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a INSERM, U922 e LHEA, Faculté de Médecine, 49045 Angers Cedex, France
b BBTOCEX, Ecole Nationale Vétérinaire, 1 route de Gachet, 44307 Nantes, France

c Department of Macromolecular Chemistry, Industrial Chemistry Faculty, University Politehnica, 71101 Bucharest, Romania

Received 9 October 2007; accepted 15 December 2007

Available online 22 January 2008
Abstract
Bone substitutes are widely used for filling and restoring bone defects. Among them, methacrylic polymers are employed in load-bearing
bones to seal hip prostheses. Incorporation of growth factors into a polymer device could be a way to enhance bone growth. In the present study,
we evaluated the capacity of poly(2-hydroxyethyl methacrylate) e pHEMA e copolymerized with 2-vinyl pyrrolidone e VP e to release
proteins. Fibroblast growth factor-2 (FGF-2) was incorporated into cylinders of p(HEMA-co-VP). FGF-2 release was studied by ELISA in vitro
and cylinders were implanted in the femoral condyle of white New Zealand rabbits. After 2 months post-surgery, FGF-2 was able to enhance
bone formation by increasing bone volume; this effect was evidenced by an increase in trabecular number and bone gain was mainly in the form
of woven bone. At 3 months post-surgery, no difference could be evidenced between animals receiving vehicle or FGF-2. Animals receiving
vehicle exhibited bone mass higher than at 2 months and woven bone was replaced by mature bone with a lamellar matrix. The hydrogel polymer
allowed the release of FGF-2, which in return enhanced bone regeneration soon after surgery but the effect vanished rapidly.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Bone substitutes are materials used for filling and restoring
bone defects. The use of growth factors incorporated into bone
substitutes may be one possibility to enhance bone integration
and remodeling [1,2]. Fibroblast growth factors (FGFs) are
a family of polypeptides that control proliferation and differ-
entiation of various cell types [3,4]. FGFs are also strong in-
ducers of angiogenesis and important effects on the control
of osteoblast differentiation genes have been recently recog-
nized [5]. FGF-2 is a member of this family which acts ac-
tively in the skeletal development [6]. In bone fetus, FGF-2
transcripts are found in mesenchymal cells and osteoblasts
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[7,8]. In the postnatal life, FGF-2 is produced by mature oste-
oblasts and stored in the bone matrix [9]. It acts as a potent
mitogen of bone cells in culture but the effect of FGF-2 on
the healing of bone defects remains controversial [10]. The
two main ways of administration of FGF-2 are systemic and
subcutaneously injections. However, the recent finding that
systemic injections of FGF-2 could provoke extra skeletal
effects led to find others ways of administration [11]. Local
delivery by a synthetic polymer could represent a good way
of administration in patients needing bone reconstruction.
The most important parameter to take into account is the re-
lease kinetic of FGF-2 from the carrier: Tabata et al. showed
that the controlled release of FGF-2 from gelatin hydrogels
promotes a better skull bone regeneration than the single injec-
tion of the same dose [12]. A hydrogel with a low degradation
rate would sustain the formation activity of osteoblasts in bone
defects. For the reconstruction of load-bearing bones, the use
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of a polymer with biomechanical properties similar to bone
is an additional prerequisite [13]. Poly(2-hydroxyethyl meth-
acrylate) (pHEMA) appears to be a good candidate for the
controlled release of growth factors in bone. It is a poorly
swellable hydrogel which can be polymerized with other
monomers to improve its properties [14]. pHEMA is erodible
by macrophages but the degradation rate is low [15]. N-vinyl-
2-pyrrolidone (VP) is a hydrophilic monomer able to polymer-
ize with HEMA to obtain a drug delivery device [16]. The
copolymer p(HEMA-co-VP), with a ratio respectively 40:60,
was used to modulate the release of cyclosporine in soft tissue
[17]. Moreover, the addition of HEMA and VP in bone cement
improves the release of antibiotics [18].

The aim of this study was to use p(HEMA-co-VP) as a co-
polymer for the reconstruction of a bone defect in a load-
bearing bone. We have used a ratio HEMA:VP of 80:20 to
prepare a moderately swollen hydrogel having a slow degra-
dation rate. Cylinders of the copolymer loaded with FGF-2
were implanted in a hole drilled in the right femoral condyle
of white New Zealand rabbits. The effects of FGF-2 on bone
mass and microarchitecture were investigated by microcom-
puted tomography (microCT) and the quality of the new
bone matrix was assessed by histomorphometric analysis after
toluidine blue staining.

2. Materials and methods

All chemical reagents were obtained from SigmaeAldrich Chemical (Ill-

kirsh, France). Commercial 2-hydroxyethyl methacrylate (HEMA) contains

impurities due to the fabrication process. The polymerization inhibitor 4-me-

thoxyphenol (added by the manufacturer before shipping, at a concentration of

350 ppm) also needs to be removed. HEMA and vinyl pyrrolidone (VP) were

purified and distilled under reduced pressure. Benzoyl peroxide (BPO) was re-

crystallized in methanol two times before use to remove impurities.
2.1. Immobilization process of growth factor
Human FGF-2 obtained from Chemicon International Inc. (Temecula, Cal-

ifornia) was incorporated into the polymer according to our previously

described method [19]. Briefly, 550 mg of FGF-2 was dissolved in 100 ml of

PBS and the aqueous colloidal solution was added to 2.5 g of a mixture

composed of HEMA (80%) and VP (20%) containing 0.125% (w/v) of

BPO, a polymerization accelerator. The growth factor was homogenized by

vortexing for 5 min. In parallel, tubes containing the same amount of PBS

were used to prepare the control polymer. The polymerization initiator N,N-

dimethyl paratoluidine was added at a concentration of 0.03% and the mixture

was vortexed again for 5 min. The accelerated and initiated mixture was

poured into silicon tubes and polymerized at 4 �C for 24 h. Tubes of

p(HEMA-co-VP) were collected and sectioned into cylinders (4-mm in diam-

eter and 6-mm in length) with a razor blade. Each cylinder contained approx-

imately 45 mg of FGF-2. Cylinders were sterilized under ultraviolet radiation

(360 nm for 3 h) before use. This method of sterilization is enough to avoid

microbial contamination, as we have reported earlier [19].
2.2. Swelling of the copolymer in vitro
Swelling behavior was evaluated by the blot-and-weight technique. Cyl-

inders were weighted to determine the dry weight (Wd) and then allowed

to swell in saline, at constant temperature (22 �C) for 2 months. Experiments

were done in triplicate. After immersion at different incubation intervals, cyl-

inders were blotted to remove saline excess and weighted to evaluate the wet

weight (Ww). After measuring, cylinders were deposed in saline to carry on
the swelling process. For each type of polymer, the swelling degree was eval-

uated using the equation:

Swelling degree¼Ww �Wd

Wd

� 100
2.3. In vitro release of FGF-2
Six cylinders, containing 45 mg of FGF-2, were allowed to swell in 2 ml of

phosphate buffer saline (PBS) during 1 week at 37 �C in a humidified atmo-

sphere. Every day, all the PBS were removed and stored at �20 �C before

assay. The amount of FGF-2 in each sample was determined in triplicate by

ELISA, using the Quantikine kit from R&D systems (Lille, France). Absor-

bance was measured at 450 nm on a microplate reader.
2.4. Animals and surgical procedure
Twenty-four female New Zealand rabbits (approximate weight 3.5 kg)

were randomly divided into two groups:

- 12 animals received pHEMA cylinders containing the vehicle and consti-

tuted the control group. Six rabbits were sacrificed 2 months after surgery

and the remaining six at 3 months post-surgery.

- 12 rabbits received pHEMA cylinders containing vehicleþ FGF-2 and

constituted the FGF group. Six rabbits were sacrificed 2 months after sur-

gery and the remaining six at 3 months.

Bilateral femoral implantations were performed under aseptic conditions

and general anesthesia. After skin incisions and lateral arthrotomy access

via the knee joint, a cylindrical defect (4 mm diameter and 6 mm long) was

created at the distal femoral end and then filled with pHEMA cylinders. The

cylinder was placed after the cavity had been flushed with sterile saline to

remove debris. Incision was closed by different layers with resorbable sutures.

The animals were killed 2 and 3 months after implantation by an intracardiac

overdose of sodium pentobarbital (Dolethal, Vetoquinol, France). The lower

femoral extremities were immediately dissected from the animal and fixed

in 10% formalin.

The care and use of these laboratory animals were in compliance with

French law on animal experimentation. Implantation control was done to be

ensuring that biomaterials have been implanted in the right position. X-ray ex-

amination was done 3 days after implantation. Radiographs of the right hind

limb were performed using a Faxitron X-ray system (MX20, Edimex, Angers,

France) with a 5� 5 cm CCD camera. The accelerating voltage was fixed at

35 kV with a 15 s exposure time. X-ray images were taken at 1, 2 and 3

months after implantation.
2.5. X-ray microcomputed tomography
MicroCT was done with a Skyscan 1072 microtomograph (Skyscan,

Kontich, Belgium). Analysis of bone samples was done with the cone beam

procedure. 3D modeling and analysis reconstruction of the bone were obtained

with the ANT software (release 2.2.6; Skyscan). The program allows recon-

struction of the object from the stack of 2D sections, after interactive segmen-

tation. The reconstructed 3D models were obtained by a surface-rendering

algorithm. The bone volume and architecture parameters on the 3D models

were appreciated on a zone of 14 mm in height (including 5 mm above the im-

plant, the implant itself and 5 mm below the implant as the goal of the study

was to assess the bone regeneration at the margin of the implant) and were

determined with a dedicated software (CtAN) release 1.3.2.2. Trabecular

bone volume (BV/TV, in %), trabecular number (Tb.N, in /mm), trabecular

separation (Tb.Sp, in mm), trabecular thickness (Tb.Th, in mm), trabecular bone

pattern factor (Tb.Pf) and the structure model index (SMI) were calculated

from 3D models of the femoral condyle. Tb.Pf is mainly based on the use

of mathematical morphology in image analyzer systems. The rationale of

the method is supported by the observation that, in a well-connected structure,

the concave surfaces are abundant whereas convex surfaces are more

numerous if the structure is disconnected. This method provides low values
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of Tb.Pf in a well-connected network and high values when marked disconnec-

tion of trabeculae is present [20]. SMI characterizes a 3D bone structure

composed of a certain amount of plates and rods. SMI has a value between

0 and 3. In an ideal plate structural model, the SMI value is 0, and in an ideal

cylindrical rod structure, SMI is 3, independent of the physical dimensions of

the structure [21].

6

 
r
e
l
e
a

o
l
y
m

2.6. Histological procedure
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Specimens were prepared undecalcified as described elsewhere [22].

Briefly, bone samples were immersed in 10% formalin for 3 days at 4 �C.

They were dehydrated in absolute acetone for 72 h at 4 �C (three changes), de-

fatted in xylene, and embedded in purified methyl methacrylate. Longitudinal

sections (300 mm in thickness) were made parallel to the long axis of the bone

on a contact-point saw equipped with a diamond band (Exakt 310, Norder-

stedt, Germany). Slices were affixed onto plastic translucent slides with cya-

noacrylic glue. They were ground to a thickness of w30 mm on a bench-top

grinder with silicon carbide papers ranging from 220 to 4000 (Struers, Cham-

pigny sur Marne, France). Sections were surface-stained with toluidine blue

(1% in sodium tetraborax) for histological study and quantitative analysis.

This staining allows a clear identification of the woven bone: toluidine blue

is highly fixed by glycosaminoglycans present in large amounts in woven

bone and in low amounts in lamellar bone [23]. Digitized microphotographs

were taken around the implant and the woven bone volume (WB.Ar/T.Ar, ex-

pressed in %) was measured using ImageJ release 1.34s (NIH, Bethesda, MD).
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2.7. Statistical analysis
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Statistical analysis was performed using Systat� statistical software release

11.0 (SPSS Inc., Chicago, Illinois). A non-parametric one-way analysis of

variance (Kruskal-Wallis ANOVA) was used for comparing the differences be-

tween groups. Differences were considered as significant when p< 0.05.

Results are expressed as mean� standard error of the mean (SEM).

3. Results
Fig. 1. (A) Amount of FGF-2 released from polymer cylinders over time. (B)

Swelling behavior of the p(HEMA-co-VP) copolymer.
3.1. Protein encapsulation
Bulk polymerization was achieved in 24 h under experi-
mental conditions providing hard pHEMA cylinders on the
whole tube height. Cylinders had a light yellow tint and
were free of bubbles.
3.2. Release of FGF-2 from p(HEMA-co-VP)
cylinders in vitro
The release of FGF-2 from p(HEMA-VP) hydrogel was fol-
lowed by ELISA. Our data suggested that human FGF-2 is re-
leased from the copolymer during the swelling process and was
neither damaged by the polymerization nor the sterilization
processes (Fig. 1a). Human FGF-2 appeared to be released in
two times: during the first 4 days, human FGF-2 was released
slowly with roughly 1% of the total amount loaded in the co-
polymer per day. Then, after 5 days, the release of human
FGF-2 increased to reach 3.5% per day. Interestingly, the swell-
ing of the copolymer indicated that during the first 5 days, the
polymer reached only 50% of its total swelling (Fig. 1b).
3.3. Control of implantation by X-ray
On X-ray images, the drilled hole appeared as a dark spot
throughout the femoral condyle because the polymer is
radiolucent. After 2 months post-surgery, a white calcified
condensation appeared around the hole filled with the poly-
mer as a radio-opaque ring. This thin collar of newly formed
bone was evidenced on radiographic images irrespective of
the X-ray beam angulation. This aspect persisted after 3
months in animals from control and FGF groups (Fig. 2).
3.4. Bone mass and microarchitecture
2 months post-surgery
MicroCT evidenced the formation of a peripheral bone
layer all around the polymer surface which corresponds to
the radio-opaque ring observed on radiographs. This bone
layer corresponded to the peripheral densification observed
on radiographs. A direct bone bonding was observed both in
control and FGF rabbits and the bony ring appeared composed
of a delicate lace of small bone trabeculae. The ring was
thicker in FGF animals (Fig. 3). Animals from the FGF group
showed a significant increase in bone mass compared to con-
trol group as evidenced by higher values for BV/TV (þ75.8%)
and Tb.N (þ60%) (Table 1). Modifications of the microarchi-
tecture were evidenced by a significant decrease in Tb.Pf

(�57.5%) and SMI (�40.7%) indicating a better connected



Fig. 2. X-ray images of control and FGF groups. (A) Control group at 2 months post-surgery, (B) FGF group at 2 months post-surgery, (C) Control group at 3

months post-surgery, and (D) FGF group at 3 months post-surgery. Note the presence of a white calcified area around the hole filled with the polymer.

1596 G. Mabilleau et al. / Biomaterials 29 (2008) 1593e1600
network with more trabeculae in the form of plate than pillar;
animals from control groups exhibited a prevalence of pillars.
No significant difference was noted for Tb.Th and Tb.Sp. His-
tological sections confirmed the presence of a bony ring
formed at the surface of the polymer in both groups (Fig. 4a
and b, respectively) and the bony ring was thicker (þ93.7%)
in the FGF group (Fig. 5). The volume of woven bone was
7.2-fold higher in the FGF group. Packets of newly formed
bone were observed in the vicinity of the polymer cylinder
but also at distance from the implantation site in the FGF
group. Polymer particles were sometimes found enclosed in
trabeculae in both groups.
3.5. Bone mass and microarchitecture,
3 months post-surgery
MicroCT also identified the bony ring around the cylinders
but no difference could be observed between groups. Animals
from the control group exhibited a higher bone mass at 3 than
at 2 months. BV/TV increased from 9.88� 1.44 to 16.34� 5.8
and Tb.N from 0.49� 0.05 to 0.80� 0.19 (Table 1). No
significant change was noted for Tb.Pf, SMI and Tb.Sp be-
tween 2 and 3 months. Histological sections still revealed
the persistence of the bony ring around the implant. Thickness
of the bony ring was increased (þ88.27%) and was similar to
the thickness of the ring in the FGF group at 2 months (Fig. 4b
and Fig. 5). A significant decrease in the amount of woven
bone around the biomaterial (�49.8%) was noted. Animals
from the FGF group did not exhibit significant differences in
histomorphometric parameters when compared to control ani-
mals (Table 1). The only noticeable difference, when com-
pared with 2 months data, concerned woven bone volume,
with a significant decrease (�93.6%). Here again, particles
of polymer were found trapped into bone trabeculae in both
control and FGF animals.

4. Discussion

Growth factors were actively tried in the last decade to pro-
mote bone regeneration [24e26]. Our results indicated that
the protein was capable to be released from the polymer dur-
ing the swelling process. We have shown in several previous



Fig. 3. 3D models obtained with microCT, the bone layer apposed onto the cylinder is identified with an arrow. (A) Control group at 2 months, (B) FGF group at 2

months, (C) control group at 3 months, and (D) FGF group at 3 months. The bony layer apposed is thicker around the FGF cylinders; note the thin lace of tra-

beculae that are formed at the surface of the polymer.
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studies that our method used to entrap proteins during poly-
merization is non-destructive for the molecule and do not
induce any loss of activity [19,27,28]. Moreover, the detection
of FGF-2 by ELISA exhibited this statement. Administration
of FGF-2 was extensively studied in the literature after sys-
temic or subcutaneous injections. Bone anabolic effects are
regularly reported: increase in osteoblast surfaces, osteoid sur-
faces, osteoid volume and a decrease in osteoclast surfaces
[29e31]. However, the recent finding that systemic injection
of FGF-2 could provoke anemia with an increase in the gran-
ulocyte production in the liver and a mild hypertrophy of re-
nal glomeruli, led to find other ways of administration [11].
Local administration of growth factors into bone appeared
an interesting solution in patients needing bone filling, to
avoid extra skeletal effects. In the present study, the anabolic
effect of FGF-2 release on bone mass was evidenced after 2
months post-surgery. A significant increase in trabecular
bone mass and microarchitecture modifications was noted,
mainly due to a greater number of trabeculae (evidenced by
a higher Tb.N). Trabecular thickness showed a tendency to
increase in the FGF group but the difference with control
was not significant. At 3 months post-surgery, no difference
between control group and FGF group could be noted. Con-
trol animals had an increase in bone mass which reached
the level of FGF group at 2 months. On the other hand,
FGF-2 group at 3 months preserved the bone mass and archi-
tecture parameters reached at 2 months. The only parameter
changed is the woven bone area, which is replaced by lamel-
lar bone, in control and FGF groups. However, woven bone is
poorly mineralized and has low mechanical properties; it is a
transient state that must be replaced by lamellar bone to
obtain satisfying stiffness and toughness [32]. The present
study demonstrated that a local delivery of FGF-2 facilitated
the bone regeneration from the edge of the defect. Niedhart
et al. have used a tricalcium phosphate cement to deliver
FGF-2 during 1 and 3 weeks [2]. They were not able to iden-
tify a difference between the cement alone and the cement
loaded with FGF-2. They concluded that FGF-2 was released
too slowly or too fast from the cement. An important aspect
is the kinetic of release of FGF-2 from the carrier. Tabata



Table 1

Histomorphometrical parameters of control and FGF groups

Parameters Control group FGF group

2 months 3 months 2 months 3 months

BV/TV (%) 9.88� 1.44 16.34� 5.80b 17.37� 3.7a 16.34� 3.97

Tb.N (/mm) 0.50� 0.06 0.80� 0.2b 0.80� 0.12a 0.84� 0.17

Tb.Th (mm) 0.20� 0.01 0.20� 0.03 0.21� 0.02 0.19� 0.01

Tb.Sp (mm) 1.68� 0.26 1.43� 0.15 1.74� 0.35 1.43� 0.19

Tb.Pf 7.75� 1.10 4.70� 3.07 3.29� 1.61a 4.61� 2.13

SMI 2.26� 0.10 1.56� 0.57 1.34� 0.30a 1.59� 0.38

WB.Ar/T.Ar

(%)

0.24� 0.11 0.12� 0.02b 1.73� 0.50a 0.11� 0.04b

B ring.Th 66.99� 4.50 126.13� 9.45b 129.77� 6.15a 110.52� 6.94

a p< 0.05 vs. control group at the same month post-surgery.
b p< 0.05 vs. 2 months.
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et al. showed that free FGF-2 given into an osseous defect
without carrier induced significantly less bone ingrowth com-
pared with carrier-associated FGF-2 [12]. They showed that
gelatin is a good carrier for FGF-2 in skull bone defect. Ra-
domsky et al. have used hyaluronan to encapsulate FGF-2
[33]. They showed that the combination of hyaluronan and
FGF-2 accelerated fracture healing in an experimental primate
fracture model. But, for the reconstruction of load-bearing
bones, the use of a polymer with biomechanical properties
similar to bone is an additional prerequisite [13]. In the pres-
ent study p(HEMA-co-VP) appeared a good candidate for the
Fig. 4. Microphotographs of histological sections stained with toluidine blue. (A)

present at the surface of the polymer cylinder. (B) FGF group at 2 months post-su

and contains areas of woven bone (arrow). (C) Control group at 3 months post

(D) FGF group at 3 months post-surgery; there is no noticeable difference with (C

the hydrogel shrinks considerably during the histological process in the solvents u
controlled release of growth factors in load-bearing bones.
The rate of release appeared compatible with the kinetic of
action of FGF-2. Presence of polymer particles inside the
bone trabeculae indicated that polymer could be erodable
and bone bounded. The persistence of the cylinder after 3
months confirmed that pHEMA is slowly degradable and
this finding is in agreement with previous data [15].

There exists several ways of delivery from a biomaterial:
hydrophobic biomaterials like poly(lactic acid) release their
content by degradation [34]. Hydrogels are a category of bio-
materials which can swell; the relaxation of the macromolec-
ular chains allows the release of entrapped factors. pHEMA
presents hardness (expressed in Shore D unit, usually em-
ployed to assess polymer hardness [35]) lower than bovine
cortical bone (85.58� 1.53 Sh.D vs. 63.278� 1.617 Sh.D).
However, to achieve desired properties (biomechanical, swell-
ing.), pHEMA can be copolymerized with others monomers,
plasticizers and cross-linking agents. In a previous study, we
have reported that cross-linked pHEMA (with tetraethylene
glycol diacrylate or polyethylene glycol diacrylate) has
a Young’s modulus and hardness close to bone [35]. Moreover
only these cross-linkers with a long backbone separating the
two acrylate groups allow the swelling of the hydrogel close
to the linear form of pHEMA. In the present study, 2-vinyl
pyrrolidone appeared suitable to enhance release properties
of pHEMA.
Control group at 2 months post-surgery; note the thin ring of bone that was

rgery; the bony ring formed at the surface of the polymer cylinder is thicker

-surgery; the ring of bone around the cylinder is thicker than at 2 months.

). P represents the polymer or a void space where the polymer was present:

sed during the histotechnological steps. Bar represents 250 mm.



Fig. 5. Microphotographs of histological sections stained with toluidine blue.

Note that some polymer particles are directly covered by bone (arrows).
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5. Conclusion

The controlled release of FGF-2 from a copolymer
p(HEMA-co-VP) stimulated the bone regeneration at the
edge of the defect. However, the effects of FGF-2 appeared
to vanish rapidly after 2 months post-surgery. The copolymer
appeared suitable for the controlled release of growth factor
into load-bearing bone needing a fast regeneration.
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