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Introduction

Scaffolds made of resorbable polymers, for example co-
polymers of lactide and glycolide (PLGA), are very promising
biomaterials for bone and cartilage tissue engineering and re-
generation [1]. It was found that they provide temporary matrix
enhancing cells adhesion, proliferation and their osteogenic/
chondrogenic differentiation [2,3]. Our previous experiments
showed that the scaffolds produced from PLGA support
growth and differentiation of osteogenic cells in vitro [4,5].
Interestingly, the scaffolds with bigger pores (400-600 um)
were found to be the most appropriate for cell adhesion,
proliferation and differentiation in vitro [5]. We attributed it
to higher pore interconnectivity and scaffold permeability,
thus assuring better diffusion of nutrients, wastes and/or
material degradation products in the whole volume of
the scaffold [5]. Moreover, we have shown that the PLGA
scaffolds can be modified with hydroxyapatite (HAp), the
most abundant mineral phase in natural bone, which as-
sured better conditions to adhering cells and promoted their
osteogenic differentiation [6].

The aim of this study was to analyze tissue healing in
critical-size osteochondral defects treated with different
PLGA scaffolds in a rabbit model. Particularly we wanted
to explore the influence of pore size and presence of HAp
in the PLGA scaffolds on bone and cartilage tissue healing
in a short-term study.

Materials and Methods

Scaffolds manufacturing

PLGA 85:15 (M,=100 kDa, d=2.1) was synthesized
according to the method described previously [7]. Two types
of cylindrical porous scaffolds (diameter 4 mm, height 5 mm)
with porosity of 85% and size of the pores of 250-320 ym
and 400-600 uym respectively, were obtained by a newly
modified solvent casting/salt particulate leaching method [5].

The scaffolds were also modified with HAp by biomimetic
SBF method [6].

Scaffolds characterization

The microstructure of PLGA and PLGA/HAP scaffolds
was studied with the use of a scanning electron microscope
(JEOL 5400) under magnifications of 50x and 2000x. Before
the analysis, the samples were sputter-coated with a thin
carbon layer to make them conductive. Elemental composi-
tion of the scaffolds was studied by energy dispersive X-ray
(EDX) spectroscopy (Link AN 10000, UK).

The water contact angle was evaluated by drop shape
analysis system (DSA 10 Mk2, Kruss) equipped with a digital
camera. UHQ-water droplets of 2 pl were put on the surface
of the scaffolds and immediately the picture of the droplet
was taken with a digital camera. The results are presented
as the average = SD (Standard Deviation) for six individual
droplets placed on each type of the scaffolds.

The mechanical properties of the scaffolds were evalu-
ated using a compression test on the universal testing
machine ZWICK 1435. The cross-head speed was set at
1 mm/min. Stress—strain curves were collected from load
and displacement measurements. The compressive modu-
lus was defined as the initial linear modulus and the com-
pressive strength at 60% strain was recorded. The results
are presented as the average * SD for six individual scaffolds
originating from each experimental group.

In vivo experiment

The scaffolds after sterilization with oxygen peroxide
plasma (Sterrad 120, ASP, J&J) were implanted into experi-
mentally created critical-size osteochondral defects in the
New Zealand rabbit femoral trochlea. The research protocol
for the in vivo study was approved by the local ethic com-
mittee. Four animals were used and each animal received
three implants. The fourth defect was left empty. After
4 weeks from the surgery the animals were euthanatized, the
femora containing implants were excised, placed in formalin,
decalcified in buffered EDTA and embedded in Paraplast.
Histological slices of 9 um in thickness were prepared and
stained by Masson-Goldner method.

Results and Discussion

Properties of the scaffolds

FIG. 1 shows the microstructure of the scaffolds regis-
tered by scanning electron microscope. The scaffolds have
interconnected pores of a size close to the size of porogen
particles used in the process of their preparation. Under
higher magnifications, i.e. 2000x, round cauliflower-shape
deposits on the pore walls are visible on the scaffolds sub-
mitted to incubation in SBF (FIG. 1C, inserts). The deposits
were observed both on the surface of the scaffolds as well
in the cross sections. EDX spectroscopy analysis confirmed
that on PLGA scaffolds after contact with SBF calcium and
phosphorus were detected (FIG. 1F, TABLE 1). The Ca/P
ratio was 1.6, which is similar to that of hydroxyapatite.
The SEM and EDX results obtained in this study were similar
to those presented on our previous paper [5].

The results of wettability show that the water contact
angle on raw PLGA scaffolds is relatively high, and does not
depend on the pore size (TABLE 1). On the contrary, on the
scaffolds with hydroxyapatite deposits, the water droplets
immediately penetrated the scaffolds, thus making impos-
sible registration of the shape of the droplets. It means that
presence of HAp on the pore walls decreased hydrophobicity
of the material, thus improving water penetration within the
volume of the scaffolds.



TABLE 1. Chemical composition by EDX,

water contact angle, strength and modulus of PLGA scaffolds.

Chemical composition [at%]  Water contact angle Strength o Modulus E

C (0] (F] P [degree] [MPa] [MPa]
250-320 uym 61 39 nd nd 126.7 £ 9.3 0.58 £ 0.10 0.63+0.12
250-320 ym /HAP 17 66 10.6 6.4 nd 1.14+£0.31 1.72 £ 0.37
400-600 pm 58 42 nd nd 1204 £ 6.8 0.60 + 0.09 0.68 + 0.15

Ind — not detectable

TABLE 1 presents the results of compres-
sion test of the scaffolds. The results of modu-
lus tended to be higher than those obtained in
our previous experiment [5], but the differences
were not statistically significant. The compres-
sive strength and modulus of the scaffolds
measured at 60% strain were significantly
higher for the scaffolds with HAp. Size of pores
did not influence both compressive strength
and modulus.

In vivo evaluation

FIG. 2 shows macroscopic appearance
of tissue defects treated with three different
types of scaffolds and that of empty defect.
The images show that tissue healing was
more advanced in the defects filled with the
scaffolds having the pore size of 250-320 ym
and those enriched with HAp (FIG. 2A). On the
other hand, healing process was inhibited in
the defects filled with the scaffolds with bigger
pores, e.g. 400-600 pm in diameter, and in the
case of empty defect (FIG. 2B).

Histological pictures after Masson-Gold-
ner staining of all examined materials and
that of empty defect are presented in FIG. 3.
The results show that on the base of the im-
planted scaffolds with the pores of 250-320 um
(FIG. 3A) and of 250-320 ym enriched with
HAp (FIG. 3B) newly formed bone trabeculae
were observed. Bone regeneration was more
advanced in the case of the scaffolds enriched
with HAp (FIG. 3B). Newly-formed hyaline
cartilage was also visible in those samples
(FIG. 3A, B).

On the contrary, in the case of the scaffolds
with bigger pores, i.e. 400-600 pm in diameter
(FIG. 3C), only some remnants of the scaffold
material and connective tissue were present.
It was presumably due to the fact that histologi-
cal procedure (consisting of several staining,
washing and drying steps) was hazardous
for fine and delicate newly-formed tissue.
This is an indirect proof that bone/cartilage
tissue healing for this defect was inhibited
in comparison with the defects treated with
scaffolds with small pores. In the case of empty
defect bone/cartilage tissue healing was least
advanced (FIG. 3D).

The results of this study show that in
osteochondral rabbit model in a short-term
period the scaffolds with smaller pores better
supported tissue healing than those with big-
ger pores. It is contradictory to our previous
findings received from in vitro studies of oste-
oblast-like cells in both static and dynamic con-
ditions, in which bigger pores (400-600 pm)
were the most appropriate for cell adhe-
sion, proliferation and differentiation of os-
teogenic and mesenchymal stem cells [3,8].
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FIG. 1. SEM microphotographs (A, B, C) and EDX spectra (D, E, F)
of PLGA scaffolds with pore size of 250-320 um (A, D), 400-600 pm
(B, E), and 250-320 um with HAP deposits (C, F).
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FIG. 2. Macroscopic appearance of tissue defects in rabbit femoral
trochlea (A - left leg, B —right leg) after 4 weeks from surgery treated
with scaffolds with size of pores: 250-320 um, 250-320 ym and HAp,
400-600 um, and empty defect.
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FIG. 3. Histological pictures of tissue defects in rabbit femoral trochlea after 4 weeks from
surgery treated with scaffolds: A — poresize 250-320 um, B — poresize 250-320 um and HAp,
C — poresize 400-600 um, and D — empty defect; Masson-Goldner staining, s — scaffold,
optical microscope Zeiss StereoDiscovery, original magnification 20x, bar =2 mm.

Probably relative surface area of the scaffolds, which was
higher for the scaffolds with smaller pores than for those with
bigger pores, better enhanced osteogenic cells migration
from the periphery into the centre of the bone defect. As
a result tissue healing and regeneration proceeded faster.
Interestingly, the results of this study correlate well with to
the results of the experiment conducted in the soft tissue
model in rats, in which three types of scaffolds of defined
pore-size (about 200, 400 and 600 pm) were applied [9].
It was found that cell penetration, extent of inflammation,
and tissue regeneration were inversely proportional to the
size of pores in the scaffolds, being the most advanced in
the scaffolds with smaller pores [9].

Conclusions

In summary, the results show that it is feasible to produce
PLGA scaffolds with defined microstructure, surface charac-
teristics and mechanical properties. The PLGA scaffolds with
pores in the range of 250-320 uym containing HAp deposits
have the highest potential for critical-size osteochondral
defects healing in a short-term study.
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