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A B S T R A C T

Non-biodegradable porous polystyrene (PS) scaffolds, composed of microfibers, have been prepared by electrospinning
for the reconstruction of large bone defects. PS microfibers were prepared by incorporating β-TCP grains inside the poly-
mer or grafting gold nanoparticles surface functionalized with mercaptosuccinic acid. Cytocompatibility of the three types
of scaffolds (PS, β-TCP-PS and Au-PS) was studied by seeding human mesenchymal stem cells. Biocompatibility was
evaluated by implanting β-TCP-PS and Au-PS scaffolds into a critical size (4 mm) calvarial defect in mice. Calvaria were
taken 6, 9, and 12 weeks after implantation; newly formed bone and cellular response was analyzed by microcomputed
tomography (microCT) and histology.

β-TCP-PS scaffolds showed a significantly higher cell proliferation in vitro than on PS or Au-PS alone; clearly, the
presence of β-TCP grains improved cytocompatibility. Biocompatibility study in the mouse calvaria model showed that
β-TCP-PS scaffolds were significantly associated with more newly-formed bone than Au-PS. Bone developed by osteo-
conduction from the defect margins to the center. A dense fibrous connective tissue containing blood vessels was identi-
fied histologically in both types of scaffolds. There was no inflammatory foci nor giant cell in these areas. AuNPs aggre-
gates were identified histologically in the fibrosis and also incorporated in the newly-formed bone matrix. Although the
different types of PS microfibers appeared cytocompatible during the in vitro experiment, they appeared biotolerated in
vivo since they induced a fibrotic reaction associated with newly formed bone.

© 2016 Published by Elsevier Ltd.
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1. Introduction

Reconstruction of massive bone defects caused by diseases or trau-
mas (bone cysts, osteolysis after total hip reconstruction, neurosur-
gical defects, tumor ablation) is a current challenge in orthopedic

Abbreviations: β-TCP, beta tricalcium phosphate; β-TCP-PS, polystyrene scaf-
fold blended with β-TCP; AuNPs, gold nanoparticles; Au-PS, polystyrene scaffold
decorated with gold nanoparticles; BAr/TAr, bone area/total area; DMF, N,N-di-
methylformamide; EDS, energy X-ray dispersive spectroscopy; FTIR, fourier
transform infrared spectroscopy; hMSC, human mesenchymal stem cells; Mi-
croCT, X–ray microcomputed tomography; MSA, mercaptosuccinic acid;
PS, polystyrene; SEM, scanning electron microscopy; UCL, Université Catholique
de Louvain
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d’Angers, Université d’Angers, 49933 ANGERS Cedex, France.
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surgery, oral and maxillofacial surgery. Grafting autologous bone is
widely used due to its excellent osteoconductive and mechanical prop-
erties (Dimitriou et al., 2011; Younger and Chapman, 1989). How-
ever, it requires an additional surgical site leading to an increased mor-
bidity and is necessarily limited in volume. Synthetic osteoconduc-
tive materials are developed as an alternative and must fulfill well-de-
fined specifications when in contact with biological tissues and flu-
ids. Three dimensional (3D) scaffolds of polymer have been proposed
to repair a variety of large bone defects. Polymers are an interesting
choice because their synthesis can be controlled and various meth-
ods have been developed to create 3D porous scaffolds with a con-
trolled architecture. Electrospinning is a promising method to prepare
polymer fibers and arrange them into porous 3D scaffolds. Electro-
spinning produces scaffolds of fibers with a diameter ranging from
ten nanometers to a few micron (Ma et al., 2005). Such scaffolds
mimic the morphology of the extracellular matrix (ECM), which sup-
ports cell proliferation. Scaffolds offer a large surface area per vol-
ume ratio to ensure cell infiltration, spreading, and proliferation. The

http://dx.doi.org/10.1016/j.micron.2016.11.001
0968-4328/© 2016 Published by Elsevier Ltd.
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interconnected porosity also promotes angiogenesis which is responsi-
ble for the transport of osteoprogenitor cells, oxygen, and nutrients to
the grafted site (Brandi and Collin-Osdoby, 2006). Polystyrene (PS), a
non-resorbable and cytocompatible polymer, was electrospun to pro-
duce microfibers. PS scaffolds seem a promising solution to support
bone regeneration in cases of large size bone defect. We have previ-
ously shown that PS fibers promote cell proliferation and differentia-
tion in vitro (Baker et al., 2006; Serafim et al., 2014; Terranova et al.,
2016).

The aim of this study was to develop scaffolds of PS fibers alone
or combined with an additional osteoconductive material: gold or
beta tricalcium phosphate (β-TCP). β-TCP is a well-known biocom-
patible ceramic, its chemical composition and crystallinity are close
to the mineral phase of bone and confer excellent osseointegration
properties (Chappard et al., 2010). β-TCP incorporated in natural or
synthetic polymers increases their biocompatibility (Lao et al., 2011;
Park et al., 2016). Gold nanoparticles (AuNPs) show biocompatibil-
ity and non-cytotoxicity (Sperling et al., 2008). They present a par-
ticular interest for nanotechnology research in biology due to their
small size, high surface-to-volume ratio, and an easy surface modifi-
cation through various functional amine or thiol groups. AuNPS were
proposed as a contrasting agent for in vivo X-ray tomography, drug
and gene delivery and biosensing (Sperling et al., 2008). AuNPs pro-
vide the advantage to have antioxidant effects by inhibiting reactive
oxygen species and reactive nitrite species (Shukla et al., 2005). For
bone application, surfaces decorated with thiol functional groups may
stimulate apatite formation in vivo (Vasile et al., 2012). Scaffolds of
β-TCP-PS and Au-PS fibers were prepared and characterized by scan-
ning electron microscopy (SEM). They were seeded with human mes-
enchymal stem cells (hMSC) to analyze cytocompatibility in vitro.
Scaffolds of PS, β-TCP-Ps and Au-PS were studied in the critical-size
calvarial bone defect model in mice to evaluate the biocompatibility
(An and Freidman, 1999). The healing of bone defect was evaluated
by X-ray microcomputed tomography (microCT) and histology.

2. Material and methods

2.1. Preparation of PS scaffolds by electrospinning

2.1.1. Preparation of PS scaffolds
Electrospinning conditions of PS scaffolds were determined in a

previous study (Terranova et al., 2016). PS fibers were produced by
electrospinning using an Electrospinner x.x.S/D-500 (YFlow, Malaga,
Spain). The polymer solution was prepared at a concentration of 30%
(w/v) in N,N-dimethylformamide (DMF, Sigma). The polymer solu-
tion was loaded into a 10 mL plastic syringe controlled by a pump
at 5 mL/h. A Teflon tube was connected from the syringe to a nee-
dle (inner diameter: 0.6 mm) disposed vertically. A15 kV high voltage
power supply was applied to the solution to induce a charge on the
surface of the polymer droplet at the tip of the needle. When a critical
voltage is reached, the droplet elongates and a solution jet is ejected
to a collector. The distance between the needle and the collector was
maintained at 10 cm. Aligned fibers were produced with a drum col-
lector with a rotation of 2400 rpm. After one hour, a thin sheet of mi-
crofibers could be detached from the collector and used for further
analysis.

2.1.2. Preparation of Au-PS scaffolds
PS fibers were decorated with AuNPs from a modified proto-

col starting from chloroauric acid using a modified citrate reduction
method (Storhoff et al., 1998). Briefly, 68 μL 4 wt% gold(III) aque-
ous solution were added in a 50 mL flask placed on a magnetic stir

rer. They were further diluted with 10 mL of a 50 v/v% EtOH aqueous
solution. The resulting gold(III) solution was heated up to 70 °C using
a water bath and a 12 cm2 PS sheet was immersed into this solution
while stirring. After 10 min, 1 mL of 1% trisodium citrate aqueous
solution was added and stirring was continued for 6 h after the solu-
tion has turned deep violet. The gold-coated polymer microfibers were
rinsed with a 50 v/v% ethanol aqueous solution. The microfibers were
further immersed in 1 mM ethanolic solution of mercaptosuccinic acid
(MSA), for 24 h at room temperature. Then, extensive washing with
ethanol was performed to remove excess acid. At this step, the Au-PS
fibers had a purple-violet color due to the presence of the AuNPs.

2.1.3. Preparation of β-TCP-PS scaffolds
PS microfibers containing β-TCP particles were prepared by elec-

trospinning by adding β-TCP particles (Kasios, L’Union, France)
(20% w/v) in the DMF. Sonication for 15 min ensured a homogeneous
suspension. PS was then added at the same concentration than above.
The solution was finally sonicated again for 30 min to disrupt possible
agglomerates and electrospun as described above.

2.2. Characterization of the PS scaffolds

Surface morphology of the different fibers was determined by
SEM on a JEOL 6301F (JEOL Paris, France) using the secondary
electron mode. The backscattered electron mode was also used on a
SEM (EVO LS10, Carl Zeiss Ltd., Nanterre, France) for β-TCP-PS.
Au-PS were analyzed on a QUANTA INSPECT F SEM with 1.2 nm
resolution. Microfibers were coated with a thin layer of carbon by
sputtering with a high vacuum coater (Leica EM ECA600, Leica,
France). Images were captured at 3 kV acceleration voltage in the
secondary electron mode and a working distance of 13 mm. Energy
X-ray dispersive spectrometry (EDS) was used to characterize the
presence of calcium-phosphate on β-TCP-PS and gold on the Au-PS
microfibers.

2.3. Surface characterization of Au-PS and β-TCP-PS scaffolds

For the Au-PS fibers, attenuated total reflectance (ATR)/Fourier
transform infrared spectroscopy (FTIR) was used to identify the pres-
ence of the carboxyl-surface functionalization of the microfibers.
FTIR was done using a Jasco 4200 spectrometer equipped with a
Specac Golden Gate ATR device, at a resolution of 4 cm−1 and an ac-
cumulation of 100 spectra, in the 4000–600 cm‐1 wavenumber region.

Raman spectroscopy was used to characterize the presence of
phosphate groups on the β-TCP-PS microfibers. Analysis were per-
formed on a Senterra microscope with a 523 nm excitation laser wave-
length, excitation power of 50 mW and 3–5 cm−1 resolution. The
OPUS 5.5 software (Bruker optic, Ettlingen) was used to collect the
spectra. The final spectra were obtained by averaging five scans ac-
quired during 40 s.

2.4. Culture of human mesenchymal stem cells

Human mesenchymal stem cells (hMSC) were obtained from Pro-
mocell and cultured in DMEM (Dulbecco’s Modified Eagle Medium)
supplemented with 10% fetal bovine serum and 1% penicillin-strep-
tomycin. The medium was replaced every 2 or 3 days and the culture
was maintained in a humidified atmosphere with 5% CO2 at 37 °C.
The scaffolds were cut into circular disks (20 mm in diameter) and
placed in 12 well tissue culture plates. The disks were sterilized in
70% ethanol during three hours. They were then washed several times
in sterile PBS and immersed in DMEM for a night.
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To evaluate cell proliferation, hMSC cells were seeded on the scaf-
folds at a concentration of 2 × 104 cells/mL, and cultured during 1,
3, and 7 days. The culture medium was refreshed every two or three
days. At each time point, the number of viable and attached cells was
determined by MTT assay. MTT assay is based on the reaction of
mitochondria of the metabolically active cells with a tetrazolium salt
(MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma Aldrich). Cells were incubated with MTT solution at a concen-
tration of 0.5 mg/mL in PBS for 3 h with 5% CO2 at 37 °C. Tetra-
zolium salt was reduced in purple formazan crystals which were then
dissolved in acidified isopropanol. Supernatant was transferred in 96
well plates and absorbance was read at 570 nm with a spectrophoto-
metric plate reader (Molecular Device, SpectraMax M2). Absorbance
is proportional to the number of viable cells. Analysis was done in
triplicate for each type of scaffold.

2.5. In vivo implantation of scaffolds in calvarial bone defects

Forty five female NMRI mice (8–9 weeks of age) from the UCL
animal facility were used as recipient. All animal experiments were
performed in accordance with the Animal Care and Use Commit-
tee guidelines of the UCL (reference 2014/UCL/MD/021). Mice were
anesthetized by an intraperitoneal injection (ketamine-xylazine). Skin
was incised on the midline from the occipital to the frontal bone and
the underlying periosteum was removed. A full-thickness calvarial de-
fect (4 mm in diameter) in the non-suture right parietal bone was cre-
ated under physiological saline irrigation with a round bur (1 mm in
diameter) fixed in a dental handpiece (EM 2900, GD, Italy). The cal-
varial disks were carefully removed to keep the dura matter as intact
as possible. Sterilized β-TCP-PS or Au-PS scaffolds (diameter 4 mm)
were extensively rinsed in PBS and placed into the defect. In con-
trol mice, the defect was left unfilled. The skin was closed with a 4.0
polydioxanon suture (Ethicon). Mice were euthanized by isoflurane
inhalation after 6, 9 and 12 weeks. The head was taken and fixed in
10% buffered formalin. At each time, 5 implanted mice were com-
pared with 5 control mice.

2.6. Microcomputed tomography

MicroCT analysis of the calvaria was performed at each time point
with a Skyscan 1172 X-ray computed microtomograph (Bruker Mi-
croCT, Kontich, Belgium). Each calvaria, still in the fixative to pre-
vent desiccation, was scanned at 70 kV, 100 μA and with a 0.5 mm
aluminum filter. The pixel size was fixed at 10 μm and a 0.25° rotation
angle was applied at each step. For each bone, a stack of 2D-sections
was obtained. The CTVox Software (Skyscan, release 3.2.0) was used
for the reconstruction of the whole 3D models. New bone formation
within the defect was measured from 3D reconstruction images using
Image J on the inner side of the calvaria. A ROI was drawn around the
initial defect, and the resulting image was thresholded. The fractional
area (BAr/TAr, in%) was determined as the ratio between the ROI and
the detected new bone; the nomenclature follows the recommendation
of the ASBMR (Dempster et al., 2013).

2.7. Histological analysis

Calvaria were decalcified for two days in OsteoRAL (RAL diag-
nostics, Martignac, France), dehydrated in graded methanol solutions
and embedded in paraffin using a Sakura Tissue Tek VIP 5 Tissue
Processor. Serial 5 μm-thick sections, were prepared and stained with
Masson’s trichrome and picrosirius red.

2.8. Statistical analysis

Statistical analysis was performed using the Systat statistical soft-
ware release 13.0 (Systat Software Inc., San José, CA). All data
are expressed as mean ± standard deviation. Differences were ana-
lyzed by a non-parametric ANOVA (Kruskall-Wallis) followed by the
Conover-Inman test for all pairwise comparisons. Differences were
considered significant when p < 0.05.

3. Results

No complication occurred in the animals after the implantation
surgery (such as hematoma, bleeding or hypertrophic scar). Unfortu-
nately, three mice of the Au-PS group at 12 weeks died from an unre-
lated cause, making this group unsuitable for analysis.

3.1. Characterization of PS scaffolds by SEM

Scaffolds were composed of microfibers oriented in the same di-
rection, although some fibers were incidentally disoriented (Fig. 1).
Microporosity was in the form of interconnected voids between the
fibers conditioned by the fibers diameter. Scaffolds measured 500 μm
in thickness and fibers had a mean diameter of 4 μm. β-TCP-PS fibers
exhibited a rough appearance with grains of β-TCP embedded in the
polymer; numerous grains were exposed at the surface of the fibers.
In the backscattered electron mode, the chemical contrast clearly iden-
tified all β-TCP grains which were regularly dispersed along the PS
fibers. AuNPs were also clearly identified at the surface of the Au-PS
microfibers. These latter appeared regularly coated by the AuNPs
which could easily be identified in the backscattered electron mode.

3.2. Surface characterization of Au-PS scaffolds

FTIR spectra (Fig. 2) evidenced the carboxyl-surface functional-
ization of AuNPs deposited on the fibers. The control samples MSA
presented broad vibrations assigned to hydrogen bonded O H com-
bined with superimposed C H stretching vibrations in the wavenum-
ber interval 3300–2300 cm−1 (this part of the spectra was cut to con-
centrate on the 2000–600 cm−1 interval), carboxylate vibrations in
the range 1700–1540 cm−1 and 1500–1445 cm−1 and C S stretch
at 676 cm−1. The spectrum of Au-PS (PS coated with MSA-treated
AuNPs) suggested the COOH-functionalization of the nanoparti-
cles present on the surface of the fibers. Different spectral modifica-
tions were noticed when compared to the two control materials. The
main features of the PS substrate were maintained: 1600–1450 cm−1

aromatic C C stretching bands, and a small new peak appearing at
1543 cm−1 proved the immobilization of the alkanethiol, assigned to
carboxylate vibration of carboxylic acid originated from MSA. Fur-
thermore, a new peak at 661 cm−1 is visible in the spectrum of Au-PS,
and it is assigned to the C-S strech, proving the presence of the MSA
residues on the surface of the AuNPs.

Raman spectra of β-TCP grains, PS fibers and β-TCP-PS fibers are
shown in Fig. 2. The spectra of β-TCP grains exhibited the character-
istic phosphate peaks at 948 and 960 cm−1. The spectra of PS fibers
exhibited a peak related to aromatic ring deformation at 621 cm−1, two
peaks related to CH deformation of mono-substituted aromatic ring at
1000 and 1031 cm−1. The peak at 1155 cm−1 corresponded to the CC
stretch of alkane. The peaks observed on the β-TCP-PS fibers spectra
evidenced the major peaks of both components β-TCP and PS.
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Fig. 1. The different polystyrene scaffolds of aligned fibers prepared by electrospinning and observed in SEM: (A and B) polystyrene scaffold, (C and D) β-TCP-PS scaffold, note
the β-TCP grains embedded in fibers, (E and F) Au-PS, gold nanoparticles are affixed onto the surface of the fibers.

3.3. Cytocompatibility of the different types of fibers

Proliferation of hMSC on the different types of scaffolds at days 1,
3, and 7 is shown Fig. 3. The number of cells increased on all scaf-
folds from the first to the seventh day. At day 1, there was a signifi-
cant reduction in the number of cells on Au-PS scaffolds compared to
PS scaffolds. At day 3, cells proliferated significantly more on the PS
scaffolds (p < 0.01). At day 7, the number of cells was significantly
higher on the β-TCP-PS scaffolds than on the PS (p < 0.05) and Au-PS
scaffolds (p < 0.01). At each time point, cell proliferation appeared
lower on the Au-PS scaffolds than on the other ones.

3.4. MicroCT analysis

MicroCT 3D analysis of the inner face of the calvaria allowed
to identify the initial margins of the bone defect (Fig. 4). No ab-
normal bone resorption or remodeling was observed. Presence of
newly-formed bone was observed in the defect and reflected the pro-
portion

of filling the drilled hole according to the type of scaffold. Values of
BAr/TAr in the different groups are illustrated in Fig. 5. At any time
point, the amount of newly-formed bone was significantly higher in
the β-TCP-PS group. A limited bone formation occurred in the Au-PS
group at 9 weeks. New bone appeared to be laid down from the mar-
gins of the calvarial defect in a centripetal way, suggesting an osteo-
conduction process (Fig. 4).

3.5. Histology

The grafted areas were easily observed on coronal sections of the
calvaria. Fig. 6 represents the histological aspects at low magnifica-
tion observed in each group at 9 weeks. In the control group, the
defect was filled by a thin layer of connective fibrous tissue, with
no newly-formed bone even after 12 weeks. Calvarial defect filled
with an Au-PS scaffold exhibited dense connective tissue. No inflam-
matory reaction was observed in contact with the biomaterial. Giant
cells were never observed around the PS fibers. AuNPs were identi-
fied as black particles; they were observed immobilized along some
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Fig. 2. FTIR and Raman spectra of Au-PS and β-TCP-PS fibers respectively. Upper
panel: FTIR spectra of MSA and PS alone are figured. The spectrum of the Au-PS fibers
shows characteristic peaks for both MSA and PS. Lower panel: Raman spectra of pure
β-TCP grains and PS; the last spectrum reveals characteristic peaks of both β-TCP and
PS in β-TCP-PS fibers.

PS fibers, but most of them were packed together in large aggregates
in the fibrosis. Occasionally, packets of newly-formed bone were
found to have encapsulated some Au aggregates inside the bone ma-
trix (Fig. 7). In the calvaria grafted with β-TCP-PS, the defects were
filled with dense fibrous connective tissue without inflammatory re-
action nor giant cell in contact with the fibers. Numerous fibroblast
nuclei were observed between the collagen fibers. Blood vessels were
identified in the fibrotic areas which appeared composed of collagen
fibers mixed with the β-TCP-PS fibers. New bone was observed ex-
tending from the margins of the defect and covering the surface of the
fibrosis at each time of analysis. PS fibers were visible both in the fi-
brosis and in the newly-formed bone (Fig. 8). They appeared as un-
stained, non-birefringent ghost structures between the fibroblasts and
the collagen fibers. Under polarized light, lamellar bone packed with
areas of woven bone was evidenced in the newly-formed bone areas.
β-TCP granules could not be evidenced after the decalcification pro-
cedure.

Fig. 3. Proliferation of hMSC cultured on the three different scaffolds: PS, Au-PS, and
β-TCP-PS at 1, 3 and 7 days. The initial concentration of cells seeded was 2 × 104 cells/
mL. Results are expressed in absorbance. Mean for n = 3 ± SD, significant at p < 0.05.

4. Discussion

Design and fabrication of scaffolds which could ensure an optimal
cell adhesion, spreading, proliferation and differentiation are a chal-
lenge for a bone substitute. Surface topography is a well-recognized
key factor. Porosity, pore size and interconnected pores are important
features which determine cell infiltration into scaffolds of electrospun
fibers (Pham et al., 2006). Moreover, interconnected macro-pores are
necessary to promote sufficient vascularization into the scaffold to dif-
fuse oxygen, and to transport nutrients and cell progenitors in such
scaffolds (Jang et al., 2009; Rouwkema et al., 2008). In this study, a
critical-size calvarial defect model was used. It showed no tendency
to spontaneous healing, as only a thin collagenous membrane was ob-
tained covering the drilled area at all times of analysis. Two types of
electrospun microfibers were used in the animal study in order to char-
acterize their biocompatibility and osteogenic properties. Electrospin-
ning produces well-controlled 3D PS scaffolds with 4 μm aligned mi-
crofibers. Electrospinning conditions to obtain suitable PS fibers in the
micrometer range were previously reported (Terranova et al., 2016).
The flow rate and polymer concentration are recognized to have ma-
jor influences on the morphology and diameter of the fibers (Lim and
Mao, 2009). Microfibers were chosen because an increase in the fiber
diameter produces enlarged pores. There is a significant relationship
between the pore size of electrospun scaffolds and the diameter of
the fibers (Eichhorn and Sampson, 2005). Several studies have shown
that cell penetration into a scaffold increases with the fiber diameter
(Balguid et al., 2008; Sisson et al., 2010). In an in vitro study, the
density of MC3T3 cells was found higher on large diameter fibers
(2.1 μm) than thinner fibers (0.14 μm) (Badami et al., 2006).

In our study, we developed PS scaffolds combined with AuNPs
or β-TCP grains to increase osteogenesis and osteoconduction. Cal-
cium-phosphate grains blended with polymer scaffolds are recognized
to improve in vitro cell proliferation and differentiation (Lao et al.,
2011; McCullen et al., 2009; Wutticharoenmongkol et al., 2007). Sim-
ilarly, it was shown that carboxylated-AuNPS coated on polymer
substrate promotes formation of hydroxyapatite (Vasile et al., 2012).
AuNPs are non-cytotoxic for human cells (De Jong et al., 2008). We
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Fig. 4. Three-dimensional reconstruction of microCT analysis of a calvarial defect from each groups: control, Au-PS, and β-TCP-PS after 6, 9 and 12 weeks of implantation. Internal
side of calvaria is presented to show the initial defect margin and newly formed bone. Results for Au-PS at 12 weeks are missing.

confirmed the presence of β-TCP grains at the surface of PS fibers
by SEM and Raman microspectroscopy. Similarly, AuNPs were evi-
denced by SEM and their deposition at the surface of PS fibers was
confirmed by FTIR. PS fibers blended with β-TCP had a rough sur-
face, a well-recognized factor in cell adherence and spreading (Buser
et al., 1991; Degasne et al., 1999). Au-PS fibers had a lower surface
roughness in SEM.

In this study, proliferation was determined in vitro on PS,
β-TCP-PS and Au-Ps scaffolds to evaluate the cytocompatibility. Cell
proliferation was significantly higher on the β-TCP-PS scaffold than
on PS or Au-PS. The surface roughness and the bioactivity of β-TCP
may account for the improved capacity of these scaffolds to favor
cytocompatibility. In addition, vitronectin (a glycoprotein essential
to the initial attachment of cells) is contained in FBS. It was found
that vitronectin could adsorb to PS in variable amounts depending on
the polymer surface (Steele et al., 1994). This can explain the differ-
ences in cell activity on the different scaffolds. Similarly, attachment
of osteoblasts in vitro on hydroxyapatite-coated polystyrene disks was
found to rely on vitronectin (Goldberg et al., 2010). Vitronectin is also
found in sites of bone damage associated with a local hemorrhage, it
could be an important factor for osseointegration of PS scaffolds.

MicroCT and histologic analysis are complementary methods to
investigate cell response during the bone healing period after im-
plantation. MicroCT allows a morphologic and quantitative analysis
of the new bone formation while cellular environment can only be
evaluated histologically. Au-PS scaffolds resulted in a limited bone
formation at any time. β-TCP-PS scaffolds induced more new bone
formation starting from the margins to the center of the defect, at
each time point. It is likely that β-TCP has promoted osteoconductiv-
ity, as described in other in vivo studies of bone reconstruction ob-
tained with the same animal model (Montjovent et al., 2007; Shim et
al., 2012). On histological sections, defects grafted with Au-PS and
β-TCP-PS were filled with a dense fibrous connective tissue incorpo-
rating the microfibers. New bone formation was observed under polar-
ized light on picrosirius red stained sections and revealed the forma-
tion of lamellar and woven bone. Numerous blood vessels were pre-
sent into the fibrosis but no inflammatory foci were noted. PS fibers
were embedded into the connective tissue or the newly formed bone.
PS is not biodegradable and this may be of interest in some partic-
ular clinical cases such as oncology (Serafim et al., 2014). In de-
fects grafted with an Au-PS scaffold, most AuNPs seemed to have
been removed from the fibers and were accumulated into the connec-
tive tissue or the newly-formed bone. It was reported that AuNPs in
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Fig. 5. Newly-formed bone surface filling the calvarial defect: BAr/TAr (%) measured
on the microCT images at 6, 9 and 12 weeks after implantation. β-TCP-PS induced a
significantly higher amount of newly-formed bone than Au-PS and control groups at
each time point. Results for Au-PS at 12 weeks are missing.

Fig. 6. Coronal section through calvarial defect at 9 weeks stained with Masson’s
trichrome: (A) control, (B) Au-PS and (C) β-TCP-PS groups. In the control group, the
defect is filled with a thin layer of connective tissue while dense fibrous connective tis-
sue is observed in the other groups. Areas with mineralized tissue are noticed into the
defect for β-TCP-PS group. Magnification: ×40.

contact with cells are absorbed by endocytosis and formed aggregates
in macrophage lysosomes without eliciting an inflammatory reaction
(Shukla et al., 2005).

PS is a well-known cytocompatible polymer. It is extensively used
for in vitro studies as constituent of tissue culture plates or Petri’s
dishes. PS fibers have been found to promote in vitro cell prolifera-
tion (Serafim et al., 2014) and differentiation (Terranova et al., 2016)
of osteoblast-like cells. In the present study, hMSC grew up from 1 to
7 days on the different types of scaffolds, confirming the excellent cy-
tocompatibility of PS. However, the best results were obtained when a
calcium/phosphate biomaterial was added. Therefore, we deliberately
chose not to experiment the scaffolds made of PS fibers alone in vivo.

In vivo, the implanted PS fibers appeared biotolerated since they
were incorporated into collagenous fibers and newly-formed bone
(Donath et al., 1992; Heimke, 1990). Biotolerance is the first degree
of biocompatibility and can be accompanied by a limited bone forma-
tion. No cluster of inflammatory and giant cells was noted and a di-
rect contact of the fibroblasts with the fibers was evidenced histologi-
cally. However, osseointegration of the different PS scaffolds was in-
complete even after 12 weeks. Among the limitations of this study, the
group of mice with Au-PS scaffold at 12 weeks could not be analyzed;
however, the data obtained in cell culture and in vivo at 6 weeks indi-
cate that the AuNPs did not contribute to any significant improvement
of the scaffold.

5. Conclusion

In this study, PS scaffolds, combined with β-TCP grains or func-
tionalized gold nanoparticles, were developed by electrospinning. We
showed that incorporation of β-TCP increased cell proliferation in
vitro. Bioactivity of β-TCP and the surface roughness of the β-TCP-PS
fibers improved cytocompatibility. Biocompatibility and bone repair
were studied after implantation of scaffolds into calvarial defects.
β-TCP-PS showed a greater new bone formation than Au-PS but the
healing of the defect remained incomplete. AuNPs detached from the
fibers and accumulated into fibrous tissue and new bone. PS fibers
were encapsulated into fibrosis without inflammatory and giant cells.
This study stresses the differences that can be obtained with a bioma-
terial that is well cytocompatible in vitro but is only biotolerated in
vivo.
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Fig. 7. Histological analysis of sections from the Au-PS group at 9 weeks: (A and B) were stained with Masson’s trichrome and (C and D) were stained with picrosirius red and
analyzed by transmitted (C) and polarized light (D). AuNPs aggregates (arrows) and PS fibers (arrowheads) are visible into the fibrous connective tissue and the newly-formed bone
(NB). Magnification: (A and B) ×1000 and (C and D) ×400. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Histological analysis of sections from the β-TCP-PS group at 9 weeks: (A and B) were stained with Masson’s trichrome and (C and D) were stained with picrosirius red and
analyzed under polarized light. PS fibers (arrows) were included into dense fibrous connective tissue and new bone (NB). Note the new lamellar bone visible in polarized light (C and
D). Magnification: (A) ×1000, (B and C) ×200, (D) ×400. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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