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Summary

Polyhydroxyalkanoates (PHAs) are biomaterials widely investigated for tissue
engineering applications. In this regard, we describe a method to prepare fibers of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) by a wet-spinning technique. Polymer
fibers were used to test the cytocompatibility of the material in vitro. We have
investigated their behavior in vitro in presence of the osteoblast-like (SaOs2) and
macrophage (J774.2) cell lines. The PHBYV fibers used were 100-200 pum in diameter and
offered a large surface for cells adhesion, similar to that they encounter when apposed
onto a bone trabeculae. The fiber surface possessed a suitable roughness, a factor known
to favor the adherence of cells, particularly osteoblasts. PHBV fibers were degraded in
vitro by J774.2 cells as erosion pits were observable by transmission electron microscopy.
The fibers were also colonisable by SaOs2 cells, which can spread and develop onto their
surface. However, despite this good cytocompatibility observed in vitro, implantation in
a bone defect drilled in rabbit femoral condyles showed that the material was only
biotolerated without any sign of osteoconduction or degradation in vivo. We can conclude
that PHBV is cytocompatible but is not suitable to be used as a bone graft as it does not

favor osteoconduction and is not resorbed by bone marrow macrophages.
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Résumé

Les polyhydroxyalcanoates (PHAs) sont des biomatériaux largement étudiés pour des
applications d'ingénierie tissulaire. A cet égard, nous décrivons un procédé de préparation
de fibres de poly (3-hydroxybutyrate-co-3-hydroxyvalérate) (PHBV) par une technique
de filage humide. Des fibres de polymere ont été utilisées pour tester la cytocompatibilité
du matériau in vitro. Nous avons étudié leur comportement in vitro en présence de lignées
cellulaires ostéoblastiques (SaOs2) et macrophagiques (J774.2). Les fibres de PHBV
utilisées avaient un diametre de 100 a 200 um et offraient une grande surface d’adhésion
pour les cellules, semblable celle qu’elles rencontrent lorsqu’elles sont fixées sur une
travée osseuse. La surface de la fibre possédait une rugosité appropriée, facteur connu
pour favoriser 1'adhérence cellulaire, en particulier celle des ostéoblastes. Les fibres de
PHBYV ont été dégradées in vitro par des cellules J774.2 et des zones d'érosion ont été
observées par microscopie électronique a transmission. Les fibres étaient également
colonisables par les cellules SaOs2, qui peuvaient se propager et se multiplier a leur
surface. Cependant, une implantation dans un défaut osseux créé dans le condyle fémoral
chez des lapins a montré que le matériau était uniquement biotoléré sans aucun signe
d'ostéoconduction ni de dégradation. Nous avons constaté que le PHBV est
cytocompatible in vitro, mais qu’il ne convient pas pour une greffe osseuse car il n’est
pas ostéoconducteur et il n’est pas degradé par les macrophages de la moelle osseuse in

Vivo.



Introduction

Polymers represent a suitable alternative to prepare bone grafts. They can be prepared in
large amounts, at low cost and can be polymerized in various forms. They can easily be
cut by the surgeon to the desired size in the operating room. Some polymers allow the
entrapment of biologically active molecules such as drugs, growth factors or proteins.
Resorbable polymers such as poly(lactic acid) (pLA) or poly(glycolic acid) (pGA) have
been extensively documented in the literature. However, they are degraded by
progressive hydrolysis in the body microenvironment and release acids (lactic and
glycolic acid) that accumulate locally and favor inflammation during months or years
after implantation [1]. In addition, in vitro studies have found a poor adherence of bone
cells associated with a reduced cell growth [2]. pLA and pGA have been used to prepare
sutures or bone pins for internal fixation of fractured long bones.

An ideal biomaterial should be osteoconductive (i.e. favor the bone ingrowth from the
vicinal osteoprogenitor cells) and should be resorbed progressively. These polymers must
therefore fulfill several conditions: suitable mechanical properties, interconnected
porosity, excellent cyto and biocompatibility.

Biopolymers  such as  polyisoprenoids,  polyhydroxyalkanoates  (PHAs),
glycosaminoglycanes, polypeptides, polysaccharides, polynucleotides are present
naturally in our environment. The general formula of PHAs is presented Fig. 1.
Polyhydroxybutyrate (PHB) is a member of this group, in which R=CH3 and m=1 [3-7].
Discovered in the mid 20's by Lemoigne [8], PHB has stayed in the shadow more than
50 years, during which only a few studies were published. PHB, like the majority of
PHAs, is produced as carbon storage source by microorganisms, in certain stress

conditions and imbalanced nutrient supply [9]. Microbial biosynthesis of PHB starts by
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polymerizing soluble intermediates into insoluble granular ones in order to preserve cells
osmotic state and to prevent leakage of the nutrient [7,10]. The accumulation of discrete
PHASs granules in microorganisms is up to 90% of the cell weight (in dried state) [11].
Until present, more than 150 hydroxyalkanoate units have been isolated; any of these
units can lead to a PHA, and any combination of two units can form a copolymer [12].
The differences between PHAs depend on R-pendant groups and on the number m of CH»
units [5,7,9,10,13,14]. Due to their properties, poly(3-hydroxyalkanoates) have attracted
a large interest of industrial production especially in applications which require a
biodegradable and biocompatible thermoplastic polymer [15,16]. In particular, poly(3-
hydroxybutyrate) (P3HB) and related copolymers with 3-hydroxyvalerate have attracted
considerable interest for being used as biomaterials [5,9,10,17-19].

For a comprehensive understanding of the polymers biocompatibility, we should consider
the cell behavior in presence of the degradation products, including oligomers and
monomers and not just the implant itself. 3-hydroxybutyric acid (3HB), the most common
PHA degradation product, has been reported to have various therapeutic effects [20-23].
It was also shown that oligomers of 3HB (dimer and trimer) are rapidly degraded to
monomers in rat and human tissues, serving as an energy substrate for injured patients

[24].

The studies conducted with biomaterials in tissue engineering applications include both
natural and synthetic biodegradable polymers [25]. Biodegradable polymers are used as
support for osteoconduction which allows osteoblast (bone forming cells) to form new
bone on their surface together with resorption [26]. Bone tissue engineering can provide

solutions using three-dimensional (3D) porous scaffolds for generating new bone tissue



[27]. Biomaterials are therefore used to fill localized bone loss in orthopedic, maxillo-
facial surgery and odontology. The biocompatibility of a material depends on its chemical
composition, but also on other factors such as its amount, microarchitecture, degree of
anisotropy, porosity (connected or not).

In the present study, polyhydroxyalkanoates fibers based on poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) were prepared by a wet-spinning method. Cytocompatibility of the
fibers was evaluated in vitro with osteoblast and macrophage-like cells. The
biocompatibility was evaluated in vivo after implantation in the femoral condyle of four

rabbits.

Material and methods

Fibers preparation

Polyhydroxybutyrate- 98 %/polyhydroxyvalerate 2% (PHBV) - biopolymer powder was
purchased from Goodfellow SARL (France) and used without any purification. PHBV
fibers were prepared by a coagulation-precipitation in a coagulation non-solvent bath
method (the wet-spinning method) using a 20% (w/v) chloroform solution. Briefly, the
PHBYV chloroform solution was obtained by dissolving 4g of polymer powder in 20 mL
chloroform, under stirring at 70°C. Five mL of polymer solution were cooled at room
temperature and extruded from a 10 mL commercial syringe into a 1 L ethanol bath (the
diameter of the bath was much lower than its height), resulting in the formation of
individual PHBYV fibers. The extrusion rate was 0.2 mL/min. After 5 minutes every single

obtained fiber was collected and let dry - if not used immediately - for 48 h in the air at



room temperature. Others substances were bought from Sigma-Aldrich Chemicals and

used without any purification.

Fibers scaffolds preparation

2D and 3D scaffolds were prepared. The 2D scaffolds were made by sticking fibers
together as a non-woven network: samples of 5 cm long fiber were laid on a piece of filter
paper to obtain a network. Afterwards, the obtained scaffold was covered by another
piece of filter paper. At the end, the sandwich formed by the filter paper and fibers
scaffold was wet with a 1:1 mixture of acetone and methylene chloride and pressed with
a 1 kg weight. The pressure was maintained overnight.

The 3D scaffolds were prepared from freshly fabricated fibers. Briefly, a fibrous 3D
scaffold (3 cm long) was prepared from a 6 m long fiber by folding it to the desired
dimension. During this operation, the polymer fiber was maintained wet by introducing
it from time to time into the ethanol bath. At the end, the 3 cm long folded fibers were
rolled up and introduced in a 1 mL syringe (4 mm in diameter), to facilitate their
implantation in a bone defect and then let to dry at room temperature, for 48 h. After the
complete drying, a 3D scaffold was obtained. All operations were conducted at room

temperature. Fibers were controlled under fluorescence optical microscopy.

Cell culture

Two cell lines were used: osteoblast-like cells — SaOs2 (derived from a rat osteosarcoma)
and murine macrophage cell line — J774.2 (European Collection of Cell Culture,
Salisbury, Wiltshire, England). 3D dried scaffolds were transferred in 6-well culture vials
and sterilized for 24 hours under UV radiations 260 nm wavelength. Dulbecco’s

Modified Eagle’s Medium (DMEM) enriched with fetal calf serum 10%, penicillin (100



Ul/ml) and streptomycin (100 mg/ml) were added. Fiber scaffolds were equilibrated at
37°C for 1 h and the medium was discarded. One milliliter of DMEM containing 10°
cells/mL was added and the cells were cultured for 1, 3 and 7 days for SaOs2 and 1, 3, 7,
14 and 21 day for J774.2 (medium changed every two days). During the culture period,
samples were kept in a humidified oven under 5% CO: and examined with an inverted

optical microscope.

Cell viability assay

In order to test cytoxicity of the polymer fibers, an exclusion test with trypan blue and
two cell lines, was used. Briefly, the test protocol can be summarized as follows: a cell
suspension (10° cell/mL) was incubated in presence of 5 mg of PHBV fibers with trypan
blue 0.04% and transferred into a hemocytometer. Living (clear) and dead (blue) cells
were counted under light microscope examination and the percentage of dead cells was
determined for each condition, according to the following formula:

% of dead cells = 100 x (number of dead cells) / (number of dead cells + number of living
cells).

For each cell line and incubation period the experiment was conducted in triplicate.

Scanning electron microscopy (SEM)

Cell adherence was investigated by SEM. Prior to imaging, samples were processed as
previously described [28]. After incubation with cell lines (SaOs2 and J774), PHBV
fibers were rinsed in phosphate buffer 0.1M, pH7.4 and fixed in glutaraldehyde 2.5%
(w:v) in phosphate buffer prior to be rinsed in phosphate buffer. Fibers were post-fixed
in osmium tetroxide (1% dissolved in distilled water) for 45 min and rapidly rinsed with

distilled water. They were then dehydrated using a concentration gradient of ethanol and



desiccated with hexamethyldisilazane (HMDS). HMDS was let to evaporate overnight at
room temperature. Fibers were sputtered with a thin layer of carbon and examined with
a Zeiss Evo LS10 Scanning Electron Microscope. For comparison with a normal bone
trabecula, a sample of clean and dried human trabecular bone was prepared and analyzed

as above.

Transmission electron microscopy (TEM)

After a 21-day period of incubation with J774.2 cells, the fibers were prepared for TEM.
Cell fixation on the fibers was done with glutaraldhehyde 2.5% in phosphate buffer as
described above and fibers were embedded in Lowicryl® K4M. Ultrathin sections were
obtained with a diamond knife on a Leica Ultracut S and transferred onto copper grids
(mesh 200) coated with a film of Formvar. Grids were then contrasted with uranyl acetate
and lead citrate. Examinations were done with a JEOL JEM 1400 electron microscope

(JEOL, Paris, France).

Animals and surgical procedure

Four New Zealand rabbits (15-16 week old and approximately weighting 3.5-3.75 kg)
were used in the present study. They were purchased from Charles River (L’ Arbresle,
France) and acclimated during 8 days to the local stabling conditions. They received
synthetic food and water ad libitum. The care and stabling of the laboratory animals were
done at ONIRIS, the veterinary school of Nantes and all procedures were approved by
the local ethical committee (decision #49028). They were operated by a trained surgeon
(E.A.) in compliance with French law on animal experimentation. Animals were operated
under general anesthesia with medetomidine (Domitor[J, Pfizer, Paris France) and
ketamine (Imalgene 1000L), Merial SAS, Villeurbanne France). The distal femoral

9



extremity of each femur was processed simultaneously during the same surgical time.
After skin incision, and lateral arthrotomy access via the knee joint, a cylindrical defect
(4 mm in diameter and 6 mm long) was created on the outer femoral condyle with an
electric drill operating at low speed. After flushing with saline to eliminate the bone and
marrow debris, the syringe containing the fiber scaffold (which was prior sterilized under
UV radiations 260 nm wavelength for 24 hours), was placed on the hole performed on
the cortice and the fibers were gently pushed inside the bone defect. Incision was then
closed on 3 layers with resorbable sutures (Vicryl™, Ethicon, Issy les Moulineaux,
France). The animals were left to heal for 60 days. Euthanasia was done by injecting an
intracardiac overdose of sodium penthobarbital (Dolethalll, Vetoquinol France). The
lower femoral extremities were immediately dissected from each animal and fixed in an

alcohol-formalin based fixative (BB’s).

X-ray microcomputed tomography (microCT)

A Skyscan 1172 X-ray computed microtomograph (Bruker microCT, Kontich, Belgium)
was used with the cone beam mode to image the fiber scaffold and the implanted bones.
Scaffolds of fibers compacted in a syringe (ready to use for animal study) [29] were
analyzed at a magnification of x15.36 (a pixel corresponding to 20 pm) at 80kV, 100 uA
with no aluminum filter and a 0.25° rotation angle was applied at each step. Bones were
scanned when in the fixative by using a Imm aluminum filter; the pixel size was fixed at
18 um and a 0.20° rotation angle was applied at each step. Briefly, serial section were
acquired and stored in the *.bmp format. After interactive segmentation, the 3D models

were constructed from the stack with a surface-rendering program (Ant, release 2.5.0.2,
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Skyscan). Porosity, mean diameter of the pores and inter connectivity of the pores were
determined on the 3D models using the CtAn software (Bruker) as previously described

[29,30].

Histological analysis

Femurs were embedded undecalcified in poly(methyl methacrylate). They were cut-dry
(7 um in thickness) on a heavy-duty microtome equipped with tungsten carbide knives
(Leica Polycut S - Rueil Malmaison, France). Sections were stained with a modified
Goldner trichrome and analyzed on an Olympus BX 51 microscope equipped by bright

field and polarization illumination.

Results

Cell viability assay

The cytotoxicity results obtained on SaOs2 and J774.2 cells revealed that polymer fibers
made by the wet-spinning method have a low cytotoxic effect (Fig. 2). The percentage of
necrotic cells was not significantly different than control after 24 h of incubation time.
After 48 h of incubation the number of dead cells was higher than the control (p < 0.05),
but the percentage remains close to 6%, which can be considered as an acceptable value.
Accordingly it can be concluded that in vitro results showed a low cytotoxic response for

two cell lines (osteoblasts and macrophages) after 24 h of incubation.

Scanning electron microscopy (SEM)

The diameter of fibers obtained through this method was in the range of 100-200 um, as
measured on SEM micrographs, using the ImageJ software (NIH -
https://imagej.nih.gov/ij/). The fibers appeared to have a rough surface (Fig. 3A and 5A),
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with a roughness similar to that of a bone trabecula containing calcified collagen
microfibers (Fig. 3B).

SEM examination of incubated PHBV fibers with the two cell lines showed that they
were able to adhere onto the scaffolds without any visible signs of suffering (blebbing,
apoptosis or necrosis). SaOs2 cells were anchored onto the fibers after 24 h of incubation
and at 7 days post-seeding they almost reached confluence on the surface of the polymer
fibers (Fig. 3C). At this time point, the osteoblasts morphology was specific for well
adherent cells, covering a high area of the biomaterial surfaceand establishing numerous
filopodia; orientation of the cells along the longitudinal axis of each fiber was evidenced
(Fig. 3C). Similar results were noticed in case of cells of the J774.2 line, but signs of
polymer erosion could be evidenced at the surface of the fibers with minute erosion pits

(Fig. 3D).

Transmission electron microscopy (TEM)

The polymer itself appeared as a regular scaffold with internal microporosity of about
0.5-1 um. Examination of ultrathin sections of PHBV fibers incubated during 21 days
showed that J774.2 cells have adhered and were affixed onto the polymer surface. It also
showed that the J774.2 macrophages have engulfed small amounts of the polymer in their
cytoplasm (Fig. 4). The identification of the polymer in the cell endosomes is an obvious

sign of erosion.

MicroCT of fibers and grafted areas

The PHBYV fibers could be easily observed (Fig. 5A) and frequently appeared to have a
central cavity. When the fibers were packed together, they formed a 3D scaffold easily

manageable for implantation (Fig. 5B). The porosity of the scaffold was found to be 79.7
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+ 3.3% with large pores (1830 + 585 m in diameter) and high interconnectivity (inter
connectivity index 192.73 + 18.4).

On histological sections of bone grafted areas, the mineralized trabeculae of the bone
around the hole appeared in green and the uncalcified periosteum in red (Figure 5C). The
PHBYV fibers were not stained by the Goldner trichrome but were birefringent under
polarized microscopy (Figure 5D). No bone trabecular was observed between the PHBV
fibers and no sign of erosion of the fibers was seen since they maintained their ovoid
shape. The edges of the hole were not remodeled. The only finding was the development
of a non-inflammatory vascularized fibrosis extending from the edges of the hole to the
center of the grafted area, these areas of fibrosis appeared in red since they were not
mineralized. No accumulation of inflammatory cells and no giant cell were observed
around the fibers.

MicroCT examination of all animals revealed that no bone apposition has taken place
between the fibers (Fig. SE and 5F). The drilled holes were not filled by new bone

trabeculae and only a minimal remodeling occurred at the edges of the hole.

Discussion

Due to the diversity of PHAs, their different properties (physicochemical and physical-
mechanical properties), as well as their availability (being produced by microorganisms)
make them a appealing for various biomedical applications. In our study, we tested fibers
obtained using a simple method (wet-spinning method) from a commercial copolymer
PHBYV (purchased from GoodFellow SARL - France) as a bone grafting material, in vitro

and in vivo.
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PHBV (2% valerate) 20% (w/v) chloroform solution was found to be the optimal
concentration for wet spinning of continuous fibers. Lower concentrations resulted in the
absence of fiber formation of the extruded polymer solution. To be considered as tissue-
engineering biomaterials, PHBV fibers must exhibit a good biocompatibility, with non-
toxic degradation products [31]. The fibers obtained in the present study were relatively
thick in the range of 100-200um. Several authors have tried to prepared thinner fibers by
electrospinning and have obtained nanofibrers of 1-3.5um thick fibers [32,33]. However,
it has been shown that thick fibers are preferable because osteoblast are more able to
spread and anchored on them than on nanofibers [34].

The surfaces and interfaces of a biomaterial are areas where some of material properties
can be different from the entire material due to their contact with biological fluids which
can modify their properties [35]. Fibers obtained by the wet spinning method appeared
to be a very convenient form to test the cytocompatibility of the material in vitro. Their
diameters offer a large surface to cells to adhere, similar to the surface they encounter
when apposed onto a bone trabecula [36]. Such a roughness is known to stimulate the
adherence of cells, particularly osteoblasts [29,37]. Although each PHBV fiber is a
separate entity, they can be combined by compaction to form an isotropic or anisotropic
network which is highly porous through the generation of inter-fibrilar pores. Such
scaffolds prepared by compacting the fibers were recently studied by different methods
known to characterize porosity, including Euclidean and Fractal descriptors (succolarity
and lacunarity) [29]. These fibrous scaffolds have a high and interconnected porosity that
could favor cell and vascular sprouts invasion.

Cytocompatibility was appreciated by using in vitro experiments. For bone biomaterials,

cytocompatibility can be better assessed using two types of cells that will come in direct
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contact with the polymer after implantation: bone forming and bone resorbing cells,
thereby enabling the study of formation and resorbability, respectively [38].

A biomaterial is considered to be a good candidate for bone grafting if it presents the
following characteristics [39,40]: 1) it should be osteconductive, i.e. the material must
provide a scaffold to support new bone formation. Its surface must allow cells to attach,
spread, proliferate, and deposit packets of bone matrix and finally, it should be resorbed
after having been replace by new bone. ii) it should be osteogenic by having the capacity
to stimulate bone healing. iii) it should be bioactive, i.e. it should allow the attachment
and differentiation of osteogenic cells on its surface. iv) it should be osteoinductive, this
implies the possibility for the biomaterial to act on mesenchymal cells by making them
osteogenic and capable to appose new bone, even in a non-bony tissue such as muscle.
This condition is in fact exceptionnaly observed. v) it should be mechanically resistant
enough to be grafted in a weighting area (when used in orthopedic surgery).

A classification was previously established to describe the degradation modes of
biomaterials and is particularly suitable for polymers [41]. A material is referred as
biodegradable if it is degraded by macromolecular damage. It is not eliminated from the
organism and debris can migrate far from the prosthesis (the best example is polyethylene
or alumina wear debris coming from the hip/knee prostheses) [42-45]. In an in vitro study,
we could show that the synthetic polymer poly(2-hydroxy ethylmethacrylate) could be
degraded when placed in direct contact with the J774.2 cells [46]. A material is
bioresorbable if it is degraded in bulk and entirely resorbed in vivo. It is eliminated from
the organism as fragments of molecular low mass. Bioerosion concerns materials that are
degraded in surface and then resorbed in vivo. A material is absorbable if it can dissolve

in the organism without modification of molecular weight of its composing molecules.
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In the present study, we found that the PHA polymer was erodible by macrophage-like
cells in vitro. So, the PHA polymer appears to be bioactive and osteoconductive in vitro
(i.e. cytocompatible). However, in a midterm implantation in the rabbit, no sign of
degradation could be observed in vivo and no bone was apposed at the surface of the
fibers. Furthermore, the fibers were encapsulated in a thin fibrosis. Although these fibers
exhibited a good cytocompatibility in vitro, the material can only be classified as
biotolerated [1]. A very similar finding was observed with electrospun microfibers of
polystyrene, a synthetic non-resorbable biomaterial, which appeared highly
cytocompatible but only biotolerated in the rabbit [47]. Other authors have proposed PHA
scaffolds as bone substitutes, however, if their in vitro experiments confirmed

cytocompatibility in vitro, the in vivo studies have not been evaluated [48].

Conclusion

PHBYV fibers obtained by a wet spinning method appeared to be degradable by the J774.2
macrophage cell line in vitro. They were also colonisable by SaOs2 osteoblast- like cell
which can spread and develop onto their surface. However, the material is soft and not
mechanical resistant enough, so it did not favor bone apposition in vivo. Other
applications of PHBV fibers are currently under study in our laboratory as a coating

material or in other types of tissues.
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Legends of Figures:

Figure 1 Chemical structure of PHA homopolymers.

Figure 2 Cytotoxic test of PHBV fibers in presence of SaOs2 osteoblast-like cell line

after 24 and 48 hours of incubation and J774.2 macrophage-like cell line after 24 h.

Figure 3 A. Scanning electron microscopy aspect of the surface of a PHBV fiber
obtained by the wet spinning method. Note the roughness of the surface which mimics
the aspect of collagen fibers. B. SEM of a normal trabecular surface showing the
roughness due to the presence of fully mineralized collagen fibers. C. SaOs2 cell spread
on the surface of PHBV fibers after 7 days in culture. The cells are elongated along the
groves of the polymer surface (BSE mode). D. J774.2 cells at the surface of a PHBV
fiber. These round macrophage-like cells have eroded the material by creating small pits

at the surface (arrow) after 21 days.

Figure 4 Transmission electron microscopic image of a J774.2 cell in direct contact
with the PHBV polymer at 21 days post-culture. The cell contains numerous vacuoles
(arrows). The polymer has a reticulated aspect and appears as a white network at the
bottom of the image (Polym). Cartridge: enlargement of an endocytic resorption vacuole

(arrow) containing a fragment of the polymer.

Figure S A. Fluorescence microscopy of the PHBV fibers showing surface roughness

and irregularities. B. MicroCT analysis of the PHBV fibers packed together before
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implantation. C. Light microscopy of the implanted area in a rabbit femoral condyle
during 60 days. The PHBV fibers are packed together but do not exhibit any sign of
degradation. The remaining mineralized bone around the hole appears in green (mb); it
is covered by the unmineralized fibers of the periosteum (p). Note the minimal
remodeling on the edge of the hole, particularly in the edge near the periosteum. The
PHBYV fibers are unstained and appear as white profiles (f). Thin layer of collagen fibrosis
(in red) (fib) encapsulate all fibers (Goldner trichrome staining). D. same microscopic
field analyzed under polarization microscopy, the fibers are clearly birefringent. E.
MicroCT, 2D section of a rabbit femoral condyle implanted with PHBV fibers during 60
days. No bone is present inside the hole whose architecture is not reconstructed. A
minimal remodeling has occurred at the edges of the hole. F. 3D reconstruction of the

same bone exposing the internal part of the hole. Note the partial reconstruction of the

edges of the drilled hole.
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