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Abstract

Polyhydroxyalkanoate (PHA) copolymers of poly[(R)-3-hydroxybutyrate-co-5mol%-(R)-3-hydroxyhexanoate}, poly[(R)-3-hydroxybutyrate-
co-Tmol%-4-hydroxybutyrate] and poly[(R)-3-hydroxybutyrate-co-97mol%-4-hydroxybutyrate] were electrospun to fabricate scaffolds with
enhanced biocompatibility and bioabsorption. Subcutaneous implantation of the fibers in rats was performed to investigate their bioabsorption
behavior and tissue response. The fibers before and after the in vivo experiments were characterized using gel permeation chromatography,
scanning electron microscopy, X-ray diffraction and tensile test. Histological evaluation was also performed to determine the tissue response.
The structures and properties of the electrospun PHA copolymers were compared with those of the electrospun poly[(R)-3-hydroxybutyrate].
The content and type of the second monomer and the diameter of fiber significantly influence the bioabsorption. The tissue response was found

to improve with the high content of 4-hydroxybutyrate.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Electrospun fiber; Polyhydroxyalkanoate; Tissue response; Bioabsorption

1. Introduction

In response to the growing demand in the field of tissue
engineering, the number of polyhydroxyalkanoates (PHAs)
currently under evaluation as biomaterial has expanded
to five, that is, poly[(R)-3-hydroxybutyrate] [P(3HB)], poly
(4-hydroxybutyrate) [P(4HB)], poly[(R)-3-hydroxybutyrate-
co-4-hydroxybutyrate] [P(3HB-co-4HB)], poly[(R)-3-hydrox-
ybutyrate-co-(R)-3-hydroxyvalerate] [P(3HB-co-3HV)] and
polyl(R)-3-hydroxyoctanoate-co-(R)-3-hydroxyhexanoate]

* Corresponding author. Tel.: +81 48 467 9312; fax: +81 48 462 4658.
** Corresponding author. Tel.: +81 3 5841 7888; fax: +81 3 5841 1304.
E-mail addresses: mfujita@rikenjp (M. Fujita), atiwata@mail.ecc.
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[P(3BHO-co-3HHXx)] [1]. To date, PHA and its composites are
thought to have good potentials as emerging materials for
medical devices such as sutures, bone plates, surgical mesh
and cardiovascular patches, just to name a few [2]. A recent
major breakthrough for PHA as a new class of biomaterial is
the clearance obtained from the Food and Drug Administration
of the United States of America for the use of P(4HB)-derived
TephaFLEX® absorbable suture [3].

PHASs are a family of biopolyesters produced by numerous
bacteria as intracellular carbon and energy compound under un-
favorable growth conditions such as limitation of nitrogen,
phosphorus, oxygen or magnesium in the presence of excess
supply of carbon source [4—6]). PHASs are particularly attractive
because they are bioabsorbable and biocompatible. The metab-
olism and excretion of some monomers incorporated into PHA
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are well understood. For example, the monomeric component
of P(3HB), (R)-3-hydroxybutanoic acid (3HB), is a ketone
body present at concentrations of 3—10 mg per 100 mL blood
in healthy adults [1,7]. The monomeric component of
P(4HB), 4-hydroxybutanoic acid (4HB), can also be found
widely distributed in the brain, kidney, heart, liver, lung and
muscle of the mammalian body [8]. Furthermore, the hydroxyl
acids released during PHA in vivo breakdown are found to be
considerably less acidic and less inflammatory than many cur-
rently used synthetic absorbable polymers such as poly(lactic
acid) (PLA) [9). P(3HB) has, however, limited application
due to its high brittleness, poor processability and slow degra-
dation [10]. Therefore, researches in this field of interest had
shown great progress over the past 20 years and it is now pos-
sible to design and synthesize various kinds of PHA (reviewed
in Ref. [11]) to overcome the inferior properties of P(3HB).

New polymer processing approaches are in demand to create
degradable porous scaffolds that can support the hierarchical
structures of many tissues ranging between 0.1 and 1.0 mm
[12]. Electrospinning has emerged as one of the methods offer-
ing simplicity and versatility in preparing such biomaterials
[13]. Electrospun biomaterials facilitate better cell attachment
and perfusion due to very high surface area-to-volume ratio
and high porosity. Improved cellular response is also suggested
because the morphology and architecture of electrospun struc-
ture are stmilar to those of some extracellular matrix (ECM)
[14]. In addition, electrospinning may provide an alternative
method to produce fibrous materials with improved mechanical
properties compared to solid-walled equivalents [15].

Thus, in this study, we used electrospinning to develop
scaffolds of fibrous PHA copolymers; P(3HB-co-5mol%-
3HHx), P(3HB-co-7mol%-4HB) and P(3HB-co-97mol%-
4HB) (Fig. 1), in aim of achieving enhanced biocompatibility,
mechanical properties and bioabsorption. We also describe
here the characterization and effects of sterilization on the
physical properties of the electrospun PHA copolymers. Our
study is the first to do a detailed comparison on the bioabsorp-
tion rate and the tissue response of electrospun PHA copoly-
mers containing 3HB, 3HHx and 4HB monomers implanted
subcutaneously in rat model.

2. Materials and methods
2.1. PHA synthesis

P(3HB-c0-97mol%-4HB) was biosynthesized by Delftia acidovorans (for-
merly known as Comamonas acidovorans) using glucose and 1,4-butanediol
as carbon sources, according to the method described in Ref. [16]. P(3HB-
co-7mol%-4HB) was kindly provided by Dr. Toshihisa Tanaka of RIKEN Insti-
tute, Japan. The in vitro toxicity of P(3HB-co-4HB) derived from D. acidovorans
has been determined recently [17]. P(3HB) and P(3HB-co-5mol%-3HHx) sup-
plied by ICI Biopol and P&G, respectively, were purified before use. Briefly, the
purification of the P(3HB) and P(3HB-co-5mol%-3HHx) was performed by dis-
solving the polymers in chloroform followed by precipitation in excess hexane
and filtration.

2.2. Fabrication of fibrous implant and electrospinning

Each polymer solution of 1 wt% concentration was prepared by dissolving
100 mg of the polymer in 9900 mg of 1,1,1,3,3,3-hexafluoro-2-propanol

T.H. Ying et al. | Biomaterials 29 (2008) 1307—1317
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Fig. 1. Chemical structures of PHAs used in this study.

(HFIP). Electrospinning was performed using Esprayer ES-2000 (Fuence,
Co. Ltd., Japan). The polymer solution was placed in a 1-mL glass syringe
with an inner needle diameter of 0.5 mm. The syringe was set vertically at
the support of the electrospinning device and the solution was extruded at
a constant rate of 40 ul min~'. A positive voltage of 15 kV was applied at a dis-
tance of 20 cm between the needle tip and the copper collecting plate. The jet
current was in the range of 38.3—38.7 uA and the collecting time was approx-
imately 8 h. For effective collection of the electrospun fibers, a square fiber-
collecting area (3 cm x 3 cm) was created on the copper plate by covering
the rest of the plate with a non-conductive plastic. A sheet of aluminum foil
was used to cover the collection area to ease the recovery of fibrous matrix
from the copper plate. Each electrospun PHA scaffold was then cut into two
different dimensions: 1 cm x 1 cm and 1 cm x 3 cm, respectively. All scaf-
folds were sterilized ovemight with ethylene oxide (EtO) at 40 °C before im-
plantation in rat.

2.3. Subcutaneous implantation in rat and retrieval

Four 12-weeks-old male Wistar rats were used for implanting the PHA
scaffolds; two for scaffolds measuring 1 cm x 1 cm while the remaining two
for scaffolds measuring 1 cm x 3 cm. The animals were cared for in accor-
dance with the Guiding Principles for the Care and Use of Animals in the Field
of Physiological Sciences, approved by the Physiological Society of Japan. All
experiment protocols had been reviewed and approved by the Animal Subjects
Committee of the National Cardiovascular Center, Osaka, Japan. The rats were
first injected with anesthetic before implanting the scaffolds. The T cm x 1 ¢m
scaffolds were implanted subcutaneously at one side of the backbone while the
I .cm x 3 cm scaffolds were implanted subcutaneously at the backbone. The
grouping of the rats was based on the duration of observation for 4 and 12
weeks. Upon explantation, the scaffolds measuring 1 cm x 1 cm were stored
in 2.5% glutaraldehyde solution until further analysis by SEM. The retrieved
I em x 3 cm scaffolds were treated with 1.25 wt% trypsin to remove the sur-
rounding tissues. They were then kept in tubes containing phosphate buffered
saline (PBS) until further use.

2
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2.4. Scanning electron microscopy

The PHA scaffolds were dehydrated in increasing concentrations of etha-
nol aqueous solutions containing 50%, 70%, 90%, 95%, 99.5% and 100%.
They were then mounted on aluminum stumps and coated with gold in a sput-
tering device for 3 min at 5 mA. The scaffolds were observed with a scanning
electron microscope (JSM-6330F, JEOL, Co. Lid.) at an acceleration voltage
of 5kV and an emission current of 12 pA.

2.5. Wide-angle X-ray diffraction (WAXD)

Two-dimensional (2D) WAXD patterns of the electrospun PHA scaffolds
were acquired using an X-ray diffractometer (RINT UltraX 18, Rigaku Japan)
equipped with an imaging plate (BAS-SR 127, Fuji Film Co., Japan). Ni-
filtered Cu~—K, radiation (A =0.154 nm) generated at 40 kV and 200 mA
was collimated by a pinhole with a diameter of 1.0 mm. The distance from
the scaffold to the imaging plate was 5 cm and the exposure time was 6 h.
After converting the 2D images to 1D profile by circular-averaging, the crys-
tallinity of the scaffolds was calculated from the ratio of the areas of crystal-
line reflections to the overall intensity in the range of 12° <26 < 35° of the
averaged 1D profile.

2.6. Tensile property

The non-sterilized scaffolds and the scaffolds before and after implantation
were cut into 2 mm X 5 mm strips for tensile test. Tensile test on the scaffolds
was carried out on a tensile testing machine (SHIMADZU EZTest) at a cross-
head speed of | mm/min under ambient conditions. The thickness of each
scaffold was measured before testing. Tensile properties were calculated
from the stress-—strain curves as means of two measurements.

2.7. Gel permeation chromatography (GPC) analysis

The molecular weight of the scaffolds was measured with gel permeation
chromatography at 40 °C, using a Shimadzu 10A GPC system equipped with
a 10A refractive index detector and Shodex K-806M and K-802 columns.
Chloroform was used as the eluant at a flow rate of 1.0 ml min~". The calibra-
tion curve was prepared by using polystyrene standards with narrow
polydispersity.

2.8. In vitro degradation evaluation

Each of the 1 cm x 3 cm sterilized scaffold was immersed in 10 mL phos-
phate buffered saline (PBS) at pH 7.4 in sterilized capped containers. These
containers were then incubated at 37 °C without agitation. After 4 and 12
weeks, the scaffolds were recovered and characterized by SEM, tensile test,
GPC and WAXD.

2.9. Histological observation

The surrounding tissues were excised together with the electrospun PHA
scaffolds and fixed with 2.5% glutaraldehyde solution. A small piece of the
tissue was then embedded in paraffin before subjecting it to microtome sec-
tioning. Hematoxylin and eosin (HE) were used for staining the tissues. The
tissue response to the scaffolds was evaluated from the coloration observed
with a phase-contrast microscope.

3. Results and discussion

3.1. Morphological changes of electrospun PHA
scaffolds

The retrieved electrospun PHA scaffolds showed various
changes in appearances after subcutaneous implantation

(Fig. 2). After 4 weeks, both the electrospun P(3HB) and
P(3HB-co-5mol%-3HHx) remained in their initial form. The
electrospun P(3HB-co-7Tmol%-4HB) was fragmented into
large pieces while the electrospun P(3HB-co-97mol%-4HB)
shrunk and became thinner. Even after 12 weeks, the electro-
spun P(3HB) showed no morphological change. However, sig-
nificant changes were observed for the other three electrospun
PHA copolymers. The degree of degradation increased in the
order of P(3HB-co-5mol%-3HHx), P(3HB-co-7mol%-4HB),
and (3HB-co-97mol%-4HB). The electrospun P(3HB-co-
5mol%-3HHx) displayed crevices on its surface while the
electrospun P(3HB-co-7Tmol%-4HB) was degraded into small
fragments. Only a small piece of the electrospun P(3HB-co-
97mol%-4HB) scaffold was retrieved, indicating enhanced
bioabsorption of this 4HB-rich copolymer.

To have a better understanding on the progress of biodegra-
dation at a fiber scale, SEM was used to observe the morpho-
logical changes of the fibers of all the electrospun PHA
scaffolds. SEM revealed that all the as-spun scaffolds consist
of randomly oriented fibers (Figs. 3 and 4). Further morpho-
logical feature is that the fibers fuse together. Namely, the
electrospun fibers organize into a three-dimensional network.
This is probably because the solvent (HFIP) evaporation was
incomplete when the fibers were deposited on the collection
plate. The width of the fiber between the junctions was quite
uniform. The width decreased in the order of P(3HB) =
P(3HB-co-5mol%-3HHx) (520 nm) > P(3HB-co-97mol%-4HB)
(220 nm) > P(3HB-co-7mol%-4HB) (190 nm). It has been re-
ported that the width increases proportionally with the molec-
ular weight of the polymer [18]. This is because higher degree
of chain entanglement due to high molecular weight is as-
sumed to make it harder for the electrostatic forces to pull,
or extend individual chains [19]. Accordingly, the matrices
of the electrospun P(3HB) and P(3HB-co-5mol%-3HHx) con-
sisted of larger fibers compared to the electrospun P(3HB-
c0-97mol%-4HB) because of their high molecular weight
(Table 1).

Interestingly, only the electrospun P(3HB-co-7mol%-4HB)
formed fibers with irregular shapes with intermittent spindle-
like beads on string (Fig. 4A). Possibly the formation of the
beaded P(3HB-co-7mol%-4HB) fibers is the result of low
net charge density. Previous studies have shown that higher
net charge density favors the formation of bead-free fibers
[20,21]. According to Ref. [20], the net charge density is in-
versely proportional to the mass of dry polymer (i.e. mass of
scaffolds collected from electrospinning), if the other experi-
mental conditions such as jet current, collecting time and poly-
mer concentration are the same. The net charge density
decreases in the order of P(3HB-co-5mol%-3HHx) (1058
CM) >P@GBHB) (1002 CN) > P(3HB-co-97mol%-4HB) (778
C/) > P(3HB-co-7Tmol%-4HB) (484 C/1). In this study, the
P(3HB-co-7mol%-4HB) scaffold had the highest collected
mass.

After sterilization, the morphologies observed for the
electrospun P(3HB), P(3HB-co-5mol%-3HHx) and P(3HB-
co-Tml%-4HB) remained unchanged (Figs. 3 and 4). The ma-
trix of P(3HB-co-97mol%-4HB), however, became less porous

2895
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Material

Period of Implantation

As-spun

4 weeks in vivo

12 weeks in vivo

P(3HB)

P(3HB-co-
5mol%
3HHx)

P(3HB-co-
7mol%
4HB)

P(3HB-co-
97mol%
4HB)

Fig.2. Physical appearance of the electrospun PHA scaffolds before and after 4 and 12 weeks of subcutaneous implantation in rat.

(Fig. 4B2). The temperature (40 °C) of the EtO sterilization is
close to the melting temperature of P(3HB-co-97mol%-4HB)
(T, =47°C), and thus led to the fusing of some fibers to
each other.

3.1.1. In vivo study

In SEM, only the remaining scaffolds that could be re-
trieved from rat after the in vivo experiments were observed.
Nevertheless, such observations provided the information on
the morphological changes by implantation. For the P(3HB)
and P(3HB-co-5mol%-3HHx) scaffolds, no remarkable
change in their appearances by implantation during the period
investigated here was observed (Fig. 3). This result is in good
agreement with the macro-scale observation, as shown in
Fig. 2. On the other hand, the fibers of the copolymers with
4HB unit were influenced by the implantation. At 4 weeks
of implantation, the fibers of P(3HB-co-97mol%-4HB)
showed fragmentation (Fig. 4B3). After 12 weeks, surface
erosion became more evident as the density of the fibers de-
creased remarkably due to fragmentation of the fibers to
shorter segments. The progression of bioabsorption was also
evidenced by the formation of pores on the surface of these
fibers as indicated by the arrow in Fig. 4B4. These evidences

indicate that the existence of 4HB monomer units enhances
the degradability, or the bioabsorption of PHA.

After 4 and 12 weeks, the electrospun P(3HB-co-97mol%-
4HB) fibers appeared to have swollen (Fig. 4B3 and B4). A
slight decrease in the fiber density was also observed for the
electrospun P(3HB-co-7Tmol%-4HB) (Fig. 4A4) at week 12.
Previous studies have demonstrated that fibers of electrospun
poly(p,L-lactic-co-glycolic acid), poly(p,L-lactic acid) and poly
(butylene succinate) which were highly amorphous showed
swelling after immersion in PBS [22-—24]. Hence, it is possi-
ble that the swelling of the electrospun P(3HB-co-97mol%-
4HB) fibers occurred due to the penetration of water into their
amorphous regions.

3.1.2. In vitro study

SEM showed that there was no evidence of degradation on
the surface of all the electrospun PHA scaffolds after 4 weeks
of immersion in PBS (Figs. 3 and 4). All samples retrieved at
12 weeks also revealed that their structural integrities were
maintained. This is because PHA hardly undergoes hydrolysis
at pH value around neutrality. Similar to the observations for
the in vivo study, the fibers of the electrospun P(3HB-
c0-97mol%-4HB) also demonstrated swelling.
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Condition Materiai

P(3HB-co -5mol%-3HHx)
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Fig. 3. SEM micrographs of the electrospun P(3HB) and P(3HB-co-5 mol%-3HHXx) in various conditions.
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Table |

Molecular weight properties of the electrospun PHA scaffolds

Matenal Condition M, x 10° MM,

P(3HB) As-spun Il 3.1
Sterilized 9.1 33
4 weeks in vivo 12 26
4 weeks in vitro 11 26
12 weeks in vivo 8.5 29
12 weeks in vitro 17 33

P(3HB-co-5mol%-3HHx) As-spun 13 3.6
Sterilized 12 3.6
4 weeks in vivo 12 3.1
4 weeks Iin vitro 11 4.3
12 weeks in vivo 11 33
12 weeks in vitro 13 43

P(3HB-co-7Tmol%-4HB) As-spun 7.0 3.0
Sterilized 6.8 30
4 weeks in vivo 6.4 2.6
4 weeks in vitro 6.1 26
12 weeks in vivo 39 2.7
12 weeks in vitro 5.0 2.6

P(3HB-c0-97mol%-4HB) As-spun 1.7 1.5
Sterilized 1.9 1.8
4 weeks in vivo 1.0 1.6
4 weeks in vitro 25 2.0
12 weeks in vivo 1.2 2.0
12 weeks in vitro 22 1.8

The in vivo and in vitro observations using SEM revealed
that fibers with smaller diameter were more prone to fragmen-
tation because of increased water contact due to large surface
area. Thus, it can be concluded that surface erosion of the
electrospun PHA scaffolds depends upon individual fiber di-
mensions and monomeric content.

3.2. Crystallinity

The WAXD profiles of the as-spun PHA scaffolds are dis-
played in Fig. 5. The profiles are the ones after subtraction of
background. As shown in this figure, the crystalline reflections
for the P(3HB) and the 3HB-rich copolymers could be indexed
on the basis of P(3HB) «-form structure [25] while the crystal-
line phase of P(3HB-co-97mol%-4HB) fibers adopted the
P(4HB) crystal structure [26]. From the 1D profiles, the crystal-
linity of as-spun, sterilized and scaffolds after in vivo and in
vitro studies is estimated, according to the method described
above. As shown in Fig. 6, the crystallinity of the as-spun
PHA scaffolds increased in the order of P(3HB-co-97mol%-
4HB) < PGHB-co-5mol%-3HHx) = P(3HB-co-7mol%-4HB) <
P(3HB). This tendency is the same as the case of those bulk
materials [27]. It has been reported that the crystallinity of
P(4HB) homopolymer is much lower than that of P(3HB)
homopolymer [28]. The slight lowering of the crystallinities
of the 3HB-rich copolymers is due to the exclusion of second
monomer unit from the crystalline lattice [29]. It is evident
that the degradability of the scaffolds, as shown in Figs. 2
and 3, strongly depends on the crystallinity.

We confirmed that the EtO sterilization did not appear to
have any effect on the crystallinities of all the electrospun
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Fig. 5. Integrated 1D profiles from 2D WAXD patterns of as-spun: (A)
P(3HB), (B) P(3HB-co-5 mol%-3HHx), (C) P(3HB-co-7 mol%-4HB) and
(D) P(3HB-c0-97 mol%-4HB).

PHA scaffolds. We described earlier that partial melting might
occur during the sterilization of P(3HB-co-97mol%-4HB).
Even if so, the crystallinity will surely recover after the sterili-
zation. The crystallinities of the scaffolds after the in vivo and in
vitro studies remained unchanged. But, it should be noted that
the scaffolds for X-ray measurements are the retrieved or re-
mained ones after in vivo and in vitro experiments. The crystal-
linity of the P(3HB-co-97mol%-4HB), which shows obvious
bioabsorption or degradation in the macro-scale and SEM ob-
servations, also little changed even after implantation in rat.
This means that the degradation of scaffolds progresses prefer-
entially from the surface of the scaffolds or interface which con-
tacts with the tissues of rat. It is deduced that some substance
such as tissue enzymes facilitate the degradation [30].
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Fig. 6. Crystallinities of the electrospun PHA scaffolds in different conditions:
(A) in vivo and (B) in vitro.

3.3. Molecular weight changes of electrospun
PHA scaffolds

Table 1 summarizes the change in M,, and polydispersity in-
dex (M,,/M,,) for the as-spun scaffolds and scaffolds following
sterilization, 4 and 12 weeks of in vivo and in vitro studies.
After sterilization, all of the electrospun PHA scaffolds showed
no significant differences in their molecular weight. Despite the
large surface area of the fibers, PHA scaffolds remained intact
in the in vitro study because they have higher resistance to hy-
drolysis in non-biological environment where specific enzymes
are absent [27,31}]. Furthermore, the immersion in PBS (pH
7.4) under sterile conditions up to only 12 weeks is short and

the temperature is low for any significant hydrolysis to occur.
The subcutaneous implantation, however, seems to cause
decrease in the M,, of PHA copolymers with 4HB unit. At 4
weeks, bioabsorption was the most pronounced for the electro-
spun P(3HB-c0-97mol%-4HB) with 47% loss M,,, while the
M,, of P(BHB-co-7mol%-4HB) showed no decrease. Following
longer implantation period, the electrospun P(3HB-co-7mol%-
4HB) lost 43% of M,,. Unexpectedly, the electrospun P(3HB-
c0-97mol%-4HB) recorded only 37% of M,, loss after 12
weeks. It was confirmed that the number of main-chain carbon
atom strongly influences the rate of hydrolysis.

3.4. Mechanical properties of electrospun PHA scaffolds

Table 2 summarizes the mechanical properties of electrospun
PHA scaffolds obtained. The mechanical properties of all the as-
spun scaffolds were comparable to those of human skin, and
hence suggest they are mechanically stable in supporting regen-
erated tissues. The Young’s modulus of the as-spun scaffolds
increased in the order of P(3HB-co-97mol%-4HB) < P(3HB-
co-7Tmol%-4HB) < P(3HB) < P(3HB-co-5mol%-3HHx). Low
Young’s modulus, that is, high elasticity is a characteristic prop-
erty in rubber-state amorphous polymers. Accordingly, this

Table 2
Mechanical properties of the PHA scaffolds
Material Condition Mechanical properties
Tensile Young’s
strength modulus
(MPa) (MPa)
P(3HB) As-spun 17 223
Sterilized 15 234
4 weeks in vivo 12 182
4 weeks in vitro 14 220
12 weeks in vivo 15 152
12 weeks in vitro 13 194
P(3HB-co-5mol%-3HHXx) As-spun 15 277
Sterilized 12 272
4 weeks in vivo 12 268
4 weeks in vitro 13 208
12 weeks in vivo ND® NDP
12 weeks in vitro 15 230
P(3HB-co-7mol %-4HB) As-spun 8 184
Sterilized 8 139
4 weeks in vivo NDP ND®
4 weeks in vitro 8 163
12 weeks in vivo ~ ND® NDP
12 weeks in vitro 9 110
P(3HB-co-97mol%-4HB) As-spun 13 9
Sterilized 15 16
4 weeks in vivo 4 12
4 weeks in vitro 11 14
12 weeks in vivo ~ ND® NDP
12 weeks in vitro 14 16
Skin® 530 15—-150

# Data obtained from Ref. [13].
® Not determined as the retrieved scaffolds from rat had cracks on the sur-
face that prevented tensile test.




T.H. Ying et al. | Biomaterials 29 (2008) 1307—1317 1315

indicates that the P(3HB-c0-97mol%-4HB) fibers are more
amorphous than the other scaffolds, and this is consistent with
the WAXD results. The distinct mechanical properties of the
PHA could find different use as scaffolds for tissue engineering,.
For example, the 3HB-rich scaffolds which are more rigid could
serve as preferential substrates for directional cell migration
(32} while the compliant 4HB-rich scaffolds could be used to
promote cell motility [33]. The EtO sterilization and the immer-
sion in PBS buffer little affected the mechanical properties of all
the scaffolds.

3.5. Histological observation

The histological sections of the electrospun PHA scaffolds
at different period of subcutaneous implantation are shown in
Fig. 7. Histological observations indicate that all the three

ative to that of the electrospun P(3HB) throughout the course
of study. After 4 weeks of implantation, some parts of the elec-
trospun P(3HB-c0-97mol%-4HB) bordering the interface were
degraded as evidenced by the small fragments broken off from

Material

Period of Implantation

4 weeks

12 weeks

P(3HB)

P(3HB-co-5mol%-
3HHx)

P(3HB-co-7mol%-
4HB)

P(3HB-co-
97mol%-4HB)

“electrospun copolymers elicited fairly mild tissue response rel-
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the main scaffold (Fig. 7D4). More macrophages were found
to be present along the interface connected to this copolymer
in comparison to the electrospun P(3HB-co-7mol%-4HB) and
P(3HB-co-5mol%-3HHx) (Fig. 7B4 and C4). This phenome-
non is desirable during wound healing because the presence
of macrophages is necessary for the regeneration of many
cell types [34]. The presence of thin connective tissue sur-
rounding the electrospun P(3HB-c0-97mol%-4HB) was also
observed.

The most promising finding was the tissue response after 12
weeks of implantation for the electrospun P(3HB-co-97mol%-
4HB). No fibrous encapsulation was observed around the de-
graded copolymer and there was also a substantial drop in the
number of inflammatory cells (Fig. 7D12). This observation
is similar to a study done on the biocompatibility of P(4HB) im-
planted subcutaneously in rats by Martin et al. [35], that re-
ported minimal inflammatory responses. In this study, the
number of inflammatory cells surrounding the electrospun
P(3HB-co-7mol%-4HB) and P(3HB-co-5mol%-3HHx) did
not appear to have lessen. The muscle cells surrounding these
two scaffolds appeared compact as a result of inflammatory
reaction (Fig. 7B and C). After 12 weeks of implantation, the
number of macrophages bordering the electrospun P(3HB)
increased. Inflammation was obvious due to the compacted
muscle cells surrounding the scaffold. The difference in tissue
response to the electrospun P(3HB-co-97mol%-4HB) and the
electrospun scaffolds with higher molar fraction of 3HB re-
flected their distinct physical properties. It has been reported
that rigid polymer, such as P(3HB), elicit acute inflammatory
reaction because it exerts a continuous mechanical stimulus
to the surrounding tissues of the implants [36]. Although the tis-
sue response to the electrospun P(3HB-co-7mol%-4HB) and
electrospun P(3HB-co-5mol%-3HHx) was slightly more pro-
nounced than that of the electrospun P(3HB-co-97mol%-
4HB), the overall local tissue response to all three copolymers
was found to be mild. The results have confirmed the biocom-
patibility of all three types of electrospun PHA copolymers.

3.6. Bioabsorption mechanism

The results from various analyses clearly demonstrated that
the bioabsorption rate of the electrospun P(3HB-co-97mol%-
4HB) was the fastest relative to the other two PHA copolymers.
Three possible reasons for this observation are as follows:
Firstly, the P(3HB-c0-97mol%-4HB) with low crystallinity is
more susceptible to bioabsorption as water and enzymes pene-
trate easier into the amorphous regions. Secondly, previous
studies have established that macrophages are able to phagocy-
tize PHA in vitro [37,38] and free radicals, acidic products or
enzymes produced by these cells may also accelerate the degra-
dation [39]. As seen in Fig. 7, the number of inflammatory cells
was the most concentrated at the interface of electrospun
P(3HB-co-97mol%-4HB) suggesting their active part in the
bioabsorption process. Thirdly, possibly the enzymatic degra-
dation by lipase also contributed to the rapid bioabsorption of
the electrospun P(3HB-c0-97mol%-4HB). PHA can be enzy-
matically degraded by PHA depolymerases, but there is no
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evidence to date that these are present in vivo [1]. P(4HB)
was found to be also highly susceptible to lipase hydrolysis as
opposed to P(3HB) [40]. Besides having good mechanical prop-
erties and biocompatibility, it is desirable for a medical implant
to show good bioabsorption after its primary function has been
fulfilled. The persistence of polymer at a wound healing site
may lead to chronic inflammation as shown by the slowly de-
grading P(3HB) patches that elicited a long-term (greater than
2 years) macrophage response [41]. Hence the fast bioabsorp-
tion rates of the electrospun PHA containing 4HB have con-
firmed their potential in the application for medical implants.

4. Conclusion

In this study, electrospinning proved to be a simple and
adaptable fabrication technique in producing constructs with
dimensions approaching the native profile of ECM. Steriliza-
tion did not cause discoloration and damage to the PHA scaf-
folds. SEM revealed that both the in vivo and in vitro surface
erosion of the electrospun PHA scaffolds progressed depen-
dently on the individual fiber dimensions and monomeric con-
tents. The mechanical properties demonstrated by all samples
were comparable to those of human skin thus suggesting that
their structures are able to provide sufficient biomechanical
support. The electrospun scaffolds consisting of high 3HB con-
tent had higher degree of crystallinity and thus, they showed
slower bioabsorption rate. GPC revealed that the in vitro deg-
radation of the electrospun PHA scaffolds proceeded at a much
slower rate in comparison to the in vivo bioabsorption. Histo-
logical evaluation showed that subcutaneous implantations of
the electrospun PHA scaffolds were well tolerated in vivo as
the tissue response continued to be very mild throughout the
course of the study. Our results revealed that by changing the
molar fraction of monomers in the PHA copolymers, it is pos-
sible to create tissue-engineering scaffolds that are tailor-made
to meet the various needs in regenerating different cell type.
The electrospun PHA copolymers proved to be promising
biomaterials for scaffolds because of their biodegradability,
flexible mechanical properties and excellent biocompatibility.
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Elastin model peptide ((Val-Pro-Gly-lle-Gly)sy; VPGIGyy) was designed and
biosynthesized as injectable scaffold for cell transplantation therapies. In this
report, the thermoresponsiveness and the potential as the base materials for
injectable scaffold of VPGIG expressed using genetic-engineering technique
were explored.

Keywords: biomaterials, elastin model peptide, genetic engineering, injectable
scaffold, thermoresponsiveness

Introduction

Recently, cell transplantation therapies are much attended with progress of
regenerative medicine and stem-cell research. It is known that substantial effects can
not be obtained only by injecting the cell suspensions and then feasible scaffolds are
necessary for the cell transplantation therapies. Therefore, various biodegradable
polymeric materials have been investigated as scaffolds actxvely However, these
scaffolds are not suitable for the cell transplantation therapy, because these bulk-type
scaffolds require invasive surgery, and the cells inside the scaffold often necrotize. In
order to solve these problems, photo-crosslinkable and thermoresponsible hydrogels
have been investigated as injectable scaffolds. However, these non-biodegradable
materials are not approved for the clinical use yet.

Elastin, the major component of elastic fibers in basement membrane, provides
the resilience or restorative force to tissues. Noteworthy, soluble elastin-related _
polypeptides, such as tropoelastin, a-elastin and synthetic elastin model peptides,
indicate the characteristics of temperature-depending phase transition. Therefore, we
are interested in the potential of elastin model peptides as injectable scaffolds. In this
report, we try to biosynthesize and characterize an elastin model peptide
((Val-Pro-Gly-Ile-Gly)sp; VPGIGy) and develop the gel matrices consisting of
VPGIGy, to apply as injectable scaffold.

Results and Discussion

The elastin model peptides with repetitive sequence, VPGIGy, were
biosynthesized using E. coli [BL21(DE3)pLysS] which was transformed with an
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expression-vector encoding VPGIG sequence [pET-28ap (VPGIGy)] [1]. The insert
region in pET-28ap (VPGIG,p) was confirmed by direct PCR of E. coli using primers
which were flanking sequence of the insert region. By agarose electrophoresis, a
band was observed at approximately 650 bp corresponding to the DNA length for the
insert region of VPGIG4. Protein expression was induced with the addition of
B-isopropyl thiogalactoside (JPTG) and was allowed to continue for 24 hours.
Protein purification was performed using the thermoresponsible property of VPGIGyy,
namely, VPGIGy was purified with temperature control over/below the transition
temperature. By SDS-PAGE, it is confirmed that crude VPGIG, was gradually
purified by repeating this method and a clear band was indicated at approximately 18
kDa (Fig. 1). The purified VPGIGy, was also confirmed by MALDI-TOF/MS analysis.

Fig. 1. SDS-PAGE (12%) for elastin model peptide VPGIG 4 at each purification step.
(lane 1; marker, lane 2; bacterial lysate, lane 3; peptide purified once, lane 4; peptide
purified twice)

Furthermore, the cloud points of purified VPGIGy, were 28.2, 23.6 and 21.9 °C
at 0.02, 005 and 0.1 w/v%, respectively. The mechanism for the
temperature-depending phase transition of VPGIGy, in solution has been suggested
that the peptides are aggregated by hydrophobic interaction with conformational
change from random-coil to B-spiral [2, 3].

The results suggest that genetically engineered VPGIGy, has high potential as
injectable scaffold for cell transplantation.
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In vivo imaging of small laboratory animals facilitates objective assessment of pharmaceutical devel-
opment and regenerative therapy in pre-clinical studies. Radionuclide imaging such as PET or SPECT is
especially important because it allows to quantitatively assess physiological functions due to high sensi-
tive tracing technique. This paper describes the significances and applications of quantitative functional
assessment in small animal imaging, and then discusses quantitation about kinetic analysis and image
reconstruction in microSPECT. Finally, it introduces quantitative functional imaging studies using
microSPECT.
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Geometric resglluti'on (Rg)
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Fig. 1 Physics of pinhole SPECT. Spatial resolution and
sensitivity can be improved by positioning a collima-
tor closer to an object.
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Table 1 Representative radionuclides used in SPECT study.

Isotope Energy Half life Tracer Application
99mTe 140 keV 6.01 hr MDP/HMDP bone scan
MIBI myocardial perfusion
tetrofosmin myocardial perfusion
: TRODAT dopamine transporter
2017y 70 keV 72.9 hr TICI myocardial perfusion
1231 159 keV 133 hr BMIPP beta-oxidation
MIBG sympathetic
B-CIT dopamine transporter
lomazenil benzodiazepine receptor
1311 364 keV 8.04 day thyroid
57Ga 93, 185, 300 keV 3.26 day citrate tumor
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Fig. 2 Comparison between conventional acquisition and complete data acquisition in multi-disk phantom study
and mouse bone scan with ®™Tc, Data acquired by conventional single circular orbit are incomplete.
Complete data are acquired by two-circular orbit. Complete data improve axial blurring and non-uniform

spatial resolution in pinhole SPECT.
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