. The flask was sealed, brought outside the box and the polymeri-
sation was conducted at 110 C in an oil bath for 24hours. Chloroform 
(50mL) was used to dissolve the polymer before precipitation in 500mL of 
methanol. The filtrated product was dried in vacuum over P2O5 (yield 
85%, M w (GPC) of 6,000g /mol, M n (NMR) of 4,600g/mol and PDI 1.22). 
1H NMR (CDCl3):  4.05 (t, 2H, CH2O), 3.64 (t, 2H, CH2OH end-group), 
2.30 (t, 2H, CH2CO), 1.62 (m, 4H, CH2) and 1.38 (m, 2H, CH2).
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2.3.1.2 Synthesis of poly(trimethylene carbonate), PTMC 
To a washed and dried 250mL round bottom flask was added TMC (72.55g, 
711mmol), the initiator butanediol (1.62g, 18mmol) and Sn(Oct)2 (0.20g). 
After stirring for 30 hrs chloroform was added to dissolve the polymer be-
fore precipitation with 500mL of methanol. The filtered product was dried in 
vacuum at 100 C over P2O5. Yield 88%, M w (GPC) of 8,000g/mol, M n
(NMR) of 4,200g/mol and PDI 1.53. 1H NMR (CDCl3):  4.05 (t, 4H, 
CH2O), 3.73 (t, 2H, CH2OH end-group), 2.02 (m, 2H, CH), 1.90 (m, 2H, 
CH2CH2OH) and 1.76 (m, 4H, CH2, initiator). 

2.3.1.3 Synthesis of poly(trimethylene carbonate-co- -caprolactone),
P(TMC-CL) 
When co-polymerising trimethylene carbonate and -caprolactone, CL 
(26.32g, 230.6mmol), TMC (23.59g, 231.3mmol) and 1,4-butanediol (1.04g, 
11.5mmol) were added to a round bottom flask inside a glove-box, Sn(Oct)2
(0.1g) was added as a catalyst. The reaction was stirred at 110 C for 40hrs, 
before precipitation with methanol the resulting polymer was dissolved in 
100mL chloroform. The isolated product was dried in vacuum at 100 C over 
P2O5. Yield 89%, M w (GPC) of 10,000g/mol, M n (GPC) of 6,500g/mol 
and PDI 1.59, TMC:CL 1:1. 1H NMR (CDCl3):  4.30-4.00 (m, 6H, CH2O), 
2.28 (m, 2H, CH), 2.02 (m, 2H, CH), 1.64 (m, 4H, CH2) and 1.37 (m, 2H, 
CH2).

2.3.1.4 Synthesis of poly(trimethylene carbonate-co-D,L-lactic acid), 
P(TMC-DLLA) 
For co-polymerisation of TMC with DLLA, TMC (20.44g, 200mmol) and 
DLLA (0.69g, 4.80mmol) was added to a dry round bottom flask together 
with 1,4-butanediol (0.48g, 5.29mmol) and Sn(Oct)2 (0.18g) as catalyst. The 
polymerisation was performed at 110 C for 24h and 40mL of chloroform 
was added before precipitation with ethanol. To remove ethanol residues, a 
10w% polymer solution in chloroform was made followed by solvent re-
moval by rotary evaporation. The product was dried in vacuum at 100 C
over P2O5. Yield 84%, M w (GPC) of 4,900g/mol, M n (NMR) of 
4,400g/mol and PDI 1.35, TMC:DLLA 40:1. 1H NMR (CDCl3):  4.99 (m, 
1H, OCH(CH3)CO), 4.22 (m, 2H, CH2O), 3.73 (t, 2H, CH2OH end-group), 
2.04 (m, 2H, CH), 1.91 (m, 2H, CH2CH2OH), 1.76 (m, 4H, CH2, initiator) 
and 1.53 (d, 3H, CH3CH).
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2.3.1.5 Synthesis of poly( -caprolactone-co-D, L-lactic acid), P(CL-
DLLA)
The synthesis of P(CL-DLLA) was performed as described above, 3, by 
adding CL (20.34g, 178mmol) and DLLA (0.54g, 3.76mmol) to a washed 
and dried round bottom flask, 1,4-Butanediol (0.49g, 5.49mmol) and 
Sn(Oct)2 (0.16g) were added as initiator and catalyst respectively. All chemi-
cals were added inside a glove box. Yield 85%, M w (GPC) of 6,300g/mol, 
M n (NMR) of 7,600g/mol and PDI 1.31, CL:DLLA 32:1. 1H NMR 
(CDCl3):  5.05 (m, 1H, OCH(CH3)CO), 5.05 (m, 1H, OCH(CH3)CO), 4.04 
(m, 2H, CH2O), 3.63 (t, 2H, CH2OH end-group), 2.29 (m, 2H, CH), 1.63 (m, 
4H, CH), 1.47 (d, 3H, CH3CH) and 1.36 (m, 2H, CH). 

2.3.2 Urethane formation, a model reaction between butanol and 
LDI
A model reaction of the pre-polymer synthesis carried out to identify when 
to connect the vapour apparatus to the reaction flask. The purpose was to 
follow the consumption of hydroxyl groups or the shift of the -methyl 
group. The conversion was determined using 1H-NMR (64scans) and the 
reactions were either done in bulk or in solution, DMF-d7 or CDCl3.

To three dry 20ml vial filed with argon was 0.05g of butanol and 0.44g of 
LDI added giving a NCO:OH ratio of 6:1. Two ml of DMF-d7 and CDCl3
was added to two of the vials to obtain similar solid concentration as in the 
PUU synthesis. Samples for NMR were taken after 4, 8, 12 and 24 hours.  
For the bulk synthesis CDCl3 was added just before the measurement. 

2.3.3 Synthesis of poly(urethane urea) with poly( -caprolactone)
The formation of poly(urethane urea) is a one pot synthesis where no inter-
mediate isolation steps are required. In stead of using a chain extender to 
form the hard segment, water is added continuously in the vapour phase 
according to Figure 12. In a first step a pre-polymer is formed when the dis-
solved soft segment is added to an excess of diisocyanate. Water vapour will 
then react with the isocyanate groups and form an amine in situ, which will 
then react with an isocyanate creating a urea bond.  
Four different PUU with LDI was synthesised with different HS content, 
which was determined by NMR as explained later. The synthesis strategy 
was proven to be applicable to other diisocyanates by using one aliphatic, 
HDI, and two aromatic, MDI and TDI diisocyanates. The advantage of add-
ing water in vapour phase in a continuous matter was shown by adding wa-
ter, in liquid phase, drop wise and all at once. 
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2.3.3.1 Synthesis of poly(poly( -caprolactone)-co-methyl-2,6-
diisocyantohexanoate), LDI 4.8 
Pre-polymer syntheses: In a typical experiment were 1.61g (7.60mmol) of 
LDI and 5.30g (1.14mmol) of PCL, dissolved in DMF (20mL), added to a 
dry 250mL three-necked round bottom flask, giving a molar ratio of 6.7:1 
(LDI:PCL). The PCL was added drop-wise over three hours and the reaction 
was left over night with stirring.  
Poly(urethane urea) synthesis: To the pre-polymer  0.44g (3.9mmol) of 
DABCO dissolved in DMF (5mL) was added. The water vapour apparatus 
was connected as shown in Figure 1, the oil-bath temperature was set to 
40 C and the nitrogen gas flow to a few bubbles/s. To minimise side reac-
tions and to attract the water vapour, an ice-water bath was placed under the 
reaction flask. As the polymerisation continued and the viscosity increased, 
DMF was added to facilitate formation of high molecular weight product. 
The viscosity started to increase after 5 hours and the synthesis was termi-
nated after eleven hours. A total amount of 17mL of DMF was added. The 
product was precipitated with water using a mixer and then filtrated. To re-
move DMF from the precipitated polymer it was stirred in hot water over 
night. The filtrated polymer was dried in vacuum over P2O5: (yield 87%) 1H
NMR (HFIP-d2),  4.67 (m, 1H, NCHCOO), 4.55 (m, 2H, CH2O), 4.21 (s, 
3H, CH3O), 3.57 (m, 2H, NCH2), 2.81 (t, 2H, CH2CO) and 2.38-1.65 (m, 
12H, CH2).

2.3.3.2 Synthesis of poly(poly( -caprolactone)-co-methyl-2,6-
diisocyantohexanoate), LDI 8.0 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask were 1.72g of LDI added. PCL, 3.40g, dissolved in 20mL DMF was 
added drop-wise during 6 hours and left over night.  
Poly(urethane urea) synthesis: To the pre-polymer was DABCO, 0.44g, 
dissolved in 5mL DMF was added. The oil-bath temperature was set to 40 C
and the nitrogen gas flow to a few bubbles/s. The product was precipitated in 
water using a mixer and then filtrated. To remove DMF from the precipitated 
polymer it was stirred in hot water over night. The filtrated polymer was 
dried in vacuum over P2O5. 1H NMR (HFIP-d2),  4.75 (m, 1H, NCHCOO), 
4.53 (m, 2H, CH2O), 4.21 (s, 3H, CH3O), 3.57 (m, 2H, NCH2), 2.80 (t, 2H, 
CH2CO) and 2.28-1.84 (m, 12H, CH2).

2.3.3.3 Synthesis of poly(poly( -caprolactone)-co-methyl-2,6-
diisocyantohexanoate), LDI 9.8 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask were 2.21g of LDI added. PCL, 4.02g, dissolved in 20mL DMF was 
added drop-wise during 6 hours and left over night.  
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Poly(urethane urea) synthesis: To the pre-polymer was DABCO, 0.59g, 
dissolved in 5mL DMF was added. The oil-bath temperature was set to 40 C
and the nitrogen gas flow to a few bubbles/s. The product was precipitated in 
water using a mixer and then filtrated. To remove DMF from the precipitated 
polymer it was stirred in hot water over night. The filtrated polymer was 
dried in vacuum over P2O5. 1H NMR (HFIP-d2),  4.54 (m, 2H, CH2O), 4.21 
(s, 3H, CH3O), 3.57 (m, 2H, NCH2), 2.79 (t, 2H, CH2CO) and 2.27-1.83 (m, 
12H, CH2).

2.3.3.4 Synthesis of poly(poly( -caprolactone)-co-methyl-2,6-
diisocyantohexanoate), LDI 11.6 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask were 2.67g of LDI added. PCL, 3.89g, dissolved in 20mL DMF was 
added drop-wise during 6 hours and left over night.  
Poly(urethane urea) synthesis: To the pre-polymer was DABCO, 0.72g, 
dissolved in 5mL DMF was added. The oil-bath temperature was set to 40 C
and the nitrogen gas flow to a few bubbles/s. The product was precipitated in 
water using a mixer and then filtrated. To remove DMF from the precipitated 
polymer it was stirred in hot water over night. The filtrated polymer was 
dried in vacuum over P2O5. 1H NMR (HFIP-d2),  4.74 (m, 1H, NCHCOO), 
4.54 (m, 2H, CH2O), 4.21 (s, 3H, CH3O), 3.58 (m, 2H, NCH2), 2.80 (t, 2H, 
CH2CO) and 2.28-1.84 (m, 12H, CH2).

2.3.3.5 Synthesis of poly(poly( -caprolactone)-co-methyl-2,6-
diisocyantohexanoate) and poly(poly( -caprolactone)-co-1,4-
butanediisocanate), LDI/xx/PCL and BDI/xx/PCL 
LDI/8/PCL: PCL (4.00g, 0.74mmol) was dissolved in 18mL of DMF and 
added to 0.55g (3.02mmol) of LDI in a 250mL round bottom flask with an 
over head stirrer. The dissolved polyester was added drop wise and the reac-
tion was left for 24hours. DABCO (0.13g, 1.16mmol) was dissolved in 2mL 
of DMF and added to the reaction prior to vapour addition. Vapour was cre-
ated by letting nitrogen bubble through DIW in a gas bubble flask that was 
heated at 45 C. DMF was added as the viscosity increased and the reaction 
was followed using ATR-FTIR and the gas flow was adjusted to approach 
stoichiometry slowly. The PUU was isolated through precipitation in DIW 
and filtration. To remove DMF the product was stirred with DIW at 60 C
over night and dried in vacuum at 70 C (89%). 1H NMR PCL-LDI (HFIP-
d2/D2O),  4.70 (m, 1H, NCHCOO), 4.52 (m, 2H, CH2O), 4.19 (s, 3H, 
CH3O), 3.57 (m, 2H, NCH2), 2.79 (t, 2H, CH2CO) and 2.30-1.69 (m, 12H, 
CH2).
The polymer synthesis described above was also conducted using different 
diisocyanate content and it was also done using BDI. 
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LDI/14/PCL: To 1.16g (5.47mmol) of LDI was 4.00g (0.74mmol) of PCL 
dissolved in 21mL DMF added. DABCO (0.22g, 1.96mmol) dissolved in 
3mL of DMF was added before addition of water vapour (77%).
LDI/20/PCL: PCL (4.01g, 0.74mmol) dissolved in 24mL of DMF was 
added to 1.97g (9.28mmol) of LDI. To the pre-polymer was then 0.37g 
(3.30mmol) of DABCO dissolved in 5mL of DABCO added (91%).
BDI/8/PCL: The synthesis was done by adding PCL (4.01g, 0.74mmol) 
dissolved in 18mL of DMF to 0.55g (3.92mmol) of BDI. The reaction was 
left during stirring for 24hours. DABCO (0.18g, 1.61mmol) dissolved in 
2mL of DMF was added prior to connection to vapour apparatus (84%). 1H
NMR PCL-LDI (HFIP-d2/D2O),  4.55 (m, 2H, CH2O), 3.60 (m, 4H, NCH2), 
2.80 (m, 2H, CH2CO) and 2.25-1.70 (m, 10H, CH2).
BDI/16/PCL: The synthesis was done using 4.01g (0.74mmol) of PCL dis-
solved in 21mL of DMF, 1.23g (8.78mmol) of BDI and DABCO (0.35g, 
3.13mmol) dissolved 3mL of DMF (83%). 
BDI/22/PCL: To 2.13g (15.2mmol) of BDI was 4.01g (0.74mmol) of PCL 
dissolved in 24mL DMF added. DABCO (0.59g, 5.27mmol) dissolved in 
5mL of DMF was added before addition of water vapour (80%). 

2.3.3.6 Synthesis of poly(poly( -caprolactone)-co-
hexamethyldiisocyanate), HDI 9.7 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask was 1.49g of HDI added. PCL, 3.85g, dissolved in 15mL DMF was 
added drop-wise during 4 hours and left over night.  
Poly(urethane urea) synthesis: To the pre-polymer was DABCO (0.51g) 
dissolved in DMF (4mL) was added. The oil-bath temperature was set to 
40 C and the nitrogen gas flow to a few bubbles/s. The product was precipi-
tated in water using a mixer and then filtrated. To remove DMF from the 
precipitated polymer it was stirred in hot water over night. The filtrated 
polymer was dried in vacuum over P2O5. 1H NMR (HFIP-d2),  4.56 (m, 2H, 
CH2O), 3.57 (m, 4H, CH2N), 2.81 (t, 2H, CH2CO) and 2.2-1.76 (m, 14H, 
CH2).

2.3.3.7 Synthesis of poly(poly( -caprolactone)-co-2,4-toulene
diisocyanate), TDI 4* 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask was 0.878g (5.03mmol) of TDI added. PCL (6.23g) was dissolved in 
DMF, 26mL, was added drop-wise during 3 hours and left over night. Molar 
ratio TDI:PCL 3.93:1.  
Poly(urethane urea) synthesis: DABCO, 0.19g, dissolved in 2mL DMF was 
added to the pre-polymer before connecting the vapour. To slow down the 
reaction an ice-water bath was placed under the round bottom flask. The 
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temperature was kept between 10-17 C.  The oil bath temperature was kept 
at 40 C. A total of 36mL of DMF was added during synthesis that took 6 
hours. To remove DMF from the precipitated polymer it was stirred in hot 
water over night. The filtrated polymer was dried in vacuum over P2O5.

2.3.3.8 Synthesis of poly(poly( -caprolactone)-co-4,4’-
methylbis(phenyl)diisocyanate), MDI 4* 
Pre-polymer synthesis: To a washed and dried three-necked round bottom 
flask was 0.625g (2.50mmol) of MDI added. PCL, 3.04g, was dissolved in 
12mL DMF was added drop-wise during 3 hours and left over night. The 
molar ratio was MDI:PCL 4.2:1.  
Poly(urethane urea) synthesis: DABCO, 0.08g, dissolved in 1mL DMF was 
added to the pre-polymer before connecting the vapour. To slow down the 
reaction an ice-water bath was placed under the round bottom flask. The 
temperature was kept between 10-17 C.  The oil bath temperature was kept 
at 40 C. A total of 166mL of DMF was added during synthesis that took 3 
hours. To remove DMF from the precipitated polymer it was stirred in hot 
water over night. The filtrated polymer was dried in vacuum over P2O5.

2.3.3.9 Synthesis of poly(poly( -caprolactone)-co- methyl-2,6- 
diisocyantohexanoate) by adding the water in liquid phase 
Pre-polymer synthesis: The pre-polymer synthesis was done as described 
above by adding dissolved PCL drop-wise to a six-fold excess of LDI. The 
calculated amount of deionised water (DIW) needed was based on the as-
sumption that one sixth of the isocyanates had reacted with the PCL during 
the pre-polymer synthesis.  
Poly( -caprolactone) (2.4g, 0.40mmol) was dissolved in DMF (7mL) and 
added to 0.52g (2.5mmol) of LDI (LDI:PCL 6.1:1) drop-wise over three 
hours. DABCO (0.14g, 1.3mmol) dissolved in DMF (2mL) was added to the 
pre-polymer followed by DIW (0.037g, 2.0mmol). Precipitation of the 
polymer was done with water, the isolated product was washed in hot water 
over night and then dried in vacuum over P2O5. The product was insoluble in 
chloroform, DMF, DMSO and HFIP and the isolated yield was 87%. 
A standard solution of DIW in DMF was prepared with a water concentra-
tion of 2.07mmol/g. Poly( -caprolactone) (3.5g, 0.58mmol) dissolved in 
DMF (8mL) was added drop-wise to LDI (0.75g, 3.6mmol) (LDI:PCL 
6.12:1) followed by the addition of DABCO (0.2g, 2mmol) dissolved in 
DMF. The standard solution (1.42g, 2.94mmol water) was then added over 2 
hours. When the viscosity increased DMF (2mL) was added. The polymer 
was isolated by precipitation with water, filtrated, washed in hot water over 
night and dried in vacuum over P2O5 resulting in a 92% isolated yield. 1H
NMR PCL-LDI (HFIP-d2):  4.67 (m, 1H, NCHCOO), 4.55 (m, 2H, CH2O), 
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4.21 (s, 3H, OCH3), 3.59 (m, 2H, NCH2), 2.81 (t, 2H, CH2CO) and 2.33-
1.71 (m, 12H, CH2).

2.3.4 Synthesis of poly(urethane urea) with poly(trimethylene 
carbonate) and co-polymers 

2.3.4.1 Synthesis of poly(poly(trimethylene carbonate)-co-methyl-2,6-
diisocyantohexanoate), PUU-PTMC 
Pre-polymer synthesis: LDI (3.112g, 14.67mmol) was added to a washed 
and oven dried three necked round bottom flask. PTMC (1) (11.92g, 
116.9mmol) dissolved in DMF (41mL) was added drop-wise during seven 
hours and the reaction was left with stirring over night.  
Poly(urethane urea) synthesis: To the pre-polymer was added DABCO 
(0.90g, 8.0mmol), dissolved in DMF (10mL). Water vapour was subse-
quently added to the reaction by letting nitrogen pass through water heated at 
45 C, as the synthesis continued the viscosity increased and more DMF was 
added to facilitate formation of high molecular weight product. The polym-
erisation was judged complete when the viscosity began to increase drasti-
cally, usually at ~10% solid composition. The product was isolated through 
precipitation in methanol and filtered. To remove residual DMF, the isolated 
product was stirred with methanol at 50 C over night. Isolated product was 
dried in vacuum over P2O5. Yield 82%. 1H NMR (HFIP-d2):  4.70 (t, 4H, 
CH2O), 4.22 (s, 3H, CH3O), 3.57 (m, 2H, CH2NH), 2.51 (m, 2H, CH), 2.30-
1.84 (m, 6H, CH2).

2.3.4.2 Summary of poly(poly(trimethylene carbonate)-co--methyl-2,6- 
diisocyantohexanoate) and poly(poly(trimethylene carbonate-co-1,4-
butanediisocanate), LDI/xx/PTMC and BDI/xx/PTMC
LDI/10/PTMC: The reaction was performed using a three-necked round 
bottom flask (250mL) and a over head stirrer. PTMC (4,11g, 1.08mmol) was 
pre-dissolved in 18mL of DMF and added drop wise to 0.83g (3.91mmol) of 
LDI and left for 24hours. To the formed pre-polymer was 0.18g (1.61mmol) 
of DABCO dissolved in 2mL DMF added before connecting the vapour 
apparatus. A gas bubble flask with water was used and placed in a oil bath 
that held 45 C and nitrogen was used as carrier gas. As the viscosity in-
creased more DMF was added to lower the viscosity and thereby facilitate 
high molecular weight product. The consumption of isocyanate was fol-
lowed using ATR-FTIR (4 scans, 4cm-1), and since DMF is hygroscopic and 
therefore can “store” water, the gas flow was lowered when approaching 
stoichiometry. Isolation was done through precipitation in deionised water 
(DIW) and to remove DMF the product was stirred with DIW at 60 C over 
night. After filtration the product was dried in vacuum at 70 C (94%). 1H
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NMR (HFIP-d2/D2O):  4.69 (t, 4H, CH2O), 4.20 (s, 3H, CH3O), 3.57 (m, 
2H, CH2NH), 2.51 (m, 2H, CH), 2.33-1.70 (m, 6H, CH2).
LDI/14/PTMC: The synthesis was done using 4.03g (1.06mmol) of PTMC 
dissolved in 21mL of DMF, 1.15g (5.42mmol) of LDI and DABCO (0.24g, 
2.14mmol) dissolved 3mL of DMF (yield 86%). 
LDI/21/PTMC: To 1.98g (9.33mmol) of LDI was 3.99g (1.05mmol) of 
PTMC dissolved in 24mL of DMF added. After 24 hours 0.38g (3.39mmol) 
of DABCO dissolved in 5mL of DMF was added (yield 86%). .  
BDI/8/PTMC: PTMC (4.00g, 1.05mmol) dissolved in 18mL of DMF was 
added to 0.56g (4.00mmol) of BDI. To the pre-polymer was then 0.18g 
(1.61mmol) of DABCO dissolved in 2mL of DABCO added (86%). 1H
NMR PCL-LDI (HFIP-d2/D2O),  4.70 (t, 4H, CH2O), 3.61 (m, 4H, 
CH2NH), 2.51 (m, 2H, CH2CO), 1.98 (m, 4H, CH2).
BDI/16/PTMC: The synthesis was done by adding PTMC (4.01g, 
1.06mmol) dissolved in 21mL of DMF to 1.24g (8.83mmol) of BDI. The 
reaction was left during stirring for 24hours. DABCO (0.37g, 3.30mmol) 
dissolved in 3mL of DMF was added prior to connection to vapour apparatus 
(88%).  
BDI/20/PTMC: To 2.11g (15.06mmol) of BDI was 3.99g (1.05mmol) of 
PTMC dissolved in 24mL DMF added. DABCO (0.60g, 5.36mmol) dis-
solved in 5mL of DMF was added before addition of water vapour (84%).    

2.3.4.2 Synthesis of poly(poly(trimethylene carbonate-co- -
caprolactone)-co-methyl-2,6- diisocyantohexanoate), PUU-P(TMC-CL) 
Pre-polymer synthesis: To a three-necked round bottom flask containing 
LDI (2.428g, 11.44mmol) was added P(TMC-CL) (2) (12.21g,1.88mmol) in 
DMF (42mL) over six hours.  
Poly(urethane urea) synthesis: Before connecting the water vapour, DABCO 
(0.5g) dissolved in 14mL of DMF was added, with the oil bath held at a 
temperature of 45 C. The polymer was precipitated in methanol and washed 
with methanol over night during stirring and heating. Isolated product was 
dried in vacuum over P2O5. Yield 84%. 1H NMR (HFIP-d2):  4.71-4.54 (m, 
6H, CH2O), 4.22 (s, 3H, CH3O), 3.57 (m, 2H, CH2NH), 2.83 (m, 2H, 
CH2CO), 2.51 (m, 2H, CH), 2.29-1.85 (m, 12H, CH2).

2.3.4.3 Synthesis of poly(poly(trimethylene carbonate-co-D,L-lactic
acid)-co-methyl-2,6- diisocyantohexanoate), PUU-P(TMC-DLLA) 
Pre-polymer synthesis: P(TMC-DLLA) (3) (5.17g, 1.08mmol) dissolved in 
16mL of DMF was added to an excess of LDI (1.478g, 6.96mmol) over six 
hours.
Poly(urethane urea) synthesis: DABCO (0.39g) was dissolved in 3mL of 
DMF and added to the pre-polymer. The vapour was connected and the oil 
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bath temperature was set to 45 C. The product was isolated by precipitation 
in ethanol, the filtered product was washed with ethanol during stirring be-
fore drying in vacuum, yield 85%. 1H NMR (HFIP-d2):  5.52 (m, 1H, 
OCH(CH3)CO), 4.71 (t, 4H, CH2O), 4.22 (s, 3H, CH3O), 3.59 (m, 2H, 
CH2NH), 2.52 (m, 2H, CH2CO), 2.30-1.85 (m, 13H, CH2 and CH(CH3)CO).

2.3.4.4 Synthesis of poly(poly( -caprolactone-co-D, L-lactic acid)-co-
methyl-2,6- diisocyantohexanoate), PUU-P(CL-DLLA) 
Pre-polymer synthesis: To a washed and oven dried three necked round bot-
tom flask was added LDI (1.033g, 4.87mmol) followed by the addition of 
P(CL-DLLA) (4) (3.664g, 0.76mmol) in DMF (12mL) over eight hours.
Poly(urethane urea) synthesis: DABCO (0.26g) in DMF (4mL) was added 
to the pre-polymer and then the water vapour was connected. The product 
was precipitated and washed, with stirring, in ethanol for a couple of hours. 
The isolated product was dried in vacuum over P2O5, yield 85%. 1H NMR 
(HFIP-d2):  5.55 (m, 1H, OCH(CH3)CO), 4.55 (m, 2H, CH2O), 4.22 (s, 3H, 
CH3O), 3.58 (m, 2H, CH2NH), 2.80 (m, 2H, CH2CO), 2.23-1.74 (m, 12H, 
CH), 1.66 (d, 3H, CH3CH).

2.3.5 Stent coating 
The polymer cover for the stents were prepared through dip coating. A thin 
Teflon bar (2.4 mm in diameter) was dipped in a polymer solution (15wt%) 
and then left to dry, this procedure was repeated five times. The cover was 
removed from the Teflon bar and dried at room temperature for one day. 
Chloroform residuals were removed by placing the covers in vacuum at 
20 C over night leaving a dense 50µm thick cover. After the cover was 
slipped over the stent the ends were fixated by dipping in the polymer solu-
tion to keep it in position after insertion. The stents and covers were steril-
ized by immersion in 70% ethanol for three hours and were then sterile 
packed.

2.3.6 In vitro degradation 

2.3.6.1 Degradation of three-armed thermoplastic elastomer 
Polymer films were prepared by dissolving the polymer in chloroform 
(15w%) and cast a film onto a glass plate. Dog-bone shaped samples anc 
circular ones were punch out from the dried films. Both type of samples 
were placed in 50ml sterile PBS-buffer and placed in an oven at 37 C. To 
study physical ageing effects, four dog-bone shaped samples were placed 
together with silica gel in a vacuum incubator at room temperature. 
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2.3.6.2 Degradation of linear poly(urethane urea) 
Films were prepared through compression molding at 170 C for 20s. Dog-
bones were punched out, weighed and the thickness was determined with a 
micrometer screw. The sample weight were between 85-250mg and the 
thickness between 250-550µm. Three samples of each PUU were sterilised 
with gamma radiation, 60Co, 28-29kGy, and changes in mass and inherent 
viscosity was measured after worth as well as the tensile properties. 

For the hydrolysis study, sterile and non-sterile samples were placed in 
40mL PBS buffer solution and placed in a 37 C oven. Degradation was stud-
ied after 5, 10, 15 and 20 weeks and three samples were studied each time. 
The effect of the sterilization on hydrolysis was studied after 10 weeks of 
hydrolysis. Physical ageing was studied after 5 and 15 weeks at 50 C.

2.3.7 Cytotoxicity studies 
The inside of the vessel wall contains endothelial cells and therefore was a 
cell seeding study using these cells done on flat films. Nine thousand cere-
bral endothelial cells from rat were used and seeded for 90 minutes using a 
serum free medium. Sterilisation was done with 70% ethanol, the films were 
placed in sterile bags and dried in vacuum. The seeding was performed in a 
non-tissue culture treated 24 well plate and a glass ring was placed over the 
polymer film to prevent floatation. Laminin and gelatine coated polymer 
films were used as positive control. The coating was done in PBS-buffer 
diluted solutions with concentrations of 4.15µg laminin/ml and 0.1w% gela-
tine, and the films were coated for 24 hours and was confirmed by XPS. The 
cells were stained with propidium iodide (Molecular Probes). The cell count-
ing was done at the same position on each film by selecting two areas. 

Toxicity of degradation products or synthetic residues from the polyure-
thane urea was analysed by placing gamma-sterilized 5 mm cylinders of 
polyurethane urea in DMEM:F12 cell culture medium supplemented with 
10% foetal bovine serum  and 50 µg/ml gentamicin for 24 hours. Compact 
cylinders of gamma sterilized polypropylene were used as references, as well 
as non-exposed cell culture medium. 50 000 human dermal fibroblasts from 
foreskin, kindly received from EPFL, Lausanne, Switzerland, were seeded in 
each well of a 24 well culture plate and left overnight to adhere to the wells. 
Cell culture medium exposed for polyurethane urea or polypropylene was 
added to the wells and cell numbers were analysed after 24 and 72 hours by 
MTT assay according to protocol. Briefly, to each culture well a volume 
corresponding to 10% of culture volume of sterile 5 mg/ml MTT in phos-
phate buffer solution was added and incubated 4 h in 37 ˚C, 5% CO2. There-
after the medium was removed and equal amount DMSO was added. The 
formed purple crystals were dissolved before absorbance was measured in a 
Perkin-Elmer UV-VIS spectrometer at 570 nm and the background at 690 
nm was subtracted. Five samples of each were analysed. 
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2.3.8 Thermoplastic elastomer as stent cover 
The sheep model was used for the animal study and two animals were used. 
The arteries used were carotid and iliac on the right and left side. The artery 
diameter was measured in order to choose the right balloon diameter. X-ray 
measurements, utilizing contrast fluid, were used to determine the diameter 
from an angiogram. To ensure that the stent was expanded more than the 
vessel diameter an oversizing factor of 1.25 was used.  

The stent, either bare or covered, was placed over the balloon. The bal-
loon was then expanded to ensure that the stent and cover would stay in 
place after introduction. A stent with cover was placed in right carotid and 
left iliac and a bare stent in the left carotid and right iliac. One of the animals 
was sacrificed after six weeks, the other animal died during surgery. This 
resulted in loss of statistics and thereby could no real conclusions be made, 
only indications. 

To study the efficiency of the material the amount of pharmaceuticals 
given was minimized and they were only given prior to surgery and during 
the first two weeks after implantation. Prior to implantation the animals were 
given heparin I.V. and Klexan was administered (0.4 ml) 2 times daily for 14 
days after implantation.  

The histology was performed at the institution of biomaterial science at 
Gothenburg University. Stents and vessels were cut in three places, proxi-
mal, central and distal and then dehydrated in ethanol. The sections were 
embedded in Technovit 7200 and polished down to a thickness of 10µm. 
Calculations of the loss of lumen area were done with a light microscope 
(Zeiss Axiovert135) and PalmRobo as software. Area loss ratio was calcu-
lated from the ratio of lost lumen area to initial area. Initial area was defined 
as the area from the intima (including the stent struts) and the area loss as the 
neointima area, stent struts and polymeric cover.  

2.3.9 Biocompatible study 
Male Sprague-Dawley rats, weighing 200-250 g, were anaesthetized by i.p. 
injections of 1.0 ml/100 g body weight of a solution containing sodium pen-
tobarbital (60 mg/ml) and NaCl (9 mg/ml) in 1:9 volume proportions.  

The PUU-PCL and poly(propylene) samples were implanted in rat ab-
dominal wall. Details of the implantation procedure have been described 
previously88. In brief, the rectus abdominis muscle sheath was opened and 
the muscle moved laterally. Two of PUU-PCL and two discs of 
poly(propylene), that served as reference material, were inserted on either 
side of the linea alba, outside the peritoneum without injuring the peritoneal 
membrane. Some animals solely received negative implants. To cover the 
implant, the rectus abdominis muscle was slipped back and the position of 
the implant was secured  with a suture was placed in the muscle sheath. In 
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the first set of experiments 3 animals for each implantation time period (i.e. 
1 or 6 weeks) were used.

The animals were euthanised after 1 and 6 weeks. Implants with sur-
rounding tissue were removed en bloc. After being washed in ice-coled PBS 
the specimens were embedded in Tissue Tek® O.C.T. compound and snap 
frozen for 30 s in 2-methylbutane at -70°C. The implants were removed by 
dissection of the peritoneal membrane without letting the specimen thaw. 
The tissues were sectioned in a cryostat (6 µm in thickness) and collected on 
chromium-alum treated slides and allowed to air dry. The slides were kept at 
-70°C until analysed. 

The staining procedures for the ED1 macrophage subclass were done ac-
cording to Rosengren et al89. In brief, after removal of the endogenous per-
oxidase activity and blocking of unspecific bindings the slides were incu-
bated with mouse anti-rat ED1. Then, the specimens were incubated with a 
biotinylated horse anti-mouse IgG antibody followed by incubation with 
Vectastain ABC peroxidase standard PK-4000 kit. The presence of peroxi-
dase was detected using 3-Amino-9-Ethyl-Carbazole. Thereafter the sections 
were counterstained in Mayers HTX. For the control sections either the pri-
mary antibodies were excluded or mouse monoclonal antibodies directed to 
human cell surface antigens were used as primary antibody. 

All images were obtained using a RT color Spot digital camera (Diagnos-
tic instruments, Rochester, NY), mounted on a Nikon FXA (Tokyo, Japan) 
microscope, using bright field microscopy. The images were retrieved and 
manually counted using Photoshop 8.0 software. 
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3. Results and Discussion 

The search for a material with a low modulus, high elasticity, that is biode-
gradable and easy to synthesise, has gone from a three-armed polyes-
ter/carbonate to a linear poly(urethane urea), from a polymer containing 
many different types of monomers to a material that can be synthesised from 
only two components, from a material with elongation at break of a few 
hundred percent to a couple of thousand. And, the synthetic strategy is easy. 

3.1 A three-armed biodegradable thermoplastic 
elastomer
To study the potential of thermoplastic elastomers as low modulus elastic 
biodegradable materials, a hydrolysis study was performed using a three-
armed co-polymer with a rubbery amorphous inner part and a crystalline 
outer part according to Figure 5, and was presented in Paper I. The aim was 
to study the degradation rate, the effect it had on the stress-strain properties 
and the potential it had in vivo, as a stent cover.  

Amorphous  part, 
p(TMC-co-CL)

Crystalline part, 
PLLA.
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Figure 5. Schematic structure of the three-armed thermoplastic elastomer. 
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To test the polymeric material and to have a reference for the degradation 
study stress-strain tests were performed on solvent cast films. Tests were 
also performed on cylindrical stent covers using an authentic angioplastic 
balloon. The polymeric films were approximately 35µm thick and showed 
an elongation at break of 335% and the cylindrical covers had a thickness of 
around 50µm and could withstand a pressure of 11-12bar and be elongated 
approximately 300-400%. 

3.1.1 Endothelial cell adherence and in vivo experiment 
Endothelial cells are found on the inside of the vascular wall and they consti-
tute an important regulatory barrier. Since the material was destinated for 
blood vessel applications endothelial cells were used to study the adherence 
to the polymeric surface. As positive controls a laminin-coated and a gela-
tine-coated surface were used. The materials showed no signs of toxicity and 
the cells adhered to the pure polymeric surface to the same extent as the 
gelatine coated surface, Figure 6. 
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Figure 6. Cell seeding of endothelial cell (9000 cells) on the pure and coated poly-
mer. The error bars represent a 95% confidence interval. 

Histology obtained from the in vivo experiment, Figure 7, revealed that 
the polymeric stent cover failed and collapsed into the vascular lumen. Even 
though a loss of lumen area was found in all the cases, the loss was consid-
erably less for the pure stents with a lower neointima hyperplasia than for the 
covered ones, Table 2. The greater loss of lumen area for the covered stents 
could be a result of the polymer itself, swelling of the polymer or rupture of 
the cover. The latter, caused by degradation and premature failure of the 
polymer, resulted in a collapse into the lumen area and may have induced 
thrombus and later on a neointima. An indication of this was that the few 
inflammatory cells that were seen were facing the lumen and not the vessel 
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wall. However, in comparison to an earlier study where different biodegrad-
able polymers were used8, this thermoplastic elastomer showed a lower loss 
of lumen area and very low inflammatory reaction. 

Figure 7. Top left: Right iliac, pure stent. Top right: Left carotid, pure stent. Bottom 
left: Right carotid. Stent and cover. Bottom right: Left Iliac, stent and cover. 

To study if the neointima and the inflammatory response were more de-
veloped at different parts of the stent, three histological cuts were done, 
proximal, central and distal. For the covered stents the proximal side of the 
implant showed a higher loss of lumen area compared to the central or distal, 
Table 2. For the vessels treated with pure stents the results were the opposite, 
with a lower loss at the proximal site than the distal which is in accordance 
with the literature90. The composition of the neointima was similar when 
comparing the bare stents and the covered, containing loose connective tis-
sue. The histology did not show any signs of bacterial infections or necrosis 
and for the right iliac and left carotid there were negligible signs of inflam-
mation. In the left iliac and right carotid small areas of monocytes could be 
seen, a result of inadequate sterilisation.  
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Table 2. Loss of lumen area in percentage. Histological cuts at three positions were 
studied, proximal, central and distal. 

Pure stent Stent with cover 
Position 

Left carotid Right iliac Right carotid Left Iliac 

Proximal 7.02 28.44 48.46 63.20 

Central 8.27 12.83 21.37 48.65 

Distal 8.12 33.57 24.19 37.51 

Average 7.80 24.95 31.34 49.79 

3.1.2 In vitro degradation 
Degradation of the thermoplastic elastomer was performed at physiological 
conditions for four and six weeks. Mass and SEC measurements showed a 
small loss of mass (1.80% and 2.43% after 4 and 6 weeks respectively) but a 
41% and a 55% decrease in molecular weight respectively. This is typical 
behaviour of degradation via random hydrolytic cleavage, which is seen for 
polyesters13. The molecular weight distribution, PDI, converged towards 2 
due to random chain scission, indicative of homogenous hydrolysis. Due to 
traces of moisture in the incubator or during film formation the physical 
ageing samples degraded and showed a loss in molecular weight and mass. 

Thermal transitions like glass transition and melting can reveal structures 
and structural changes. To increase the sensitivity Temperature Modulated 
DSC (TMDSC) was performed to study which part of the polymer that was 
affected by the hydrolysis and physical ageing. Three major changes were 
noted; (1) disappearance of a Tg at 20 C, (2) lowering of Tm and (3) changes 
in the heat of fusion.  

The reference sample showed a glass transition around 20oC that when 
the samples were exposed to hydrolysis vanishes, Figure 8. The same transi-
tion becomes more pronounced when exerted to physical ageing which is a 
result of more developed phase separation. Considering the temperature of 
this transition, it must originate from a tapered phase derived from 
trimethylene carbonate and lactic acid. The Tg of this phase, 20oC, is in ac-
cordance with earlier studies where co-polymers of PTMC and PDLLA have 
been studied and since no transition is seen between –15oC and –20oC23, the 
polymer does not contain a pure PTMC phase. Figure 9 shows the schematic 
morphology on how the inner rubbery phase is linked to the crystalline part 
via the tapered phases. This phase is most probably formed during synthesis 
of the PLLA-block due to trimethylene carbonate residues. When PLLA is 
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co-polymerised with PTMC its crystallinity is suppressed and PTMC acts as 
a plasticizer that allows water to diffuse in. Since the Tg of the co-polymer is 
lower than that of pure PLLA, the degradation of the co-polymer is faster 
than PLLA23. The same study showed that P(TMC-co-DLLA) degrades 
faster than P(TMC-co-CL), which confirms what was seen in this study23.

Figure 8. Left: Two glass transitions are seen for the reference and the sample ex-
erted to physical ageing, the transition around 20oC vanishes with hydrolysis. Right: 
Melting of the PLLA part. The melting temperature decreases with hydrolysis and 
increases with physical ageing. 
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Figure 9, Schematic figure of the morphology with the tapered phase linking the 
inner elastic part with crystalline outer part. 

Unlike earlier studies, a decrease in melting temperature was seen for the 
hydrolysed samples Figure 8 and Table 3. This could be a result of reduction 
of crystal size as a result of decrease in molecular weight. Hydrolysis was 
also accompanied by an increase in crystallinity12,16,91,92, Table 3. This was 
probably a result of (1) PLLA degradation and (2) degradation of the tapered 
phase. During degradation PLLA was liberated from the amorphous and 
tapered phase which was favourable for crystallisation. Also, tapered phase 
degradation leads to increased mobility followed by formation of new crys-
talline segments. Physical ageing resulted in an increase in both melting 
temperature and crystallinity and is a result of morphological changes and 
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post-crystallisation, Table 3. This corresponds to what Brigouri et al. have 
shown earlier that Tm increase during the first twelve months of degradation 
and then decrease92. Siemann et al. have earlier shown that water acts as a 
plasticizer, which results in an increase in crystallinty93, this does not corre-
spond what was seen here with a decrease when the wet samples were stud-
ied, Table 3. 

The elongation at break was reduced by more than 70% after 4 weeks, 
Table 3. This is expected considering the large drop in molecular weight and 
the degradation of the PLLA that acts as the physical cross-link. As seen in 
Table 3 the elastic modulus increased which is recognised as a result of the 
increased crystallinity described above.  

Table 3. Thermal properties before and after degradation. Hydrolysis resulted in a 
disappearance of the glass transition at 20oC and an increase in crystallinity. This is 
also reflected in the mechanical properties also shown here. 

Sample Tg1(oC) Tg2(oC) Tm(oC) Hm
(J/g) (%)

E-
modulus 
(MPa) 

Elongation 
at break 

(%)

Reference -28.0 21.1 156.6 8.20 335
(34) 40 (6) 

4 weeks        

Dry -26.3 22.7a 151.8 9.89 20.6 94 (13) 72 (19) 

Wet -21.5 - 145.3 7.34 -10.5   

6 weeks        

Dry -26.7 - 148.2 10.23 24.8 90 (6) 65 (11) 

Wet -19.7 - 143.3 8.20 0 

Physical
ageing -28.1 20.6 158.5 8.97 9.4 200 (5) 110 (10) 

aOnly two samples showed a transition. 

The degradation study showed that the material was too sensitive to hy-
drolysis, which led to loss of the mechanical strength necessary to function 
as a stent cover. Literature have also shown that polymers degrade faster in
vivo than in vitro13-15 and that polymers exerted to constant strain tend to 
degrade faster15.

The material has potential to function in the vascular area regarding the 
inflammatory response but its mechanical properties were too vulnerable to 
hydrolysis since the physical cross-links degraded too fast. The aim is a ma-
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terial with similar chemical structure but with physical cross-links less sus-
ceptible to hydrolysis and a morphology that allows more strain.  

3.2 Formation of pre-polymer, a model study 
In the poly(urethane urea) synthesis, presented in Papers II, III and V, the 
reaction between the diol and the isocyanate was allowed to react for 24 
hours before connecting the vapour apparatus. To estimate the degree of pre-
polymer formation after 24 hours a model reaction was performed and pre-
sented in Paper III. The two reactants, butanol and LDI, were added in the 
same proportions as in the actual pre-polymer synthesis together with DMF-
d7 to obtain the right concentration. Subsequent 1H-NMR was performed to 
follow the conversion. The synthesis was also performed in bulk and in 
CDCl3. As seen in Figure 10, the intensity from the hydroxyl group (e) de-
creased with time and after 24 hours 90% have reacted with an isocyanate to 
form a urethane linkage.  

When the same reaction was performed in bulk, a total conversion was at-
tained after only 12 hours until, Figure 11. Here, the shift of the alpha methyl 
group (a to a’) was used as reference for urethane formation, the NMR was 
performed using deuterated chloroform. Deuterated chloroform was also 
used as a solvent for the model reaction. The less polar chloroform caused a 
slower reaction between butanol and LDI, after 24 hours only 60% had re-
acted.

Interestingly, the secondary isocyanate (b to b’) on LDI is much more re-
active than the primary (c to c’). When comparing LDI to 2,4-toluene diiso-
cyanate where the methylene group acts as a steric hinder making the isocy-
anate group in position two much less reactive94, one would expect the same 
result for LDI. However, the methyl ester group is electron withdrawing and 
a possible explanation could be that it makes the carbon in the adjacent iso-
cyanate more nucleophilic. The difference in reactivity is interesting also 
because it reduces the risk of forming mono blocks of LDI in the PUU-
synthesis. 
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Figure 10. 1H-NMR of the model reaction between 1,4-butanediol and LDI in DMF-
d7. After 24h 90% of the hydroxyl groups were converted to urethane. 
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Figure 11. 1H-NMR showing the consumption of hydroxyl groups when reacting to 
isocyanate. The reaction was performed in bulk, a total conversion was seen after 
12h.  

3.3 Soft segment synthesis 
A variety of polyester and polycarbonates were synthesised through ring 
opening polymerisation to function as soft segments in the PUUs presented 
in Papers II-V. Three different monomers were used and both homopoly-
mers and co-polymers were synthesised. Different soft segments  were used 
because they differ in their ability to degrade and in their thermal and me-
chanical properties. 

Degradability depends on if the material is susceptible to hydrolysis 
and/or enzymatic activities. As will be discussed later, the hydrolysis rate 
and impact were studied, and as will be seen, the effect of hydrolysis is de-
pendent on the soft segment structure56,59-61,66.

The degradation rate of the material also depend on it’s thermal proper-
ties. A material that has a high Tg but is hydrolytically sensitive will experi-
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ence an increase in degradation rate when co-polymerised with a monomer 
with lower Tg

5,13,14,23,26,95,96.
The mechanical properties can be altered through co-polymerisation lead-

ing to lowering of Tg or suppressed crystallinity. Co-polymerisation will also 
affect the degradation rate, which was shown in a previous section.  

Table 4. Results from some of the soft segment synthesis. 

Polymer Composition Mn
a/DP Mw

a PDI Isolated yield (%) 

PCL - 4,600/40 6,000 1.22 85 

PTMC - 4,200/40 8,000 1.53 88 

P(CL-TMC) 1:1 6,500/60 10,000 1.59 89 

P(CL-DLLA) 32:1 7,600/66 8,300 1.31 84 

P(TMC-DLLA) 40:1 4,400/41 4,900 1.35 85 
a Molecular  weights in g/mol. Mn was determined with NMR. 

As seen in Table 4 the molecular weights varied between 4,200 to 
7,600g/mol (Mn) with a low polydispersity (PDI). The degree of polymerisa-
tion (DP) was interesting since it was used to calculate the hard segment 
content or hard segment length. The hydrolytically sensitive PDLLA was 
kept at a low (~3%) content to overcome degradation during synthesis via 
aminolysis.

3.4 Poly(urethane urea) synthesis 
Step-growth polymerisation follows Carothers equation (4) that means that 
stoichiometry is very important to obtain high molecular weight products. As 
described above, the classical strategy of synthesising PU and PUU involves 
adding a chain extender in a stoichiometric amount35,49,53,54,68. This amount 
depends on the number of added isocyanates, the polydispersity of the 
polydiol (soft segment) and if there are any impurities that might consume 
isocyanates. These factors demand tedious control of the synthesis.  

1,
1,

21
1

conversionp
rystochiometr
rpr

rDP

 (4) 
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This necessity can be eliminated if the addition of chain extender is added 
slowly and continuously, and thereby approaching stoichiometry slowly. 
This can be achieved through gas phase addition. However, most chain ex-
tenders have a very high vapour pressure and vaporising would demand very 
high temperature or reduced pressure.  

Instead, by using water and have an excess of diisocyanate in the reaction, 
the chain extender can be synthesised in situ. In Figure 12 the reaction set-up 
is depicted. Water reacts with isocyanate to form an amine and carbon diox-
ide. This amine can then react with another isocyanate and which in turn can 
form an amine and so on. In practice, the dissolved soft segment is added to 
the excess of diisocyanate drop wise to minimise the formation of mono 
blocks of diisocyanate. A pre-polymer is formed where the soft segment diol 
has been end capped with isocyanates via urethane linkage, the first step in 
Figure 13. The water is then added and reacts with an isocyanate that is con-
verted into an amine. This reaction can of course occur with a free isocy-
anate and not only to one on the growing polymer, but the result is the same. 
This amine can then connect to another isocyanate via a urea linkage. This 
continues until there are no more free isocyanates and the chains start to 
connect to each other, and the molecular weight starts to increase. In this 
way, the progress of the synthesis is visualised as the viscosity increases. 
This novel synthetic strategy was presented in Papers II and III. A pre-study 
where a PUU was synthesised by either adding all the water at once or drop 
wise from a standard solution was performed to emphasise the advantage of 
gas phase addition. 

N2 (g)

Water

Figure 12. The reaction set-up for PUU-synthesis. Several syntheses could be per-
formed simultaneously by connecting more than one flask to the vapour apparatus. 
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Adding all the water at once caused the solution to become discoloured 
and resulted in an insoluble product. When adding the water from a standard 
solution (2.07mmol/mL in DMF) the isolated product was soluble and 
showed an inherent viscosity of 0.84g/dL, which is lower compared to the 
once achieved with gas phase addition presented below. 

R OHHO R'OCN NCO Pn NCOOCN

H2O(g)

Pn NH2OCN

CO2(g)

R'OCN NCO

2

Figure 13. General reaction scheme for the PUU synthesis using water in gas phase. 

The versatility of this new synthetic strategy was studied in Paper II and 
V regarding what kind of diisocyanates it was applicable to and which hard 
segment contents could be synthesised. The impact of hard segment symme-
try on phase separation and mechanical properties was presented in Paper V.
This could be determined by preparing PUU with a symmetric, BDI, and an 
asymmetric diisocyanate, LDI. Two different soft segments were used for 
this study, one amorphous, PTMC, and one crystalline, PCL, in order to 
monitor the influence of crystallinity together with the impact of annealing 
on phase separation and mechanical properties. 

Five different diisocyanates were studied, three aliphatic, LDI, BDI and 
HDI, and two aromatic, TDI and MDI. Considering the biodegradable poten-
tial of LDI and BDI, they were studied more thoroughly.  

In the first study, Paper II, LDI, HDI, TDI and MDI were studied and 
PCL was used as soft segment. The products were denoted Diisocyanate - 
average number of diisocyantes. In Paper V, PCL and PTMC together with 
LDI or BDI were used and the denotation was diisocyanate/hard segment 
content/soft segment.

Inherent viscosity measurements showed that the synthetic strategy 
worked for all the diisocyanates, however, to avoid gel formation the hard 
segment content was kept low for the aromatic diisocyanates and the synthe-
sis was interrupted before gelation, Table 5. These were not soluble ones 
they were precipitated and dried and therefore the inherent viscosity was 
obtained by diluting the polymerisation solution. Their insolubility is proba-
bly due to the strong hydrogen bonding formed between the multiple urea 
groups and biuret formation. The results show that even though the synthesis 
was not allowed full conversion the product still showed satisfying high I.V. 
However, due to the insolubility, no NMR spectroscopy could be obtained 
and therefore the hard segment content could not be calculated. 

As seen in Table 5 and 6, the aliphatic PUUs showed high I.V. and the 
hard segment content could easily be varied only by adding diisocyanate and 
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soft segments in different proportions. In Figure 14 an NMR is seen for LDI 
11.6 where all the peaks are identified and there are no DMF residues. No-
ticeably, there is a difference in the added proportions and the final number 
of diisocyanate units in the hard segment. This loss was seen for all the PUU 
and was around 30%. A possible explanation could be formation of ring 
structures, such as bisurea. The ring strain of a 14 and a 16-member ring is 
very low and therefore stable97. In addition, at the end of the synthesis the 
system is extensively diluted and the probability of meeting a growing chain 
end decreases. 

Table 5. Results from PUU synthesis with PCL as soft segment and variable hard 
segment content. 

Polymer HSa content (%) I.V. (dl/g) Isolated yield (%) 

PCL  0.28 85 

LDI 4.8 18 2.21 87 

LDI 8.0 27 2.04 82 

LDI 9.8 31 2.31 88 

LDI 11.6 35 2.52 86 

HDI 9.7 31 3.54 82 

TDI 4b N/A 0.72 81 

MDI 4b N/A 0.63 86
aHS - Hard segment 
bSynthesis interrupted before completion 
N/A – Not Available 
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Table 6. Results from PUU synthesis with the symmetric BDI and the asymmetric 
LDI. PTMC and PCL were used as soft segments. 

Polymer HS content (%) I.V. (dl/g) Isolated yield (%) 

BDI/8/PTMC 8 1.19 86 

BDI/16/PTMC 16 0.97 88 

BDI/20/PTMC N/A N/A 84 

LDI/10/PTMC 10 1.10 94 

LDI/14/PTMC 14 0.92 86 

LDI/21/PTMC 21 1.43 86 

BDI/8/PCL 8 1.37 84 

BDI/16/PCL 16 1.26 83 

BDI/22/PCL 22 1.03 80 

LDI/8/PCL 8 0.90 89 

LDI/14/PCL 14 1.46 77 

LDI/20/PCL 20 1.80 91 
N/A – Not available, due to insolubility 

Figure 14. 1H-NMR from LDI11.6.  
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It was now confirmed that the strategy worked for different diisocyanates 
and could generate PUU with variable hard segment content. To be able to 
tune the mechanical properties and the rate of degradation, different soft 
segments are required. Paper II focuses on the mechanical properties gained 
when different biodegradable soft segments are used. PTMC, P(TMC-co-
CL), P(TMC-co-DLLA) and P(CL-co-DLLA) were used as soft segments 
and the final products were denoted PUU-soft segment.

 All the final PUUs showed high inherent viscosity demonstrating the to-
tal feasibility for this way of synthesising PUU. Despite the DLLA content, 
and thereby a risk of aminolysis, both PUU-P(TMC-DLLA) and PUU-P(CL-
DLLA) had I.V. of 0.95 and 1.22dl/g, Table 7. Even though the DLLA con-
tent was low, it resulted in changes in the stress-strain properties as will be 
shown later. Through 1H-NMR, Figure 15, the hard segment content could 
be calculated using the resonance of the epsilon methylene protons (CH2N) 
in the hard segment and the alpha methylene protons (CH2CO) in the soft 
segment. Water, that was used to lock the NMR signal, is seen as a multiplet 
at 4.88ppm. These materials could both be dissolved and compression 
moulded, demonstrating that they are linear and not cross-linked. 

 PLA in the soft segment is interesting to use considering its susceptibility 
to hydrolysis and thereby a fine tool for tailoring the degradation rate. Earlier 
studies have shown that synthesising PUU with lactic acid is not possible 
due to aminolysis49. In the classical way of synthesising a PUU, a diamine is 
added as chain extender but this can not only react with the isocyanate end 
capped soft segments but also with the ester groups, and especially the sensi-
tive ones in lactic acid leading to aminolysis. However, in this new synthetic 
strategy where the amines are synthesised in situ, the amine will be in deficit 
to the isocyanates, minimising the risk of aminolysis, Table 7. Furthermore, 
when aminolysis occur an alcohol is created that can itself react with an iso-
cyanate. The system exhibits, to some extent, self-repairing.  

Table 7. Results from the synthesis of PUU with different soft segments. 

PUU SSa Mn
(g/mol) HS content (%) I.V. (dl/g) Isolated yield 

(%)
PTMC 4,200 18 1.65 89 

P(TMC-CL) 6,500 13 1.63 84 

P(TMC-DLLA) 4,400 18 0.95 85 

P(CL-DLLA) 7,600 12 1.22 87 

aSS = Soft Segment 
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Figure 15. 1H-NMR from PUU: (top left) PUU-P(TMC), (top right) PUU-P(TMC-
CL), (bottom left) PUU-P(TMC-DLLA) and (bottom right) PUU-P(CL-DLLA). 
Some DMF residues are seen just above 3.0ppm. 

3.5 Phase separation and mechanical properties in 
poly(urethane urea) 
Attenuated Total Reflectance Infrared spectroscopy (ATR-FTIR) is a power-
ful tool to study hydrogen bonding. The degree or pronunciation of hydrogen 
bonding can be determined with ATR-FTIR by studying the position and the 
shape of the peaks from groups involved in hydrogen bonding. The carbonyl 
peak (amide I) located at 1620-1740cm-1 and the N-H peak around 3100-
3500cm-1 are the most interesting, but also the amide II peak (a combination 
peak of N-H bending and C-N stretching vibration) at 1560cm-1 is studied, 
Figure 16. A more pronounced hydrogen bonding will lead to a shift towards 
lower frequencies for the carbonyl and the N-H peak while the amide II peak 
will increase in frequency. Stronger hydrogen bonding will also lead to 
sharper peaks81.
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Figure 16. Urea groups, hydrogen bonded (left) and free (right). The frequency at 
which the peak appears in an IR spectrum is given for each functional group. 

For the PUUs synthesised in Paper II no peaks from “free” carbonyl or 
from disordered urea carbonyl were seen. A shift toward higher frequencies 
for both the carbonyl (C=O) urea peak and the N-H peak was observed with 
increasing the hard segment content, Figure 17. This, together with the fact 
that the peaks became sharper suggests a more pronounced hydrogen bond-
ing 81,83. In the amide II region, there is a shift towards higher frequencies 
when increasing the hard segment content which emphasizing stronger hy-
drogen bonding98. A maximum of hydrogen bonding strength was observed 
at a hard segment content of 31% for the PCL-LDI system while when using 
a symmetric diisocyanate no changes were seen when increasing the hard 
segment content, Figure 19. The decrease in phase separation when increas-
ing the hard segment content might be a result of restricted mobility and 
thereby more phase mixing. However, in Paper V this trend was not ob-
served. Both urea carbonyl and N-H peaks did not change considerably 
when increasing the amount of hard segment. If this is a result of that in Pa-
per II the measured films were solvent cast and in Paper V they were com-
pression moulded has not been determined34. Earlier studies have though 
shown a maximum in phase separation around 22% hard segment content, 
which implies that the PCL-LDI systems studied in Paper II, gave rise to 
more phase mixing48,85.   
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Figure 17. FTIR from PUU with LDI and PCL. A higher hard segment content re-
sults in stronger hydrogen bonding up to a certain point, here LDI 11.6. 

PTMC containing PUU exhibited the strongest hydrogen bonding when 
comparing PUU with different soft segments, Paper III. PUU-PTMC and 
PUU-P(TMC-DLLA) gave carbonyl peaks just above 1630cm-1 and N-H 
peaks around 3350cm-1,98 Figure 18. The cause of this is most probably the 
absence of crystal structures that hinders phase separation.  Both also re-
sulted in slightly higher frequencies for N-H and C=O stretching, 3360cm-1

and 1640cm-1.
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Figure 18. FTIR spectrum over the carbonyl vibration region for PUU with different 
soft segments. 

In Paper V the impact of diisocyanate symmetry on phase separation was 
determined. As seen in Figure 19 the hydrogen bonded urea peak shifts to 
lower frequencies and the peak is much more distinct when the symmetric 
BDI was used. According to Versteegen et al. the degree of phase separation 
is dependent on the polydispersity 83 and they showed that a monodispersed 
poly(ether urea) with exactly two and four urea groups gave rise to a sharp 
urea carbonyl peak at 1615cm-1 83,99. Even so, for both the BDI/PTMC and 
BDI/PCL systems, the hydrogen bonded urea carbonyl peak appears at the 
same frequency. And, since these PUUs hold a hard segment that is polydis-
perse, a high degree of phase separation does not necessarily require mono-
dispersity. Also in the N-H stretching region marked peaks were observed 
for the BDI PUUs while the asymmetric LDI/PTMC and LDI/PCL result in 
broad peaks around 3350-3360cm-1, Figure 19. The shift towards higher 
frequencies for the amide II band implies stronger hydrogen bonding. To-
gether with the above described results, this demonstrates that a much more 
phase separated system is accomplished when using a symmetric diisocy-
anate, which corresponds well with what Yilgör et al. have shown earlier84,86.

 A shoulder around 1690-1695cm-1 for the BDI PUUs and LDI/8/PCL and 
LDI/10/PTMC could be distinguished and a weak shoulder around 3380-
3390cm-1 for BDI PUUs was observed which was attributed to free or 
loosely hydrogen bonded urea carbonyls81,84. Due to the broad peaks of the 
carbonyl/carbonate groups an overlap probably is probably the cause for not 
observing this shoulder in the LDI-systems. The insoluble BDI/20/PTMC
demonstrated considerably lower intense peaks than BDI/8/PTMC and 
BDI/16/PTMC. This phenomenon cannot at the moment be properly ex-
plained since the reason for the insolubility is unclear.
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Figure 19. Infrared spectrum over N-H and carbonyl region for the asymmetric (the 
two at the top) and the symmetric (the two at the bottom) PUUs. Note, the intensity 
of the peaks is changed to fit the picture. 

Earlier studies have shown different Tg and Tm for the hard segment but 
no thermal transitions could be seen for the hard segments in any of the sys-
tems98. The soft segments used showed expected Tg, i.e. as the corresponding 
homopolymer. However, the melting temperature of PCL was though influ-
enced by the hard segment content as seen in Figure 20. When the hard seg-
ment content increase the melting temperature decreased. The same trend 
was also seen for the crystallinity. In a complete phase separated system the 
crystallinity and melting temperature should not change, but since the two 
phases mix and to some extent interfere, it will be affected. According to 
Yang et al., Tg should increase with the hard segment content, however no 
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such trend could be seen100. The aromatic PUUs showed higher Tg which is 
in accordance with earlier studies between aliphatic and aromatic PU101.

Figure 20. DSC curve showing the decrease in melting temperature and crystallinity 
for PUU-LDI. 

The high I.V. and the strong hydrogen bonding formed from the multiple 
urea groups were mirrored in the mechanical properties and was presented in 
Paper II, III and V. All the aliphatic PUU showed high strain capability, 
even the solvent cast samples that were very thin, ~10-30µm, showed an 
elongation at break up to almost 1000%, Table 8.  

As expected, the elongation at break decreased and the elastic modulus 
increased with higher hard segment content, Table 8102. On the other hand, 
when examining the tensile strength the expected increase when increasing 
the hard segment content is not seen. Only LDI 9.8 shows a larger tensile 
strength that could be a result of the more pronounced phase separation seen 
in FTIR. HDI 9.7 with the same hard segment content showed similar tensile 
strength. Despite the lower I.V. for the aromatic PUU they still showed high 
elongation at break, 804% (TDI 4) and 347% (MDI 4). The lower elastic 
modulus of the aromatic PUU is a result of the lower hard segment content 
and that the samples were cast from DMF that evaporates more slowly and 
permits the phase separation to be more pronounced34.

A poly(urethane urea) with HDI in the hard segment gave a lower elastic 
modulus and showed higher strain capability than the corresponding LDI, 
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89MPa (LDI 9.8, 211MPa) and 857% (LDI 9.8, 712%). This is probably due 
to the symmetric structure of the hard segment and it’s possibility to arrange 
in to more discrete domains31,32,84,86,103.

Table 8. Stress-strain properties for aliphatic and aromatic PUU. The aromatic ones 
are cast from the polymerisation solution while the aliphatic are from HFIP solution. 

PUU HSa content 
(%)

E-modulus 
(MPa) 

Elongation at 
break (%) 

Tensile 
strength (MPa) 

LDI 4.8 18 146 (12) 980 (156) 32 (6.0) 

LDI 8.0 27 179 (20) 801 (113) 30 (10) 

LDI 9.8 31 211 (22) 712 (29) 44 (4.2) 

LDI 11.6 35 235 (31) 548 (56) 32 (3.4) 

HDI 9.7 31 89 (12) 857 (83) 49 (5.1) 

TDI 4b N/A 124 (28) 804 (30) 33 (5.7) 

MDI 4b N/A 43 (11) 347 (62) 6.6 (0.9) 
aHS – Hard Segment 
bHard segment length not determined 

The influence of soft segment structure on the stress-strain behaviour be-
came obvious when in Paper III four different soft segments were used. In 
this discussion also PUU-PCL is included to compare with and it was later 
used in the degradation study. Compression moulded samples with a thick-
ness of 300-500 µm were examined. The grips holding the sample could not 
prevent some of the PUU-PCL and PUU-PTMC samples from slipping. 
Therefore are the curves for PUU-PCL not smooth and the elongation at 
break is defined as where the samples slipped out. 

The materials showed extraordinary high elongation capacity, and could 
be stretched almost 50 times their original length, Figure 21 and Table 9. An 
explanation for this behaviour is the combination of high molecular weight 
(high I.V) and the strong hydrogen bonding from the multiple urea groups. 
Earlier studies have reported elongation at break ranging from 200% to al-
most 900% with similar soft segments and regardless what hard segment 
content they had, they still did not show as high strain capacity 100,104-107. All 
the materials showed an elongation at break of around 2000% except PUU-
P(TMC-CL) that showed a 4700% elongation capacity. Also, they all 
showed strain hardening. The strain hardening for PUUs with PTMC in the 
soft segment went from marked for PUU-PTMC, to clearly reduced for 
PUU-P(TMC-DLLA) to non existing for PUU-P(TMC-CL), Figure 21. 
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The highly crystalline PUU-PCL showed similar elongation at break 
when co-polymerised with 3% DLLA but the strain crystallinity decreased 
quite dramatically. Partly this depends on the interfering of PDLLA when 
PCL will arrange into crystals but also as revealed earlier, FTIR indicated a 
less pronounced phase separation for PUU-P(CL-DLLA) with weaker hy-
drogen bonding as a result. 

Figure 21. Stress-strain curves for PUU-PCL, PUU-PTMC, PUU-P(TMC-DLLA) 
and PUU-P(TMC-CL). A decrease in strain crystallinity is seen when PTMC is co-
polymerised. 

The elastic modulus was as expected dependent on the crystallinity and 
the thermal properties98. Since the melting temperature for the crystalline 
PUU-PCL and PUU-P(CL-DLLA) was above r.t. they had a much higher 
elastic modulus than the amorphous PUU. The crystalline PUUs also dis-
played necking upon deformation which is due to the alignment of the poly-
meric coils and chains. This was not seen for the amorphous PUU. The crys-
tals in the material do not only result in stiffer material through the secon-
dary forces in the crystal structure but they might also prevent phase separa-
tion. In a completely phase separated system the elastic modulus is 
dependant on the soft segment structure. This means that a higher extent of 
phase mixing will lead to more hydrogen bonding between hard and soft 
segments that in turn will result in a stiffer material53,108,109.

Crystals also hinder the material to recover after elongation. Due to that 
the melting temperature for PUU-PCL and PUU-P(CL-DLLA) was above 
r.t., the crystals formed during strain remained which caused a higher per-
manent set than the amorphous ones, Table 9.  The low permanent set of the 
PUU-PTMC could be explained by the fact that only two of the samples 
broke and therefore little or no plastic deformation of the hard domains had 
occurred, Figure 22.  
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Table 9. Stress-strain results from measurements done on PUU with different soft 
segments.  

PUU HS content 
(%)

Elong. at 
break (%) 

Elast. modulus 
(MPa) 

Tensile 
strength (MPa)

Perm. 
set (%) 

PCLa 18 2000 (220) 150 (2.0) 37 (4.1) 430 (0.9) 

PTMCb 18 1900 (240) 4.5 (0.6) 14 (1.5) 16 (13)

P(TMC-CL) 13 4700 (540) 2.1 (0.3) 5.4 (0.60) 47 (13) 

P(TMC-DLLA) 18 1900 (280) 6.1 (0.9) 6.8 (0.75) 13 (7) 

P(CL-DLLA) 12 1600 (560) 140 (16) 18 (2.2) 400 (31) 
aThe samples did not break 
bOnly two samples broke 
HS – Hard segment 

Figure 22.  PUU-PTMC a) before , b) during and c) after stress-strain measurement. 
Permanent set is seen in c). 
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3.6 Degradation of poly(urethane urea) 
In chapter 4.4 was the synthetic protocol for PUU with different soft seg-
ments presented and in this chapter the degradation through hydrolysis of 
these materials is discussed. This was presented in Paper IV.

The weight loss during the 20 weeks of hydrolysis was negligible which 
was expected6,13,46,76,110-112. PUUs with PTMC predominant soft segment 
showed slightly higher water absorption but none of the samples showed any 
increase in swelling with time, Figure 23. 

Figure 23. Water uptake at physiological conditions ( PUU-PCL, PUU-PTMC, 
PUU-P(TMC-CL), PUU-P(TMC-DLLA), PUU-P(CL-DLLA)). 

All biomaterials need to be sterilised before use and gamma sterilisation 
is a common way. Therefore it was necessary to determine the initial effect it 
has and after 10 weeks of hydrolysis. An initial loss in molecular weight was 
seen for all the samples and during the following ten weeks of hydrolysis 
they experienced a greater loss than the non-sterilised. Only PUU-PTMC 
showed a similar trend in molecular weight loss for sterilised and non-
sterilised, Figure 24. Gamma sterilisation appears to affect the polyester 
PUU more than the polycarbonate PUUs. 

Changes in molecular weight were very dependent on the soft segment 
structure, Figure 24. An expected larger loss in molecular weight was seen for 
PUU-PCL and PUU-P(CL-DLLA)63. Due to the more hydrolysis sensitive 
ester bonds in PDLLA these PUU initially experienced a higher loss of inher-
ent viscosity. As seen in Figure 24, the effect of PDLLA vanished after 15 
weeks. As expected PUU-PTMC showed a much smaller loss after 20 weeks, 
14%, than PUU-PCL, 40%, since PTMC is much less susceptible to hydroly-
sis than PCL. Unexpectedly was that PUU-P(TMC-CL) showed a smaller 
drop in inherent viscosity, 7%, than PUU-PTMC, which disagrees with earlier 
studies5,23. The lowering of Tg, compared to PUU-PTMC, and the more hy-
drolysis sensitive ester bonds in PCL would lead to an expected faster degrad-
ing material than PUU-PTMC. The reason for the low loss is unclear. On the 
other hand, as seen in Figure 26 and discussed later, the hydrolysis has evi-
dently affected the stress-strain properties of PUU-P(TMC-CL). 
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Figure 24. Changes in inherent viscosity with time for (left) non-sterilised and 
(right) gamma sterilised, G0=Gamma sterilised, G10=10weeks of hydrolysis, 
H10=10 weeks of hydrolysis for non-sterilised. ( PUU-PCL, PUU-PTMC, 

PUU-P(TMC-CL), PUU-P(TMC-DLLA), PUU-P(CL-DLLA)). 

PUU-P(CL-DLLA) exhibited the largest drop in molecular weight during 
the hydrolysis, Figure 24, and this loss was mirrored in its mechanical prop-
erties. The elongation at break decreased almost 50% in 10 weeks and after 
20 weeks it has lost almost all its strain capacity. PUU-PCL that had a much 
higher initial I.V did not show the same clear tendency but exhibited a de-
crease in tensile strength going from 37 to 27MPa in 20 weeks, Figure 25. 
The reduction in tensile strength was seen for all the materials, which ini-
tially showed strain hardening but after ten weeks showed less or no such 
phenomenon. PUU-PTMC showed during the first five weeks an increase in 
tensile strength but after 20 weeks it had decreased more than 40% and 
PUU-P(TMC-DLLA) lost 50% of its tensile strength in 15 weeks, Figure 25 
and 27. PUU-P(TMC-CL) that initially showed an elongation at break of 
almost 5000% lost all of its strain hardening in 10 weeks and after 15 weeks 
it showed no tensile strength. Noteworthy is that it did not show any loss in 
mass and a very small drop in molecular weight and still experienced a sig-
nificant loss of stress-strain properties. This could be a result of hard seg-
ment degradation. 
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Figure 25. Stress-strain measurements after hydrolysis, (left) PUU-PCL, (right) 
PUU-PTMC. 

Figure 26. Stress-strain measurements after hydrolysis, (left) PUU-P(TMC-CL), 
(right) PUU-P(CL-DLLA).

Figure 27. Stress-strain measurements after hydrolysis, PUU-P(TMC-DLLA). 

The samples were also treated at 50 C for 5 and 15 weeks to study accel-
erated physical ageing and to see if it may have had annealing effects. Two 
major consequences were seen; (1) a decrease in elastic modulus for the 
crystalline PUU and (2) an increase in elongation at break for the amorphous 
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PUUs111. As a result of that the heat treatment was performed close to the 
melting temperature for the crystalline PUUs, so the hard and soft segments 
could obtain more favourable positions leading to a more phase separated 
system. Here the elastic modulus decreased with 27% for PUU-PCL and 
62% for PUU-P(CL-DLLA) during the first 5 weeks and decreased further 
the last 10 weeks. This was also seen for these materials during the hydroly-
sis. The amorphous PUUs increased their strain capacity with 10-26% during 
the first 5 weeks. PUU-PTMC increased another 38% the last 10 weeks 
while the others did not change significantly. This clearly indicates that these 
materials can with profit be annealed. 

For the gamma-sterilised samples, a loss in molecular weight was ob-
served and all the materials, except PUU-PTMC, showed a decrease in ten-
sile strength113-116. An increase in plastic deformation could be the reason for 
the observed increase in elongation at break for PUU-P(TMC-CL) and PUU-
P(TMC-DLLA). This deformation might be a result of the decrease in mo-
lecular weight. However, PUU-P(TMC-CL) experienced a major loss, 62%, 
in strain capacity after hydrolysis. PUU-P(CL-DLLA) lost its mechanical 
integrity much faster when sterilised. 

The conclusion is that, as earlier studies have shown, the influence of the 
soft segment structure is the dominant factor for the degradation rate of seg-
mented poly(urethane urea)s. Polyester soft segments loose molecular 
weight and mechanical properties faster than polycarbonate soft segments.  

3.7 Poly(urethane urea) in vitro and in vivo 
This new linear PUU was in the previous chapter shown to be degradable, 
yet, to prove that it is non-toxic, the viability of human fibroblasts exposed 
to the PUU was evaluated by an MTT assay. Medium exposed to gamma 
sterilised PUU-PCL for 24 hours was used for culturing human fibroblasts 
for 24 and 72 hours. As positive control gamma sterilised poly(propylene) 
and non-exposed cell medium were used. The results were analysed using a 
UV spectrometer. Since no significant difference could bee seen between the 
samples after either 24 or 72 hours (Figure 28), the conclusion is that the 
material does not affect cell viability or proliferation.  
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Figure 28. Cell viability in fibroblast culture after 24 and 72 hours. Cell cultures in 
medium exposed to PUU-PCL were viable and proliferated as well as the control 
samples at the given time points. 

After one week implantation the PUU-PCL implants displayed the typical 
foreign body response seen at most inert polymeric implant materials. Thus 
the reaction at 1 week displayed an infiltration of ED1 positive macrophages 
closest to the implant surface and an outside layer of fibroblasts and some 
collagen formation. There was similar thickness of foreign body capsule 
compared to the controls (see Figure 29), although the number of observa-
tions is not large enough to allow for a statistical analysis.  This seemed also 
to be reflected in the number of ED1 positive macrophages as well as in the 
total number of cells throughout the reactive capsule. 

Figure 29. Microphotographs of the interfacial tissue at the PUU-PCL (left panel) 
and the reference poly(propylene). The cell nuclei appear blue and the macrophage 
specific cytoplasmic ED1 immunostaining brownish. There is no apparent difference 
in the histology of the interfacial tissues at the two implant materials. 
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4. Summary and Conclusion 

The search for the optimal biomaterial is often a search for compliance 
matched with the tissue. A mismatch in elastic modulus is sufficient to cause 
a chronic inflammatory response and today there is a scarcity of low 
modulus, highly elastic biodegradable polymers. In addition, research pre-
sents excellent materials but does not provide synthetic strategies applicable 
to large-scale production. This thesis is hopefully a step towards filling that 
gap.

For a long time the polyesters have been dominating the market and there 
is a constant search for new biodegradable polymers. However, there is also 
a need for highly elastic low modulus materials and that is where the polyes-
ters fall short.

Thermoplastic elastomers with their soft segments acting as a spring and 
their hard segments creating physical cross-links are of interest due to its 
mechanical properties and their process ability. By varying the components 
in the soft and hard segment, the mechanical properties can be altered and 
since it does not contain any chemical cross-links they can be processed. 

The first material studied was a three-armed thermoplastic elastomer with 
poly(L-lactic acid) as the hard segment. Even though it failed prematurely in 
an in vivo application it showed promising results with low inflammatory 
response. The failure was caused by a tapered phase formed between the 
amorphous inner part and the crystalline outer part. This resulted in a an 
accelerated degradation due to a combination of susceptibility towards hy-
drolysis from the ester bonds in poly(L-lactic acid) and the low Tg of 
poly(trimethylene carbonate). 

Therefore a thermoplastic elastomer with a hard segment that could with-
stand hydrolysis better was required. Poly(urethane urea)s contain urethane 
and urea linkages that form strong intermolecular hydrogen bonds and 
thereby act as the hard segment. To circumvent the potential problem with 
toxic degradation products, in particular aromatic diamines, from these seg-
ments diisocyanates originating from naturally occurring diamines were 
used, methyl-2,6- diisocyantohexanoate (LDI) and 1,4-butanediisocyanate 
(BDI). The latent diamines for these two are the amino acid lysine and the 
organic compound putrescine that has been shown to be important for cell 
division.

To avoid the addition of chain extender that demands immense control 
and without adding additional intermediate isolation steps, a new way of 
synthesising segmented poly(urethane urea)s (PUU) was developed. By hav-
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ing the diisocyanate in excess to a polydiol and add water in vapour phase 
slowly and continuously, the other wise added chain extender is created in
situ through formation of amines. Adding diisocyanate and polydiol in dif-
ferent proportions could easily vary the hard segment content. Here PUUs 
with hard segment contents ranging from 8 to 35% were generated. 

This synthetic approach was shown to be applicable to both aliphatic and 
aromatic diisocyanates, and to different kinds of soft segments, polydiols. 
Even the aminolysis sensitive poly(lactic acid) could be used in the soft 
segment. It is thereby shown to be a very versatile and easy way to synthe-
sise PUUs. 

Since the properties of thermoplastic elastomers are closely linked to the 
phase separation and the degree of hydrogen bonding. Through FTIR meas-
urements on compression moulded films pronounced phase separation was 
seen. The impact of symmetry in the hard segment was determined when the 
symmetric BDI was compared with the asymmetric LDI. A much higher 
degree of ordered hydrogen bonding was seen for the symmetrical PUUs. 
FTIR results also revealed that high degree of phase separation do not re-
quire monodisperse hard segments.  

These materials also showed unprecedented stress-strain properties with 
elongation at break of up to 50 times its original length. Increasing hard 
segment content resulted in higher tensile strength and elastic modulus and a 
decrease in elongation at break. The tensile strength increased with crystal-
linity and with ability to strain crystallise. Given that the synthetic strategy is 
applicable to so many different diisocyanates and soft segments, the possibil-
ity of tuning the mechanical properties are promising. 

Biodegradability was established via a twenty weeks long hydrolysis 
study. None of the material lost any significant mass during this time but 
molecular weight and mechanical strength. As expected, the polyester domi-
nating PUUs experienced the highest degradation rate with a 40% loss of 
inherent viscosity. All the materials showed a reduced tensile strength even 
after 10 weeks. Gamma radiation was employed as a sterilisation method 
and an accelerated degradation was observed. Even here is a potential tuning 
possible. By varying the hard segment content and the number of ester 
groups, the degradation time and the impact can be tailored. 

The research presented in this thesis describes the route from the first trial 
where a thermoplastic elastomer containing polyesters and polycarbonates 
fails due to its chemical structure, via a new, easy and flexible synthetic 
strategy for poly(urethane urea) giving highly elastic low modulus biode-
gradable material that show no cytoxicity and a typical foreign body re-
sponse.

In this thesis is a new and easy way of synthesising biodegradable PUUs 
presented. These materials exhibit potential of being the next generation of 
highly elastic biodegradable thermoplastic elastomers. 
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5. Future work 

Both the synthesis and the properties of these PUUs invite to further studies. 
In the work done Paper V interesting results has been presented, neverthe-
less, further analysis needs to be done. The FTIR results clearly showed a 
high degree of phase separation but it can be further quantified using SAXS, 
DSC and rheology and it can visualised with AFM. How the hard segment 
symmetry and the pronounced phase separation affects the stress-strain 
properties needs to be studied as well. 

The synthesis can be optimised with respect to temperature, gas flow, 
catalyst choice and amount of catalyst. Due to the difficulty of removing 
DMF, another solvent or solvent system would be preferable.  

In this thesis a PUU with P(DLLA) content of 3% was synthesised and 
studied which is very low. To be able to tune the degradation rate, the 
maximum amount of PDLLA/PLLA needs to be determined. An ever more 
hydrolytically sensitive polymer is poly(glycolic acid) and it would be inter-
esting to see if the synthetic strategy is feasible on a PGA containing soft 
segment. 

Further investigation on the degradation needs to be done. The rate of 
degradation needs to be determined and the degradation products from these 
hard segments need to be confirmed. 

The impact of solvent casting and annealing would give an indication on 
how these materials can be processed. Up-scaling and thereby larger test for 
mechanical testing would bring further incites on how these materials be-
have. The exceptionally high strain capability is something that this thesis 
has not been able to answer but it would be very interesting to know.  

A theory was presented on how the final proportions was ~30% lower 
than the added. A model study of the synthetic strategy and 15N and 13C-
NMR and LC-MS might give some insights in the loss of diisocyanates. 
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7. Svensk sammanfattning 

Polymerer
Polymer och plast brukar blandas ihop. En plast är en syntetisk polymer 
tillsammans med tillsatsämnen (mjukgörare tex). En polymer (poly=många, 
mer=del, enhet) däremot, är stora molekyler som består av repeterande enhe-
ter, så kallade monomerer, Figur 30. Dessa monomerer, byggstenar, kan 
kopplas ihop till långa kedjor och bildar då en polymerkedja. En polymer 
kan bestå av en eller flera monomerer och får beroende på vilka monomerer 
som används och i vilka proportioner som de tillsätts olika egenskaper. Det 
finns också naturliga polymerer, proteiner och polysackarider. I fallet protei-
ner så är aminosyrorna de repeterande enheterna, monomererna. 

Monomerer PolymerMonomerer Polymer

Figur 30. Genom att koppla ihop monomerer till långa kedjor får man en polymer. 
En polymer kan vara uppbygd av flera miljoner monomerer. 

Polymerer befinner sig oftast i form av nystan och är ihoptrasslade med var-
andra. Denna ihoptrassling är faktiskt en viktig faktor för polymerers meka-
niska egenskaper och om kedjorna är för korta så tappar materialet dess me-
kanik. Polymerkedjorna kan brytas ner med och därmed få kortare kedjor 
och det kan orsakas av tex kemiska reaktioner med vatten (hydrolys), värme 
eller mekaniskt. 

Genom att skapa bindningar mellan kedjorna, s k tvärbindningar, så får 
man material som blir väldigt elastiska. En gummisnodd innehåller kemiska 
tvärbindningar och dessa material kallas för härdplaster, Figur 31, och de 
kan man inte lösa upp eller smälta utan att bryta ner dem. Istället för att ha 
kemiska tvärbindningar så kan man ha fysikaliska tvärbindningar. Dessa 
håller ihop kedjorna via sekundära bindningar, tex vätebindningar, Figur 31. 
För det krävs att polymeren består av minst två olika block, ett som är mjukt 
och ett som skapar dessa tvärbingar och ger materialet dess styrka. Dessa 
tvärbindningar är visserligen svagare än de som finns i de kemiska tvärbind-
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ningarna men istället så kan man både lösa upp och smälta dessa material. 
De materialen kallas för termoplastiska elastomerer. 
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OH
N

H
N

O

Hårt segment

Vätebindningar 
mellan
polymerkedjorna

Kemiska tvärbindningar

Härdplast Termoplast
Figur 31. Till vänster en schematisk bild över ett tvärbundet material, tex en gummi-
snodd. Till höger en termoplastisk elastomer med fysikaliska tvärbindningar.  

För att materialet ska få de egenskaper som det är tänkt krävs att de olika 
blocken separerar till två olika faser. Först då kan de hårda blocken ”tvärbin-
da” med andra hårda block. En grupp av termoplastiska elastomerer är 
poly(uretaner) och poly(uretan ureor).  

Mitt arbete har handlat om att tillverka, syntetisera, poly(uretan ureor) 
med olika egenskaper. En ny metod har tagits fram som innebär att det på ett 
enkelt sätt går att variera halten av de ingående komponenterna och därmed 
variera egenskaperna. Det nya är bland annat att det hårda blocket/segmentet 
består av många vätebindande grupper. Dessutom har jag tittat på inverkan 
av symmetrin hos kedjan. Målet har varit att ta fram material som skulle 
kunna användas för vaskulära implantat. 

Målet var att försöka ta fram material med låg elasticitetsmodul, d v s 
styvhet, men hög töjningsförmåga. Alla material som togs fram visade på 
väldigt hög töjningsförmåga. Ett material kunde töjas 50 gånger sin längd. 
Elasticitetsmodulen kunde varieras vilket gjorde att material kunde fås som 
var mjuka upp till relativt styva. Anledningen till att de mekaniska egenska-
perna är intressanta för material som är tänkta att användas i kroppen är att 
det har visat sig att en skillnad i styvhet mellan polymeren och vävnaden kan 
i sig skapa en kraftig inflammatorisk reaktion. 

Bionedbrytbara polymerer 
I många applikationer så är det önskvärt att ett material tjänar sitt syfte och 
sen försvinner, bryts ner. Vävnadsregenerering innebär att återskapa förlorad 
eller skadad vävnad och detta kan göras med hjälp av bionedbrytbara poly-
merer. Dessa ska agera både som substitut för den skadade/förlorade vävna-
den och som klätterställning för den nya vävnaden. Önskvärt är dock att 
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materialet försvinner med tiden och för det krävs det att materialet är bi-
onedbrytbart, d v s att det bryts ner till ofarliga produkter.  

Polymerer kan brytas ner i kroppen på flera sätt men bland annat genom 
att reagera med vatten enligt Figur 32 genom s k hydrolys. När polymerer 
bryts ner så tappar de sina egenskaper genom att kedjorna bryts. Därför är 
det viktigt att studera hur bland annat hydrolys påverkar egenskaperna så att 
nedbrytningstiden kan optimeras.  

Avhandlingen har visat att materialets innehåll, struktur, kan varieras rela-
tivt mycket och därmed så kan nedbrytningstiden anpassas. De faktiska ned-
brytningsprodukterna är i nuläget okända, men troligtvis så bryts materialen 
ner till koldioxid, vatten och aminosyran lysin.  

•Koldioxid

•Lysin

•Etanol
Vatten

Vatten •Koldioxid

•Lysin

•Etanol
Vatten

Vatten

Figur 32. Schematisk bild over tänkbar nedbrytning av poly(uretan urea). 

Slutsats
Jag har i denna avhandling visat att man kan syntetisera poly(uretan ureor) 
på ett enkelt och smidigt sätt. Dessutom kan egenskaperna lätt varieras. Syn-
tesen har därutöver potential att kunna skalas upp, vilket ibland kan vara 
svårt med forskningssynteser. 

Materialen påvisar hög töjningsförmåga och visar tecken på mycket tydlig 
fasseparation mellan de olika segmenten/blocken vilket inte tidigare har 
gjorts för denna typ av material. 

En cellstudie åskådliggjorde att materialen inte är toxiska och en djurstu-
die påvisade en normal reaktion vilket antyder att materialet har potential att 
fungera in vivo.
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