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Abstract: Novel aliphatic PU foams, modified with gela-
tine, were obtained in a one-step polymerization process.
Hard segments were obtained from 1,6-hexamethylene diiso-
cyanate (HDI) and chain extenders 1,4-butanediol (BDO) or
2-(2-(2-hydroxyethoxy)ethoxy)ethanol (TG), soft segments were
obtained from poly(ethylene-buthylene adipate) (EBO) polyol.
We examined the PU foams for their sorption capability in canola
oil, saline (0.9% NaCl water solution) and distilled water. Modi-
fied gelatine PUs stays stable during 24 h of incubation in canola
oil. Saline and distilled water sorption decreases with time of
incubation. PU-1/BDO/G20 foams, with a BDO chain extender
may be used as a soft tissue scaffold.

1. Introduction

In last 20 years, the field of tissue engineering has expanded noticeably, due to the
increasing need for artificial tissues and organs (Langer and Vacanti, 1993). Tissue
scaffolds are used as a replacement for damaged tissues, to encourage regeneration of
functional tissues and internal organs. Scaffolds are initially seeded with autogenous
cells, and the cell-scaffold construct is used as an internal implant. After fulfilling
its task, which is enabling cell growth, a synthetic scaffold implanted in the damaged
area should slowly degrade to natural extracellular matrix (ECM). Scaffolds should
also have porous structure and preferably be bioresorbable or biodegradable (Langer
and Vacanti, 1993).

PUs have wide utility in medical applications. PUs have potential to be used in
biomedical applications ranging from soft tissue engineering requiring flexible, elastic
material, to cartilage regeneration (Groot, 2011), to bone regeneration requiring rigid
scaffolds (Zhang et al., 2003). PUs have been also used for medical devices such as
vascular grafts (Backes, 2012) and artificial hearts (Meijs, 2003). Properties of PUs
can be modified by changing the ratio of hard and soft segments and by varying
chemical composition. Varying molecular weight of polyol and composition of differ-
ent segments allows for adapting the properties of PUs for use in many areas of tissue
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engineering (Grad et al., 2003; Guan et al., 2005). The range of mechanical and mor-
phological properties that PUs can provide is significantly larger than obtained with
other commonly used medical grade biodegradable polymers, for example polylactide
(PLA) or poly(glycolic acid) (PGA) (Cleries et al., 2000; Tanzi et al., 2003)

For the purpose of this study we obtained a series of aliphatic PUs, prepared from
1,6-hexamethylene diisocyanate (HDI) and chain extenders: 1,4-butanediol (BDO) or
2-(2-(2-hydroxyethoxy) ethoxy)ethanol (TGE) were used as hard segments compo-
nents and poly(ethylene-butylene adipate) (EBO) as soft segments. The PUs were
obtained in a one-step polymerisation process. Some biomedical polyurethanes that
contain aromatic isocyanates release toxic aromatic diamines during degradation (Luu
and White, 1993). To overcome this limitation, aliphatic isocyanataes were used in
this study. Biodegradable, porous polyurethane scaffolds prepared from aliphatic
polyisocyanates (Guelcher et al., 2005) have been reported to have non-toxic degra-
dation decomposition products. This was tested for a number of patented materials
(Dider, 2007; Woodhouse, 2001). We modified the synthesised PUs with gelatin (10%,
20% and 30% addition) to increase PUs biodegradability and to enhance the material
ability to enclose active factors. We studied PUs sorption capability in canola oil,
saline (0.9% NaCl water solution) and distilled water, the standard media to examine
polymers for biomedical application.

2. Materials

Polyol: poly(ethylene-butylene)adipiate (EBO) (Purinova), silicon (surfactant), 1,4-
butanediol (BDO) (POCH), 2-(2-(2-hydroxyethoxy)ethoxy)ethanol (TG) (POCH),
1,6- hexamethylene diisocyanate (HDI) (Aldrich), water, gelatine type B1 180 (Gelwe)
1,4-diazabicyclo[2.2.2]octane (DABCO) (Aldrich), potassium acetate (Aldrich).

3. Synthesis

The synthesis of PU foams was carried out in two stages. In the first stage PUs
were obtained at 50◦C, without gelatine. Two types of polyol mixture were prepared,
containing polyol BDO, water, surfactant silicone, potassium acetate, DABCO and
glycol (BDO or TG) (Tab. 1). In the second stage, diisocyanate HDI was added
to the polyol mixture to obtain foams with four different molar ratios of NCO/OH
groups (0,8:1-1,1:1) (Tab. 1). Components were subjected to intensive stirring and
then transferred into a mould and left at room temperature for reaction completing.

After evaluating the type and size of the pores, we selected foams with ratio of
NCO:OH equal to 1:1 for further gelatine modification. A series of foams containing
10%, 20% and 30% of gelatine (in relation to the amount of polyol mixture that have
been used) were obtained. Gelatine was introduced in the following way: first the
polyol mixture with the required amount of powdered gelatine (correspondingly 10%,
20% or 30%) was stirred for 5 minutes in a homogenizer at a speed of 300 rev/min,
at 50◦C. Then diisocyanate was added. We obtained eight samples of PU foams with
the ratio of NCO/OH equal to 1:1, with two different types of chain extenders and
varying gelatine content.
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Tab. 1. Molar share of PU substrates used in the foam synthesis

Series Symbol Oligomer
EBO

Chain
Extender
BDO

Chain
Extender
TG

Water Catalyst
DABCO

Isocyanate
HDI

S
er
ie
s
I

PU-0.8/HDI/
EBO/BDO

0.582 0.116 - 0.017 0.008 0.278

PU-0.9/HDI/
EBO/BDO

0.560 0.112 - 0.017 0.007 0.303

PU-1/HDI/
EBO/BDO

0.544 0.109 - 0.016 0.007 0.323

PU-1.1/HDI/
EBO/BDO

0.525 0.105 - 0.016 0.007 0.347

S
er
ie
s
II

PU-0.8/HDI/
EBO/TG

0.539 - 0.178 0.016 0.007 0.260

PU-0.9/HDI/
EBO/TG

0.522 - 0.172 0.016 0.007 0.283

PU-1/HDI/
EBO/TG

0.507 - 0.167 0.015 0.007 0.303

PU-1.1/HDI/
EBO/TG

0. 490 - 0.1618 0.015 0.007 0.327

4. Polyurethane sorption

Foam samples of 1 cm2 were dried to constant weight. They were then placed in
a container with canola oil, saline (0.9% NaCl water solution) or distilled water.
Samples prepared this way were kept at the temperature of 37◦C and sorption degree
was measured after 24 h for vegetable oil and 3, 7 and 14 days for saline and distilled
water.

Sorption was calculated according to Formula 1. Sorption results presented in
Tab. 2 are the arithmetic mean of three measurements.

sorption =
∆msr

mpsr

· 100% (1)

sorption - percent of absorbed substance [%]
∆msr - average increase of sample’s weight [g]
mpsr - average sample weight [g]

5. Results

5.1. Canola oil sorption

Tab. 2 presents the data of canola oil sorption for PU foams with two types of chain
extenders and different amounts of added gelatine.

It can be clearly seen that for unmodified PU foams in which a BDO chain extender
was used (PU-1/BDO/G0), the canola oil sorption value was higher (14±2%) than
for foams in which a TG chain extender was used (PU-1/TG/G0 = 4±1%). This
might have been caused by the hydrophobic nature of ether bonds present in the TG
chain extender structure. Gelatine modification increased sorption levels for PU foams
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Tab. 2. Canola oil sorption of PU foams prepared with use of different chain extenders
and various amounts of gelatine

BDO chain extender TG chain extender

[%] [%]
Se

ri
es

I

PU-1/BDO/G0 14±2 4±1 PU-1/TG/G0

Series
II

PU-1/BDO/G10 18±3 7±1 PU-1/TG/G10

PU-1/BDO/G20 19±2 6±2 PU-1/TG/G20

PU-1/BDO/G30 9±1 5±1 PU-1/TG/G30

obtained with either of the chain extenders. Nevertheless, canola oil sorption values
for foams modified with gelatine were much higher for the samples in which BDO was
used as chain extender (especially for PU foams containing 10 or 20% of gelatine).
In our previous studies, SEM analysis showed that those materials possess desirable
regular porosity, which allows for the retention of canola oil inside the foams. On
the other hand, for the PU-1/BDO/G30 sample, canola oil sorption value was lower
than for the PU-1/BDO/G10 and PU-1/BDO/G20 samples. That could be also
explained by SEM analysis, which pointed out that PU-1/BDO/G30 pores are filled
with gelatine, impairing the oil sorption capacity. Lower values of canola oil sorption
for gelatine modified PU foams whose chains were extended by TG were caused by
their hydrophobic structure (ether linkages in their chain) and the higher probability
of hydrogen bonds being present. These foams were weak and brittle and did not
retain canola oil inside. Oil was flowing out from the pores. Thus those PU foams
cannot be considered suitable for tissue engineering.

5.2. Saline sorption

Tab. 3 presents the data of saline sorption for PU foams with two types of chain
extenders and different amounts of gelatine.

Unmodified foam samples in which a BDO chain extender was used underwent
decomposition after 3 days of saline incubation. That might have been caused, as
was suggested in relation to data presented in Tab. 2, by the presence of hydrolysable
ester bonds derived from the polyol in PU chain. Moreover, PUs at ratio 1:1 don’t
have crosslinks coming from allopahante or biuret bondings. It can be also clearly seen
that the saline sorption value was much higher for PU samples modified with gelatine
whose chains were prolonged with BDO. The higher sorption value was caused by
the properties of gelatine, which swells at 37◦C and acts as a binder that maintains
PU structure together. Furthermore, it is possible that gelatine’s functional groups
(carboxylic, amide, amine and hydroxyl) might have reacted with unreacted NCO
groups and this way it could influence on strengthening of PUs structure. Saline
sorption level decreased after incubation for both chain extenders used in PU foams
synthesis (cf. the results in Tab. 3 for PU-1/BDO/G20 at 3, 7 and 14 days). As
it was mentioned in section 4 (related to canola oil sorption), saline sorption of PU-



37

Tab. 3. Saline sorption of PU foams prepared with different chain extenders and var-
ious amounts of gelatine

Symbol 3d day [%] 7th Day [%] 14thDay [%]

Chain Extender BDO

PU-1/BDO/G0 17±4 Decomposition

PU-1/BDO/G10 27±1 21±2 14±2

PU-1/BDO/G20 33±6 24±2 15±7

PU-1/BDO/G30 27±1 17±1 9±1

PU-1/TG/G0 4±1 2±1 1±1

PU-1/TG/G10 7±2 2±2 1±1

PU-1/TG/G20 6±2 5±1 2±1

PU-1/TG/G30 4±1 1±1 0.9±1

1/TG/G0-G30 was much lower than for the PUs with BDO extenders. This can be
explained in the same way as in the case of canola oil sorption.

5.3. Distilled water sorption

Tab. 4 presents the data of distilled water sorption for PU foams with two types of
chain extenders and different amounts of gelatine.

From Tab. 4 it can be clearly seen that the results obtained for distilled water
sorption were similar to those for saline sorption. Unmodified PU foams in whose
synthesis the BDO chain extender was used undergo decomposition in distilled water
after 3 days of incubation. This was caused by the presence of hydrolysable bonds
derived from polyol. Other foam samples, whose chains were extended with TG,
remained stable during the 14 days of incubation. These results could be explained
similarly to those in sections 3 and 4. Stability of PU foams with the BDO chain
extender was caused by the presence of gelatine, which at elevated temperatures acts
as binder that holds the foam structure. The decrease of distilled water sorption for
foams, in which BDO was used as a chain extender, after 14 days of incubation, was
caused by the appearance of hydrolysable ester bonds in the PU chains. The lower
value of saline sorption for foams whose chains were prolonged with TG was a result
of the hydrophobic nature of ether groups present in the structure, which prevented
sorption, and also by higher probability of the presence of hydrogen bonds. These
foams couldn’t retain canola oil inside of the foam.
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Tab. 4. Distilled water sorption of PU foams prepared from different chain extenders
and various amounts of gelatine

Symbol 3d Day [%] 7th Day [%] 14th Day [%]

BDO chain extender

PU-1/BDO/G0 Decomposition

PU-1/BDO/G10 16±1 10±8 98±5

PU-1/BDO/G20 26±6 23±2 190±4

PU-1/BDO/G30 26±3 23±9 183±6

TG extender

PU-1/HDI/EBO/TG/G0 6±18 3±2 2±1

PU-1/HDI/EBO/TG/G10 9±12 8±4 7±2

PU-1/HDI/EBO/TG/G20 13±16 10±1 3±1

PU-1/HDI/EBO/TG/G30 12±4 11±2 7±2

6. Conclusions

We obtained novel PU foams prepared from aliphatic diisocyanate (1,6-hexamethylene
diisocyanate (HDI) and two different chain extenders, 1,4-butanediol (BDO) and 2-
(2-(2-hydroxyethoxy) ethoxy) ethanol (TGE), building hard segments, and polyol
poly(ethylene-butylene adipate) (EBO) as soft segments. The PU foams were ob-
tained in a one-step polymerization process. The polyurethanes were tested for sorp-
tion in three media: canola oil, saline (0.9% NaCl water solution) and distilled water.
Testing of the sorption capability showed that unmodified PU foams in which BDO
was used as a chain extender undergo degradation in saline and distilled water, which
might be caused by hydrolysable ester linkages present in PU structure derived from
used polyol(EBO). The sorption value after gelatine modification for PU-1/BDO/G20
increases. This can be explained by the quasi-regular porosity in the size and shape
of the pores. Moreover, gelatine swells at elevated temperatures (37◦C) and acts as
a binder, which maintains PU foam structure. Some of gelatine’s functional groups
(carboxylic, amide, amine and hydroxyl) might react partly react with NCO groups
and result in strengthening of cross-linked PU structure. Otherwise, sample PU-
1/BDO/G30 has lower sorption values because its pores are filled with gelatine, which
in that case prevents absorption of the medium. For PU foams without gelatine in
which TG chain extender was used, media sorption values are much lower than for
unmodified foams with a BDO chain extender. This can be explained by the hy-
drophobic nature of ether bonds occurring in the TG structure, which prevents media
sorption, and by the higher probability of hydrogen bonds presence. It was found
that the sorption media were not retained in pores when the pores were irregular and
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partially filled with gelatine. Summing up, the foams obtained with the BDO chain
extender and containing 20% of gelatine could be used as a soft tissue engineering
scaffold.
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