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Synthetic polymeric systems are considered vitally important in tissue regenera-
tion. The reasons lay behind their specific characteristics such as porosity,
hydrophilicity, degradation time, and mechanical properties which are variable to

a large extent. The segmented polyurethanes have been used as biomaterials in 
medical field because they possess unique properties. In this study, the perforated
polyurethane (PPU) scaffold as cartilage substitution was prepared and evaluated
through biological assays. During the in vitro stage, the behaviour of both primary 
chondrocyte cells and L929 cell line in presence of PPU were examined. To evaluate
in vivo performance of the scaffolds, PPUs were implanted in the scapula cartilage of
twelve mixed-bred female sheep and comparisons were made with the implanted 
autologous cartilages as control. The results of in vitro studies showed some round and
aggregated chondrocyte cells grown after 2 weeks of cell culture along with a 
considerable growth and attachment of L929 cells. In vivo studies showed that there is
no significant difference between the restored PPUs and the autologous cartilage 
control. Our studies support the potential use of PPU as a proper substitute or rather
as an assistant in cartilage repair. Obviously, further studies are needed to qualify the 
constituted cartilages regarding proteoglycan and collagen productions.

INTRODUCTION

The study of biomedical field is of
great interest to polymer scientists
because it is an area which requires
highly complex subjects to fulfil
the requirements of multi-discipli-
nary applications. Nowadays, the
applications of polymers are essen-
tial in medicine, pharmacology and
medical engineering [1-3]. The
synthetic and biologically derived
polymers have both been exten-
sively investigated as polymeric
biomaterials [4,5]. A biomaterial
can be defined as a medium that is

intended to act as interface in 
biological systems to evaluate,
treat, augment or replace any living
tissue, possibly an organ or its 
functions [6]. 

The use of biomaterial is of
great help especially when 
damaged tissue such as cartilage 
is not capable of self healing.
Traumatic injuries, congenital
abnormalities and age-related
degenerative diseases can all lead
to cartilage loss. However, the low
cell density and its very limited
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self-renewal capacity necessitate the development of
effective therapeutic repair strategies for cartilage 
tissue [7-9]. The absence of a fibrin clot in many
types of defects encountered in cartilage has
inevitably drawn attention to the implantation of a
matrix to accommodate the infiltration of cells from
the surrounding tissues. The use of three-dimensional
(3D) matrices that mimic the natural environments
(extracellular matrix) of cells has facilitated the 
reparative process and resulted in successful growth
of various functioning tissues [10-12]. The synthetic
polymeric systems are particularly interesting to use
in tissue regeneration and cartilage repair, as well.
The reasons which lay behind their application are
due to characteristics such as porosity, hydrophilicity,
degradation time, and mechanical properties that can
vary widely. Additionally, the synthetic polymeric
systems can be manufactured with a high degree of
reproducibility [7,13]. 

The polymers that are greatly used to produce
scaffolds are polyhydroxyacids such as polylactides,
polyglycolides and their copolymers. In fact, it has
been reported that the scaffolds made by these 
polymers are able to support the attachment and 
proliferation of primary animal chondrocyte cells
[14-16]. The preventive barriers in the usage of 
polyhydroxyacids to repair the cartilage, especially,
those subjected to loading are lack of load bearing
criterion, limited deformability and elasticity [16].
The polyurethanes (PUs) are alternatives in the 
engineering of cartilages tissues. The segmented
polyurethanes have been used as biomaterials in 
medical field since they have unique characteristics,
e.g., high tensile and elastomeric properties, good
biocompatibility, and easy processability and 
modification. The contrasting segmental charac-
teristics of its soft amorphous and hard crystalline
phases provide the basis for polyurethanes versatility.
The hard segments are formed by the interaction of
diisocyanate with a chain extender (diol or diamine
molecules) whereas the soft segments are mainly
polyols (typically polyethers, polyesters or poly-
carbonates). The hard segment provides the desired
mechanical properties and the soft segment allows
materials with sufficient elasticity [17-20]. By 
modification of their chemical structures, these poly-
mers can become biostable or biodegradable as well

as rigid or flexible [11]. For these particular reasons,
polyurethanes have been used in vascular prostheses
[21], synthetic heart valve [22], artificial skin [23],
pericardial patches [24], soft tissue adhesive [25],
drug delivery systems [26,27] and tissue engineering
scaffolds [28,29]. 

Since polyurethanes can be tailored to have good
biocompatibility and a broad range of mechanical
properties, there have been attempts to develop such
degradable polymers for medical applications (e.g.,
scaffolds for cartilage tissue engineering) to support
chondrocyte cells growth [28,30]. Grad et al. [28]
have evaluated the capability of biodegradable PU
scaffolds to support attachment, growth and 
maintenance of differentiated chondrocyte cells in
vitro. They concluded that, PU porous scaffolds 
seeded with articular chondrocytes support the cell
attachment and production of extracellular matrix
proteins. 

In another study, Chia et al. [23] have considered
the behaviour of chondrocyte cells in contact with PU
membrane and compared it with PLA types. In terms
of proteoglycan and collagen production, both 
membranes performed similarly but, the rate of
matrix production appears to be higher with PU 
membrane than PLA type. Raimondai et al. [31] and
Karbasi et al. [32] have also shown that the
biodegradable elastic poly(ester urethane) (Degrapol®)
promotes favourable chondrocyte cells adhesion and
proliferation. However, the ''ideal'' scaffold for 
cartilage has not yet been identified but efforts
regarding the design of proper route for cartilage
repair is continued. Potentially, such scaffold might
be produced from biodegradable elastomeric
polyurethanes which have been documented to be
compatible with cartilage tissue [10,23,28].  

In the present study, it is assumed that for 
repairing damaged cartilages, the PUs can be used as
scaffolds. In actual fact, it was hypothesized that the
use of PU as porous matrix may even help the 
cell-free site of the lost cartilage conduct ingrowths
from adjacent tissues and further stimulate tissue
regeneration. The scaffold that has been used in this
project was named "perforated polyurethane" (PPU)
and was produced for first time with a novel method
at IPPI [33]. Equal distribution of pores of the same
size in the bulk of the scaffold, easy preparation 
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techniques, and low cost synthetic route are the most
important advantages of these PPU scaffolds in 
comparison with other types of scaffolds. 

In our previous work [33], histopathological 
studies of reaction to implanted PPU in ear lobe of
rabbit showed tolerable prosthesis with 67% complete
and partial healing process in test group (PPU) 
compared to 99% complete and partial healing in 
control cases (autologous cartilage). Since, the
implantation site has a tremendous impact on the
response of the tissue to the biomaterial polymer, in
the present study some sheep were used as models in
order to evaluate the PPUs potential effectiveness 
to repair their damaged scapula cartilages. The 
interaction between PPU and cells, in the in vitro
stage, and the behaviour of two different types of cells,
such as cell line L929, and primary chondrocyte cells
were investigated by scanning electron microscopy
(SEM) and optical microscopy. Mechanical properties
of the PPU scaffold have been evaluated as well. 

EXPERIMENTAL

Materials 
Polyethylene glycol (PEG) (as polyether polyol) and
castor oil (as polyester polyol) were obtained from
Sigma. Before using, moisture content of PEG was
removed by azeotropic distillation in the presence of
toluene. Additionally, castor oil was dried under 
vacuum at 80°C. Toluene diisocyanate (TDI) was 
supplied by Riedel-de Haen Co. (Germany) and the
polysulphone hollow fibres from Fresenius Co.
(Germany) were used as they were received. The
L929 cell lines were prepared in the Pasteur Institute
of Iran. 

Polymer Synthesis
The polymer synthetic method was explained 
precisely with all its details previously [34]. Briefly,
sufficient amounts of dried polyols, PEG and castor
oil in a 50/50 proportion were introduced into a 250
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mL three-necked round bottom flask. The flask 
which was equipped with a condenser, a N2 inlet
tube, a thermometer, and a magnetic stirrer was
placed in an oil bath. The mixture of polyols was
heated and stirred with a slow stream of nitrogen gas.
Then, an excess amount of TDI was added into the
flask thus, a ratio of NCO/OH = 2 was obtained. The
synthetic route for preparation of prepolymer is out-
lined in Scheme I. This chemical reaction was 
controlled and performed properly at 70°C, under the
atmosphere of nitrogen gas. In fact, this chemical
reaction continued until the test was completed and
the NCO theoretical level was reached (the NCO 
theoretical level was based on the level of NCO/OH
ratio of the prepolymer). For this particular reason,
the NCO level (by titration with di-n-butylamine
solution) was measured according to ASTM D-2572
method. 

Scaffold Fabrication
The final product of the chemical reaction was a clear
and viscous yellow liquid which was capable to cure
in air moisture. Therefore, perforated polyurethane
matrix (PPU) was produced with this enhanced 
moisture curable prepolymer along with some poly-
sulphone hollow fibres.

In particular, the hollow fibres interior diameter
was about 150 μm. The PPUs manufacturing process
was introduced by our group for the first time and it
is described in detail, elsewhere [33]. Briefly, the PU
prepolymer was poured into crystal cylinders filled
with polysulphone hollow fibres. After sufficient
time needed for the prepolymer to cure, the PPU with
a desired thickness of 300 μm and precise pattern was
obtained.   

Scaffold Mechanical Properties 
Tensile tests were performed on triple sample sheets
of PPU scaffold that were cut to a consistent rectan-
gular shape of the same width (5 mm) and length 
(20 mm) using a universal testing machine (SAN-
TAM-STM-20, Iran) equipped with a 200 kN load
cell operating at crosshead speed of 5 mm/min. The 
mean depth of each sample was measured with a
micrometer. Finally, the tensile strengths (σ), Young's
moduli (E) and elongation-at-break (ε) of the PPU
samples were determined. 

In Vitro Experiments
Prior to in vivo experiments, in order to analyze the
cytotoxicity potential of the PPU, the cell 
cultivating method was used, which was performed
by "in vitro" process while using L 929 cells. The
cells were maintained in Roswell Park Memorial
Institute (RPMI)-1640 growth medium, supple-
mented with 100 IU/mL penicillin, 100 mg/mL
streptomycin, and 10% fetal calf serum. A routine
subculture was used to maintain the cell line. The
cells were incubated in a humidified atmosphere of
5% CO2 at 37°C. After a period of 3 days the 
monolayer was harvested by trypsinization. The cell
suspension of 5×105 cells/mL was prepared before
seeding. The PPUs were washed with phosphate 
buffer salin (PBS) and rinsed with distilled water and
then sterilized in an autoclave at 120°C for 20 min,
and placed in a twelve-well tissue culture polystyrene
plate (Nunc, Denmark). In each well, 5 mL of cell
suspension was added and one well was kept as a
negative control. The plate was kept in incubator for
three days. Then PPUs were removed from the 
incubator and washed immediately with warm 
sterilized PBS. The cells were fixed in graded alcohol
solutions (96, 80, 70, and 60%) and then stained with
5% Giemsa stain in PBS. The adhered and 
spreading cells on the porous scaffold were examined
under optical microscope. After a period of 3 days,
the cells behaviour in the neighbourhood of PPU
samples was analyzed by an optical microscope. 

Additionally, in order to study the cartilage 
compatibility of PPU, the primary chondrocyte cells
behaviour in contacts with it was analyzed. The 
primary chondrocyte cells were taken from sheep’s
scapula cartilage portions, and then were put in a
medium solution, consisted of DMEM, FBS, AA and
some collagenases enzyme which was in fact a 
digestion solution. Afterwards, the medium solution
which contained the cartilage pieces was incubated
under CO2 atmosphere at temperature of 37°C for the
period of 24 h. After a certain time, the solution was
passed through a sterilized filter. The separated cells
were centrifuged for the period of 5 min at the speed
of 1000 rpm. After centrifuging, the supernatant was
poured off and the pelleted cells were resuspended 
by tapping the tube. Finally, the cells were counted 
by haemocytometer. Then, every PPU sample was

Iranian Polymer Journal / Volume 19 Number 6 (2010)406

In Vitro and In Vivo Assays of Cartilage Repair ... Amanpour S et al.



immersed for 2 weeks in 1 mL chondrocyte 
suspension containing 2×106 cells. In order to observe
the morphology of the cells, the same 
procedure was carried out for fibroblast cells by 
optical microscope. For a better observation while
using SEM, the attached cells to the PPUs were fixed
by a 2.5% glutaraldehyde solution using the graded
ethanol. The cells were dehydrated and then covered
by a layer of gold.

In Vivo Assays
To verify the conclusive results of the biological 
system and the cartilage compatibility of PPU 
scaffolds, the samples were implanted in the cartilage
scapula of about 12 sheep of mixed breads. The
intended sheep were put under a good care for a 
period of 15 days before starting the process. To 
continue the process, the sheep were given antibiotics
a day before the operation and continuously for four
days after the completion of procedure. After general
anesthesia, six holes were made in the left scapula of
each sheep; and four of these holes were filled by
PPUs and the two other holes were filled by sheep's
own cartilage from other parts of the body. The PPU
scaffolds had circular shape of 10 mm diameter. 

Figure 1 shows the implantation of PPU scaffolds
in scapula cartilage of a sheep. The laboratory 
animals used in this process were under normal care
until the final tests on the scaffolds. As it is shown in
Table 1, the follow up period for the tests was 
precisely from week 2 to week 52 and at retrieval time  
en-block resection of implants and surrounding 
tissues were performed. During the proceeding 
periods, sheep conditions were scrutinized and
showed that the animals were intact from any clinical 

Figure 1. Implantation of PPU scaffolds in scapula cartilage
of a sheep model.

signs of sickness or symptoms. The test results (PPU
+ neighbouring tissues) were submerged into 10% 
formalin solution for further general histological 
studies. The histology study consisted of paraffin
embedment, and staining with hematoxylin and eosin
(H & E). 

RESULTS AND DISCUSSION 

Scaffolds’ Mechanical Properties 
It is important to say that the dependence of 
mechanical properties on microstructure is so clear
that mechanical properties can be controlled by 
modification of the microstructure as one of the 
fundamental objectives of materials science [1]. The
scaffold should have sufficient mechanical strength
during in vitro culturing to maintain the spaces
required for cell in-growth and matrix formation.
Moreover, it must provide sufficient mechanical 
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Group Total number
of implants

2 Weeks
follow up

4 Weeks
follow up

6 Weeks
follow up

12 Weeks
follow up

24 Weeks
follow up

52 Weeks
follow up

Number of PPUs 
(Scaffolds)
Number of autologous 
samples (controls)

48

24

4

2

8

4

4

2

8

4

8

4

16

8

Table 1. Characteristics of test and control sample groups during the follow up periods from 2 to 
52 weeks.

In the left scapula cartilage of a sheep 6 samples including two controls (autologous) and 4 PPU scaffolds were implanted.



support to match the mechanical property of the host
tissue as much as possible, to bear the in vivo 
stresses and loadings [35]. In other words, mechanical
compatibility or similarity (matching) between the
scaffold and tissue plays a crucial role in homeostasis,
remodeling, and repair of load-bearing tissues, such
as bone and cartilage [36-38]. 

Ideally, the most desirable mechanical properties
for a scaffold are those closest to real tissue. 
The tensile tests carried out in this project 
were used to evaluate the mechanical properties of
PPU scaffolds. As it is reported in the literature [39],
scapula cartilage has tensile strength ranging 
from 7 to 15 MPa and its breaking strain is around
20%. 

Figure 2 shows typical tensile stress-strain curves
of PPU scaffolds and the measured mechanical
parameters are summarized in Table 2. The PPU 
scaffold showed tensile strengths of 8.31 ± 0.99 MPa
and the breaking strains of 33.38 ± 0.21% which seem
to be appropriate for cartilage substitution. 

Figure 2. Stress/strain curves of the PPU scaffold (tensile
test was performed on three random samples of PPU:
PPU1, PPU2, and PPU3).

In Vitro Assays
A suitable polymer scaffold has to be tissue inductive
and permit survival of living cells. Therefore, 
matrices of these scaffolds have to be evaluated for
potential toxic effects [10]. The SEM micrographs of
the fibroblast cells (L929) behaviour over the PPU
surface are shown in Figures 3a and 3b at two 
different magnifications. The behaviour of the similar
cells inside the one of the PPU's perforations is shown
in Figure 3c, as well. 

In Figure 3b it is shown that L929 cells use their
filopodia for spatial sensing of their movement on the
surface of PPU scaffold. Clear filopodia interactions
with the PPU scaffold are signs of their good bi-
ocompatibility [40]. In addition to that, there were no
signs of cell toxicity in any of the samples. The image
analyzer software was used to study these specimens.
This study showed that 75 ± 5% of the PPU hole
diameters were filled by the cells after 3 days cell 
culture.

Figure 4 shows the optical microscopy pictures of
fibroblasts cells without staining (Figures 4a and 4c)
and after staining with Giemsa (Figures 4b and 4d).
As it is shown in Figures 4, in order to cover the PPU
holes, the fibroblast cells have followed two 
distinguished cell cooperative behaviours (under 
similar condition). In some of the samples, the cells
are using other neighbouring cells as the main 
supports to reach the other side of the hole and 
finally to cover the surface of the holes which are
much larger than their own size. On other words, the
cells made a bridge to pass the PPU hole (Figures 4a
and 4b) and we named it "bridge making". In some
other specimens, it was noticed that the cells are
organized in a circular shape to cover the PPU's holes
(Figures 4c and 4d) which was called the "circular"
method.

The main reasons and the factors involved in 
creating these specific manners of cell growths 
are entirely unknown to us. One can conclude 
that the cells have the ability to grow on PPU and 
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Table 2. Data of mechanical properties of PPU samples (n = 3; all values are mean ± standard deviation).

Code Tensile strength
(MPa)

Initial modulus
(MPa)

Elongation-at-break
(%)

PPU5 8.31 ± 0.99 65.32 ± 10.75 33.38 ± 0.21



to fill out its holes. The actual reason which lay
behind these phenomena might be the suitable size of
the holes which allow cell communication and 
in-growth [22]. 

The chondrocyte cells behaviour in contact with
the PPU is shown in Figure 5. The important point in
Figure 5 is that after the time period of two weeks, the
chondrocyte cells in the PPU neighbourhood have
maintained their rounded and aggregated forms with
good adhesion quality. It has been proved that 
materials that can keep spherical phenotype of the

chondrocyte cells are potential candidates for 
cartilage substitution [8,22].  

In Vivo Assays
Gross Observation
There was not any post anesthesia and surgical 
complication. During 52 weeks of the studies, there
were no signs of pains, inflammatory reactions or
rejection in the model animals and they looked as 
normal as they were before the surgery. During the
retrieval surgeries at 2-52 weeks after implantation as
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(a) (b)

(c)

Figure 3. SEM Micrographs of fibroblasts L929 behaviour: (a) cell adhesion, spreading and
growth on  the surface of PPU scaffold after 3 days (mag. x700), (b) L929 cells use their 
filopodia for spatial sensing in their movement on the surface of PPU scaffolds (mag. x8000),
and (c) L929 cells inside the perforation of PPU scaffold (mag. x800) (75 ± 5% of the PPU's
holes diameters were filled by the cells 3 days after the cell culture showed by the image 
analyzer software study).

50.0 μm 2.00 μm

20.0 μm



listed in Table 2, scapula portion of sheep was taken
out as shown in Figure 6a. It was observed that 
surgical site had minimal inflammatory reaction.
Moreover, scaffolds were covered with thin fibrous
tissue layer without adhesion to prosthesis. The 
contour and architecture of the cartilages were normal
in implantation sites of PPU scaffolds without any
observable reaction and fibroplasias (Figure 6b). It
was observed that autologous cartilage implantation
sites showed more inflammations and irregularity. Let
us to say that the sheep's immune system reaction to
the PPU cartilage was less than its own cartilage taken
from other parts of the sheep’s body. 

Histological Study
The histological sections were evaluated 
microscopically and images were recorded using

Figure 5. SEM micrograph of chondrocyte cells behaviour
after two weeks contact with PPU as they have kept their
rounded and aggregated qualities with good adhesion to the
scaffold (mag. x5000).
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(a) (c)

(b) (d)

Figure 4. Optical micrographs of the fibroblast cells that followed (a) "bridge making" cooperative behaviour (without 
staining; mag. x300) and (b) after staining with Giemsa (mag. x200); (c) "circular" cooperative behaviour (without 
staining; mag. x300) and (d) after staining with Giemsa (mag. x300). [Colour Figures can be viewed in the online issue
which is available at http://journal.ippi.ac.ir]
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(a) (b)

Figure 6. (a) Retrieval surgery performed within 2-52 weeks after implantation and (b) completely repaired cartilage defects
with minimal inflammatory reaction in surgical site. [Colour Figures can be viewed in the online issue which is available at
http://journal.ippi.ac.ir]. 

  

(a) (c)

(b) (d)

Figure 7. SEM and optical micrographs of PPU scaffold explanted after 6 weeks; the cells and the connective tissues were
infiltrated into holes (a (mag. ×100) and b (mag. ×50)) and channels (c (mag. ×100)  and d (mag. ×125)) of the PPU
porous scaffold. [Colour Figures can be viewed in the online issue which is available at http://journal.ippi.ac.ir].



colour digital system. Figures 7a-7d show images of
PPU scaffold after 6 weeks of implantation. They
show that the cells and the connective tissues were 
infiltrated into the holes (Figures 7a and 7b) and the
channels (Figures 7c and 7d) of the PPU porous 
scaffold, as similarly reported by other researchers on
dog and rat models [41,42]. Incorporation of scaffolds
with adjacent tissue was excellent without chronic
foreign body cellular reaction and with no gap
between them. 

The histological results showed that the cartilage
regeneration was completed during 8 weeks period
and no significant variations were observed up to 
52 weeks following up pathological investigations of
this work. As shown in Figures 8a and 8b, a fibro-

Figure 8. Histopathological micrographs of: (a) a fibro-
cartilage formed into PPU's perforation and bound to the
adjacent normal cartilage and (b) normal cartilage adjacent
to fibro-cartilage, (H & E stained) (mag. x400). [Colour
Figures can be viewed in the online issue which is 
available at http://journal.ippi.ac.ir].

cartilage was formed into PPU perforation and it was
bound to the adjacent normal cartilage tissue.   

CONCLUSION

In this study, PPU scaffolds have been prepared and
their biological and mechanical properties were 
investigated.  It was found that mechanical properties
of the PPU are comparable with natural cartilage. In
order to investigate the PPU potential as a supportive
scaffold to restore the damaged cartilages, the in vitro
and in vivo studies were conducted.

The in vitro assays showed the cell attachment and
the suitable in-growth of the fibroblast and 
chondrocyte cells over the surface and through the
PPU holes. It is likely that perforation of the prepared
scaffold has a major advantage relative to other 
scaffolds due to having interconnected channels
which bring cells closer together for more contacts
and communications, as preconditions to avoid 
apoptosis or programmed cell death. Meanwhile, the
chondrocyte cells in contact with the PPU scaffold
preserved their circular shape and showed no 
differentiation after two weeks time period. This point
can show the usefulness of the PPU matrix as a 
scaffold for chondrocyte cells to grow and finally to
restore the cartilages. In addition, the fibroblast cells
have the ability to fill out the PPUs perforations which
are much larger than their own dimensions. Two 
different cooperative cell behaviours were observed,
i.e., bridge making and circular models in order 
to cover the PPU perforations properly. Those 
perforations were also permitted in the cell commu-
nication and in-growth.

In the in vivo study, 12 sheep models (the total of
48 implanted PPU specimens) were tested for the time
periods of 2 to 52 weeks. This experiment showed that
in all implanted samples PPU supports prosthesis and
is capable to restore defection in sheep scapula 
cartilage (100% healing). It is also seen in the in vivo
study that there is no significant difference between
the PPU scaffolds' restoration results with autologous 
cartilages (24 specimens). In fact, primary inflamma-
tory reaction was even smaller. The fibro-cartilage 
tissue growth inside the holes and the channels of
PPU scaffold was revealed after staining with H & E.  
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According to our studies, i.e., on rabbit cartilage
model (67% healing) and sheep scapula cartilage
model (100% healing) the potential use of the porous
matrix of PPU as proper substitute or perhaps as an 
aid in cartilage repair is obvious. Definitely, 
further studies will be necessary to qualify 
constituted cartilage regarding proteoglycan and 
collagen production. 
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