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Abstract

Different biomaterials have been used in orthopedic surgery. Evaluation of biomaterials for bone

ed

healing promotion has been a wide area of research of the orthopedic field. Sixty critical size
defects of 5 mm long were bilaterally created in the radial diaphysis of 30 rats. The animals were

ce
pt

randomly divided into six equal groups as empty defect, autograft, nanohydroxyapatite (nHA),
Gelatin (Gel)-nHA, Fibrin-platelet glue (FPG)-nHA and Gel-FPG-nHA groups (n=10 in each
group). Radiographs of each forelimb were taken postoperatively on the 1st day and then at the
28th and 56th days post injury. After 56 days, the rats were euthanized and their harvested healing
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1

bone samples were evaluated by histopathology, scanning electron microscopy and
biomechanical testing.

1

All the treated defects demonstrated significantly superior new bone formation, remodeling and
bone tissue volume. Moreover, the defects treated with FPG-nHA showed significantly higher
ultimate load, yield load and stiffness. The Gel-FPG-nHA moderately improved bone

ip
t

regeneration that was not close to the autograft in some parameters, whereas FPG-nHA
significantly improved bone healing closely comparable with the autograft group in most

cr

us

on bone regeneration, the FPG-nHA scaffold was more effective in improving the structural and
functional properties of the newly formed bone and was more osteoinductive than the Gel and

an

was comparable to the autograft. Therefore, the FPG can be regarded as a promising option to be
used in conjunction with mineral scaffolds on bone tissue engineering.

M
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Introduction

ce
pt

Despite years of ongoing researches on bone healing, bone defects resulting from a variety of
pathological events such as trauma, tumor, infection, osteoporosis, osteonecrosis, ostoectomies
and congenital abnormalities still remain challenging orthopedic conditions (1-3). Conventional
treatments for nonunion are mostly invasive and require a lengthy recovery period. Therefore,

Ac

Downloaded by [UC Santa Barbara Library] at 12:26 16 October 2017

parameters. In conclusion, although all the nHA containing scaffolds had some beneficial effects

new strategies for fracture repair are constantly being explored (4, 5). Bone tissue engineering
has emerged as a promising approach and a new therapeutic technology which induces bone
regeneration by making use of osteoinductive growth factors, osteogenic cells, osteoconductive
scaffolds and bioactive molecules or their combination (2, 6, 7).

2

Natural polymers and synthetic composites are the widely used biomaterials in bone tissue
engineering (8). The artificial or synthetic hydroxyapatite (HA), bioglass and bioceramics are the
most popular synthetic biomaterials used in human and veterinary orthopedics (9). Among them,

ip
t

HA is a chemical analogue of the mineral component of bone that it has been extensively
investigated in various forms and shapes as a perfect inorganic component of synthetic materials

cr

us

scaffold because of its interconnected porous structure, high breaking stress, good
biocompatibility and resorbability (9-11). The size of conventional synthetic HA crystallite tends

an

to be much coarser than that of the natural bone apatite (11).

Recently, much attention has concentrated on nano-structural HA (nHA) (11). There are reports

M

indicating that nano-sized HA particles increased protein adsorption and cell adhesion to the
internal surfaces of the scaffold and improved the mechanical and biological properties of the

ed

healing processes (8, 12, 13). Such nano-sized HA also provides a proper surface harshness and

ce
pt

appropriate mechanical strength, which may enhance bone tissue regeneration (14, 15).
Nonetheless, the brittleness, poor mechanical properties and low flexural strength of HA renders
it unsuitable as a composite material used alone in regeneration of different parts of the bone
systems, especially those under significant mechanical tension (10, 11). Moreover, the difficulty
in generating the 3D bone regrowth structures from HA further restricts its application in
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in orthopedics and bone tissue engineering for decades (1, 8, 10). HA has been selected as a

regeneration of the complex bone systems (1, 10). To overcome such limitations, a number of
HA-based composite materials, using both natural and synthetic polymers, have been developed
(1, 10). In fact, application of the 3D porous hybrid scaffold is more advantageous than the
normal powder or granules, in healing of large or small bone defects (16). Therefore, scaffolds
3

containing a single component are not ideal bone replacement structures because of their
shortcomings, and a hybrid scaffold that can be a delivery carrier and a 3D porous composite for
cellular activities is required (11).

ip
t

Recently, several researches have focused on the development of hybrid biomaterials composed

cr

having the properties of both the Gel and the nanoparticles (14). Gel has been selected due to its

us

multiple advantages of biodegradability, biocompatibility, and nontoxicity (1, 17). There is
considerable information regarding Gel property and behavior. Its chemical modification is easy,

an

a wide range of samples with different physicochemical properties are commercially available,

M

and its biosafety has been proven through the long clinical applications (1, 18).
There is no doubt that a combination of osteoinductive growth factors and scaffolds provides an

ed

appropriate osteoinductive environment for osteogenic cells1. Fibrin-platelet glue (FPG) is a
blood derivative in which platelets and fibrinogen are concentrated in a small plasma volume

ce
pt

(19-21). Simple encapsulation of growth factors in three-dimensional fibrin network of FPG may
contribute to a prolonged retention and sequestration of the platelet growth factors and of their
chemotactic and mitogenic activities for a longer period of time (22-24). Therefore, FPG offers a
significant additional benefit in accelerating bone healing, which is aided by mechanical
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of Gelatin (Gel) and inorganic nanoparticles. Such hybrid materials present double advantages of

properties and presence of high concentrations of growth factors in platelets (24). Clinical
application of the FPG is very simple and the shaping and placement of the graft is easy (19).
Researchers working in the field of bone tissue engineering should improve the in vivo

effectiveness of nHA scaffolds to benefit from it in the clinical setting by incorporating more

4

bioactive biomaterials, and Gel and FPG could be acceptable candidates in this regard. This
experiment was designed to compare the healing potential of Gel and FPG combinations on a
porous nHA with that of the nHA alone in the surgically critical-sized radial bone defect (CSD)

ip
t

in a rat model, while in the animals of the control groups the defects were left empty (negative)
or filled with autograft (positive). Such hybrid structures combine the beneficial properties of the

cr

us

We hypothesized that both the FPG and Gel may have some useful effects on nHA, but each may
have different potency. In addition, combination of these materials may keep the useful effects of

ed

Ethics

M

Materials and methods

an

all materials, while this strategy could reduce the limitations of the individuals.

The animals received humane care in compliance with the Guide for the Care and Use of

ce
pt

Laboratory Animals published by the National Institutes of Health (NIH) (25). The study was
approved by the local Ethics Committee of “Regulations for Using Animals in Scientific
Procedures” in our Veterinary School.
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Gel, FPG and nHA. We studied the effects of incorporation of FPG and Gel in the nHA scaffold.

Preparation of the scaffolds
The nHA scaffold was prepared by mixing 20% volume weight aqueous solution (7 ml) of nHA
(medical grade nHA granules of the mean size of 30 nm; Pardis Pajoohesh Fanavaran Co., Yazd,
Iran) at 5000 rpm at 37 °C for 3 min, using a homogenizer (Sealed Unit, Silverson Machines
5

Ltd., UK). The Gel-nHA scaffold was prepared by chemical cross-linking of 4.29 wt% aqueous
solution of Gel (G9391, Sigma-Aldrich), using glutaraldehyde (G6403, Sigma-Aldrich), in
presence of 20% volume weight aqueous solution of nHA. The solution (7 ml) was mixed at

ip
t

5000 rpm at 37 °C for 3 min, using a homogenizer. After addition of the glutaraldehyde aqueous
solution, the resulting solution was cast into a polypropylene dish at 4 °C for 12 h for cross-

cr

us

°C for 1 h to block the residual aldehyde groups of glutaraldehyde, following complete washing
with double distilled water. The prepared nHA and Gel-nHA scaffolds were freeze-dried at -20

an

°C for 48 h (Alpha 2–4 LD Plus, Christ, Germany). The scaffolds were finally sterilized under 60
Co γ-ray irradiation at a dose of 15 kGy and kept in vacuumed packs until further use (11, 17).

M

The FPG was prepared from the platelet rich plasma (PRP) of rat by the Thorn et al. method
(19). Briefly, the blood was collected via heart aspiration and mixed with citrate phosphate

ed

dextrose at a ratio of 1 ml citrate phosphate dextrose to 5 ml blood. The PRP was separated from

ce
pt

the blood by centrifugation (IEC PR-J centrifuge, Damon/IEC Division, USA) for 15 min at 327
× g and at ambient temperature. The fibrinogen in the glue was precipitated from the PRP by
ethanol precipitation at low temperature. The precipitated fibrinogen was separated by
centrifugation at 3000 × g for 8 min at 0–4 °C. The separated fibrinogen together with the
modified PRP was used to enrich the fibrinogen with growth factors. Thorn et al. reported that
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linking. The cross-linked scaffolds were then placed into 100 mM aqueous glycine solution at 37

the autologous fibrin glue prepared by this technique contains high platelet and fibrinogen
concentrations (19).

6

To fabricate the FPG-containing hybrid scaffolds, the nHA and Gel-nHA scaffolds, sterilized
previously with 60 Co γ-ray irradiation, were infused with 0.1 ml platelet enriched fibrinogen
solution for 5 min, then with 0.1 ml calcium chloride (Merck, Cat. No. 102382)/topical bovine

ip
t

thrombin (T-4648, Sigma-Aldrich) (10 ml of 10% calcium chloride mixed with 10,000 units of
topical bovine thrombin) for preparation of FPG (26, 27). After complete reaction for 30 min at

cr

us

vacuumed packs until further use (11).

an

Animals and operative procedures

A total of 30 mature male Wistar Albino rats, weighing between 250 to 300 g were used in this

M

study. The animals had full access to standard food and water ad libitum throughout the duration
of the study. The rats were anesthetized with an intramuscular injection, using a combination of

ed

75 mg/kg ketamine hydrochloride and 5 mg/kg xylazine (both from Alfasan, Woerden,
Netherlands). The right and left forelimbs of all the animals were prepared aseptically for

ce
pt

operation. An incision was made craniomedially over the skin of forelimb and the radius was
exposed by dissecting the surrounding muscles and tendons. A 5 mm segmental bone defect was
created in the middle of the radial diaphysis as a critical size bone defect by an electrical bone
saw at 150 rpm under saline irrigation to prevent thermal necrosis (Marathon, Escort-III, Daegu,
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room temperature, the hybrid scaffolds were freeze-dried at -20 °C for 48 h and kept in

South Korea). All bone debris and interosseous membrane in the defect site were washed and
wiped away. As the radius and ulna are fused together by interosseous membrane, adequate
stability was achieved by leaving the ulna intact without any fixation of the radius.

7

A number of 60 radial bone defects were created in a total of 30 rats. The bone defects were
randomly divided into six equal groups (n = 10 for each). The defects in the 1st group (empty
defect) remained intact and served as negative control (–C) for the test groups. The defects in the

ip
t

2nd group (autograft) were filled with autologous bone graft to be considered as positive control
(+C) group. In a group of animals containing both groups of empty defect (right side) and

cr

us

the group 1 so that the transected corticomedullary bone segment in the empty defect group
(right side) was used as autograft to fill the defect area of the group 2 (left side). The defects in

an

the 3rd, 4th, 5th and 6th groups (test groups) were filled with nHA, Gel-nHA, FPG-nHA and GelFPG-nHA scaffolds, having the size and shape similar to the radial defects (2 × 2 × 5 mm3),

M

respectively. The muscles, fascia and skin were then approximated in a routine fashion, using 4-0
sutures (Ethicon; Somerville, New Jersey, USA). Post-surgically, analgesia and antibiotic

ed

therapy were performed by daily sub-cutaneous injections of 20 mg/kg tramadol chloride for 3

ce
pt

days and 20 mg/kg enrofloxacin for 5 days.

Clinical examination

After surgery and induction of bone defects, the rats were observed for physical activities
including weight bearing on injured forelimbs, and post-surgical clinical changes such as edema
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autograft treated defect (left side), the autografts were harvested from the contralateral radii of

and hyperemia at the defect areas, pain on palpation, and the appetite status.

8

Radiological evaluation
To evaluate bone formation, proximal and distal union and remodeling of the defect, radiographs

ip
t

of each forelimb was taken postoperatively on the 1st day and then at the 28th and 56th days post
injury, using an X-ray machine (Soyee, BLD-31-C, Seoul, South Korea). The results were

cr
us

radiologists (28, 29) (Table 1).

an

Sample collection

Fifty-six days after operation, the rats were euthanized (30, 31). For such purpose, first, the

M

animals were anesthetized by intramuscular injection of ketamine and xylazine. Then, the
breathing of the anesthetized animals was stopped by intracardiac injection of 150 mg/kg

ed

potassium chloride. The right and left forelimbs were harvested and dissected free of soft tissues.
The bone samples of each group (n = 10) were randomly divided into two equal subgroups as

ce
pt

follow: Subgroup A (n = 5): these bone samples were used for histopathologic and scanning
electron microscopic (SEM) studies. These bone samples were cut to two pieces, by a slow speed
saw, with sagittal sections containing the defect for histopathologic and SEM studies. Thus, the
same tissue sample was investigated for both methods (histopathology (n = 5) and SEM (n = 5)).
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blindly scored using the modified Lane and Sandhu scoring system by two veterinary

Subgroup B (n = 5): these bone samples were used for biomechanical testing.

9

Histopathological evaluation
The bone specimens were fixed in 10% neutral buffered formalin. The formalin-fixed bone

ip
t

samples were rinsed with water and then decalcified in 10% nitric acid solution and processed
for routine histological examination. Two sections about 5 μm thick were cut in a longitudinal

cr

analysis by a light microscope (Olympus CX-41, Tokyo, Japan). Finally, the sections were

us

blindly evaluated and scored by two pathologists according to the Emery’s scoring system (32,

an

33) (Table 2). Images of the histologic sections were captured by a digital camera (Olympus EP1, Olympus Optical, Tokyo, Japan) connected to the light microscope. The volumes of the

provided images (17, 34).

M

regenerated fibrous, cartilage and bone tissues in the defected area were calculated from the

ed

Scanning electron microscopy

ce
pt

To visualize the surface and structure of the healing area, the bone specimens were fixed in cold
2.5% buffered glutaraldehyde. Dehydration was performed on the samples with an increasing
graded ethanol series and let to dry overnight in a freeze drier. The dried specimens were
mounted on aluminum stubs using carbon double sided tape and sputter-coated with gold (SPI-
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direction from the center of each specimen and stained with Hematoxylin and Eosin (H&E) for

Module Sputter Coater). The coated samples were degassed in vacuum and observed using highresolution images obtained using a field emission scanning electron microscope (SEM) (Vega-3,
Tescan, AS, Brno, Czech Republic) with accelerating voltage 20 kV at different magnifications.

10

Biomechanical testing
The bone samples were wrapped in a saline-soaked gauze bandage to prevent dehydration and

ip
t

stored at -20 °C in small, sealed freezer bags. On the day of testing, the bones were slowly
thawed at room temperature and kept wrapped in the saline-soaked gauzes except during testing.

cr

point bending test was performed, using a universal tensile testing machine (Santam, STM-20,

us

Tehran, Iran) to determine the mechanical properties of bones according to the previously

an

described procedures (9, 35, 36). Briefly, the bones were placed on their lateral surface on two
rounded supporting bars (plates with rounded edges of 4.0 mm diameter) located at a distance of

M

16 mm, and were loaded at the midpoint of the diaphysis by lowering the third bar (a plate with
rounded edges of 10 mm diameter) so that the defect was in the middle and had an equal distance

ed

from each grip. The bones were loaded at a rate of 1 mm/s until fracturing occurred.
The data derived from the load deformation curves were expressed as Mean ± SEM for each

ce
pt

group and the ultimate and yield loads, stiffness, strain and absorbed energy were measured and
recorded.

Statistical analysis

Ac
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Mechanical testing was performed on the fused radius and ulna complex as a unit. The three-

The radiological and histopathological data were compared by Kruskal–Wallis, non-parametric
analysis of variance (ANOVA); when P-values were found to be less than 0.05, then pair wise
group comparisons were performed by Mann–Whitney U test. The biomechanical data were
compared by one-way ANOVA with subsequent Tukey post-hoc tests. A P<0.05 was considered
11

statistically significant. All biomechanical data passed normal distribution test and Bonferroni’s
method was used for multiple testing and the results were presented as means ± SEM (SPSS

ip
t

version 23 for windows, SPSS Inc., Chicago, USA).

cr
us

Clinical evaluation

No death occurred among the animals during the course of the experiment and they had good

an

physical activities, weight gain and appetite until euthanasia. The animals in all the groups used

Radiological findings

M

their forearms because of the ulna and its supportive role.

ed

The results of radiological evaluations at the 28th and 56th days after bone surgery are presented

ce
pt

in Table 3 and Figure 1. The –C group showed significantly the lowest bone formation,
remodeling and the sum of healing scores in comparison to other groups on 28 and 56 days after
the injury (P < 0.05). The +C group showed significantly the highest proximal bone union
compared with other groups on 28 and 56 days after the injury (P < 0.05). The best radiological

Ac

Downloaded by [UC Santa Barbara Library] at 12:26 16 October 2017

Results

parameters in the treated groups were observed in the FPG-nHA group, followed by Gel-FPGnHA, Gel-nHA and nHA groups. The FPG-nHA group had the same values with the +C group in
bone formation, distal union and remodeling on days 28 and 56 post-surgery (P > 0.05). The
Gel-FPG-nHA group was comparable to the FPG-nHA group, except for the bone formation by
day 28 and the sum of healing scores by day 56 after operation that these parameters still had
12

significant differences with +C group (P < 0.05). The Gel-nHA and nHAgroups had the same
values with the +C group only in remodeling on days 28 and 56 and distal union on day 28 (P >
0.05).

ip
t

Histopathological findings

cr

us

observed tissues such as the fibrous, fibrocartilage, hyaline cartilage and bone tissues (Table 4,
Figures 2 and 3). At histopathologic level, the lesions in the –C group showed significantly the

an

lowest microscopic scores and had the highest fibrous connective tissue volumes and the lowest
bone tissue volumes in comparison to other groups on the 56th day after injury (P < 0.05). The

M

nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA treated defects had greater cartilage volume
compared with the +C group (P < 0.05), and the nHA group also had higher cartilage volume

ed

than the –C group (P = 0.032). Moreover, all the treated defects had significantly superior
microscopic scores than the –C group (P < 0.05), but the microscopic score in the nHA group

ce
pt

was also significantly lower than the +C group (P = 0.016). The bone volume in all treated
groups was significantly superior to the –C group (P < 0.05), but they had still lower values
compared to the +C group (P < 0.05). There were no significant differences in the
histopathologic criteria among the treated groups (P > 0.05).
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Histopathological findings were assigned to each group on the basis of the volume of the

Qualitatively, 56 days after bone surgery, the gap in the animals of the –C group was replaced
with fibrous or fibrocartilages tissue (Figure 3). Bridging callus or histological union did not
develop in any of the defects of these animals. These criteria led to very slow healing process in

13

this group. Both ends of the cortico-medullary implanted autograft were connected to the edges
of the old radial bones by a non-homogenous matrix composed of cartilaginous and osseous
tissues. A number of blood vessels were observed in the lesions of this group. The regenerated

ip
t

cartilage and bone spanned the defect and almost instantly produced histologic union.

cr

and hyaline cartilage tissue, in the Gel-nHA and Gel-FPG-nHA treated groups. However,

us

maturation was not as good as those of the +C group. The fibrous and cartilage tissues in the
defects of the nHA and FPG-nHA groups were moderately substituted with bone. The lesions in

an

these animals were mostly filled with hyaline cartilage and woven bone, particularly in both the
distal and proximal ends of the defects. Both the nHA and FPG-nHA groups showed

M

hypertrophic bone edges and the newly formed cells were proliferating from the bone edges into
the middle part of the defect area and more woven bone formation was seen in the lesions of

ed

these groups. In most cases, such feature was less evident in the injured areas of the Gel-nHA

ce
pt

and Gel-FPG-nHA groups. The scaffolds in the treatment groups were not totally degraded and
some remnants were evident in the injured area of the animals in these groups. In general, some
inflammatory response was evident in the lesions of the animals of different treatment groups at
the 56th post injury day, particularly in the lesions of those groups that the scaffolds remnants
still remained. The scaffolds remnants were seen at different levels in all the treatment groups.
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The defect was filled with a mixed tissue consisting of fibrous connective tissue, fibrocartilage

14

Scanning electron microscopy

ip
t

Only low density immature and haphazardly oriented collagen fibrils were seen in the scanning

cr

accumulation of Large numbers of HA crystals was visible along with the newly formed bone,

us

reflecting a high degree of calcification of the hard callus in the lesions of the +C group. In the
nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA groups, various degrees of calcification of the

an

newly formed hard callus with variable numbers of HA crystals replaced the defect areas. The

M

FPG-nHA and Gel-FPG-nHA treated defects showed high degree of calcification with numerous
HA crystals in the bone matrix. A mixture of fibrocartilage tissue with few HA crystals filled the

ed

defect areas in the nHA and Gel-nHA group.

ce
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Biomechanical performance

The data obtained from the biomechanical testing have been shown in Table 5. The failure
mechanism of the bones was very consistent; the failure took place exactly at the defected area
with the fracture line being perpendicular to the long axis of the bone. The +C group showed

Ac

Downloaded by [UC Santa Barbara Library] at 12:26 16 October 2017

ultramicrographs in the defects of –C group after 56 days of bone injury (Figure 4). An

significantly higher ultimate load and yield load as compared with the –C, Gel, FPG and GelFPG treated groups at 56 days after the injury (P < 0.05). The FPG-nHA group was the only
group among the four treatment groups that had significantly superior ultimate and yield load
compared to the –C group (P = 0.016 and P = 0.019, respectively). Not only were there

15

significant differences between the stiffness in all treatment groups compared with the –C group
(P < 0.05), but also the stiffness was quite close to the +C group value so the differences
between them were statistically insignificant (P > 0.05). There were no statistically significant

ip
t

differences between the treatment groups with those of the +C and –C groups in terms of strain
(P > 0.05). The energy absorption in all treatment groups was at a lower level than the +C group,

cr

us

0.020, respectively).

an

Discussion

To evaluate the bone healing potential of the Gel, FPG, nHA and their combinations, a defect

M

model was established in the radial bone of rat. This model has previously been reported suitable

ed

because there is no need for internal or external fixation which influences the healing process
(17, 37). The results of the radiological, histological, ultrastructural and biomechanical analysis

ce
pt

showed that regardless of the +C (autograft) group, among the scaffolds used in this
investigation, the best results were obtained from the FPG-nHA treated defects followed by GelFPG-nHA. In fact, the healing process in the –C (empty defect) group remained in the initial
stages of healing and fibrous connective tissue was the main constituent in the lesions of the
animals of this group, while the healing stage was more advanced in the Gel-nHA and nHA
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but this difference was only significant in the nHA and Gel- nHA groups (P = 0.018 and P =

treated groups and there was some evidence of cartilage and bone cells in these groups. The
FPG-nHA and Gel-FPG-nHA showed significant bone regeneration with more new bone
formation.

16

Although a huge background exists in the literature that suggests application of Gel as an
acceptable biomaterial in bonetissue engineering (1, 4, 11, 16), here we showed that Gel has
limited value in bone regeneration in vivo so that its potential in promoting bone healing was

ip
t

inferior to the FPG and Gel-FPG biomaterials. Based on the previous reports, Gel has been
suggested as a suitable biomaterial for scaffold fabrication in vitro and its composites have been

cr

us

results achieved from MTT and LDH assays and cell differentiation tests do not guarantee the
real in vivo role of the composites (14, 17). Therefore, our in vivo results did not confirm the in

an

vitro results of the formerly published researches. On the other hand, Gel has been used as a
biomaterial to enhance in vitro characteristics of the composite scaffolds and thus its combined

M

effects with polymeric and ceramic materials have been used in vivo. This is the major difference
explaining why the Gel based composites were able to significantly promote bone regeneration

ed

in vivo, while pure Gel scaffold did not considerably promote bone regeneration. In fact, the pure
effect of Gel, regarding the bone regenerative ability, has not been the focus of the previous

ce
pt

studies. In contrast with our findings, Sohn et al. (41)evaluated the efficacy of absorbable gelatin
sponge on new bone formation in the maxillary sinus of nine patients for a 6-month period. They
observed new bone consolidation in the sinus on radiographs and suggested gelatin sponge as a
proper treatment strategy for sinus augmentation even without any additional bone graft.
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suggested to promote bone repair (6, 39, 40). This is a fact that the in vitro characterizations and

However, it should be stated that healing of critical size defects in weight bearing bones is a
more complicated process than the skull bones (e.g. sinus bones), because the skull bones have
superior blood circulation and tolerate less mechanical force than the long weight bearing bones
(7, 17). In another study, Oryan et al. (17) investigated the role of Gel and their combinations as

17

chitosan (CS)-Gel scaffold on healing and regeneration of critical sized radial bone defects. They
concluded that incorporation of Gel into the CS scaffold improved healing potential of the CS;
however, it was still inferior to the Gel scaffold alone. This study was performed in

ip
t

circumstances similar to our study on experimentally induced radial bone defect in a rat model.
The difference between our results and the result of their study may be because of the different

cr

us

compared with our scaffold (10% vs. 4.29 wt%).

Based on the results of the present study, FPG has more beneficial bone regenerative features

an

than Gel for consideration as a bio-implant in bone tissue engineering. Here, we have
demonstrated that bone formation, remodeling, distal union, and the biomechanical performances

M

such as the ultimate load, yield load and stiffness, in the FPG-nHA treated defects were

ed

statistically comparable to those treated by the autograft.
In line with our findings, a huge background exists in the literature that has suggested FPG as an

ce
pt

acceptable biomaterial in bone tissue engineering (19, 24, 42). In addition to the physical benefit
of fibrin glue in bone surgery, as the fibrin network has been known to act as a scaffold for the
invasion of cells and as a carrier for bone induction, the incorporation of platelets into the fibrin
glue also accelerates the bone healing process through the release of numerous different growth
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protocol for preparation of Gel scaffold and also greater concentration of their Gel scaffold

factors from the platelets upon activation with thrombin (19, 22, 42). Once the platelet
concentrate of FPG is activated, a three-dimensional and biocompatible fibrin scaffold is formed,
a myriad of growth factors and proteins are released progressively to the local environment and
contribute to the accelerated postoperative bone healing (5).

18

Calcification process of cortical bone can expose osteoinductive growth factors within the nHA
mineralized matrix. On the other hand, the collagenous framework of the FPG may be
responsible for its osteoconductivity properties (43, 44). Given these findings, the FPG

ip
t

composite materials could find excellent possible applications as scaffold for various bone
defects to increase bone regeneration. However, the clinical and experimental data in the

cr

us

27). Although there are few controlled studies regarding application of fibrinogen and growth
factors in tissue healing, variations in the type of grafts, anatomic sites, biological and surgical

an

techniques, diversity of preparation protocols in different experiments makes the conclusion
difficult and there is still significant disagreement as to whether or not the platelet-derived

M

products enhance the healing of bone grafts (2, 5, 45). Variations in some key properties
including platelet concentration, type of clot activator, leukocyte content and time after clotting

ce
pt

biological effects (5).

ed

that the fibrin scaffold should be implanted in the injured area, can markedly influence different

This study was performed to give more insight into the effect of the FPG and their combination
with Gel and nHA on bone regeneration and also to provide an explanation for the existing
confusion in the literature regarding the efficacy of the FPG treatment in combination with other
artificial bone graft substitutes. The results of the present investigation confirm a number of

Ac

Downloaded by [UC Santa Barbara Library] at 12:26 16 October 2017

literature regarding the osteogenic potential of platelet-derived products are controversial (2, 5,

clinical and experimental studies demonstrating a positive influence of FPG in bone substitute
materials on bone regeneration (2, 46, 47). However, in some other studies, the graft materials
did not enhance bone healing when are augmented with the platelet-derived products (48-50). In
our study, although the FPG-nHA and Gel-FPG-nHA treated defects had higher cartilaginous
19

and bone cells and the healing was more advanced, new bone formation was limited to both
defect edges and these scaffolds were not able to induce bone formation in the middle of the
defect area as good as the autograft group and thus, they displayed low osteoconductive

ip
t

properties. Nonetheless, these characteristics were more remarkable in the FPG-nHA group in
comparison with the Gel-FPG-nHA so that the FPG-nHA promoted bone regeneration into the

cr

us

the ultimate and yield loads of the FPG-nHA group were greater than the Gel-FPG-nHA group
and were significantly higher than the –C group. These criteria might be attributed to the higher

an

biocompatible and bioactive properties of the FPG than the Gel. .

Based on the results of the present study and regarding the formerly published results from the in

M

vitro and in vivo researches, it seems that Gel and FPG have different behaviors within the nHA
scaffolds on bone regeneration. The FPG-nHA showed significant bone regeneration with more

ed

new bone formation, especially in the marginal part of the defect area, while the Gel-nHA

ce
pt

exhibited only partial bone regeneration with more new cartilage formation in the central area of
the bone defect.

We showed that the FPG bioimplant has more beneficial effects on bone regeneration than the
Gel. Therefore, FPG may be included in the composite scaffolds in order to improve scaffold
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later stages of the healing process. Whereas the differences were not significant in most cases,

biocompatibility, biodegradability and healing efficacy, more than Gel. If Gel is planned to be
used for fabrication of composite scaffolds to improve the scaffold's porosity, combination of
Gel with FPG is a more advantageous option with a better in vivo outcome. Therefore,

researchers working in the field of bone tissue engineering should improve the in vivo

20

effectiveness of nHA scaffolds to benefit from it in the clinical setting by incorporating more
bioactive biomaterials, and FPG could be an acceptable candidate in this regard.

ip
t

Conclusions

cr

radial bone defects in rats. Furthermore, the nHA and Gel-nHA significantly affected bone

us

healing and regeneration; however, the treated defects were structurally and functionally inferior
to those of the autograft. The FPG-nHA and Gel-FPG-nHA promoted new bone formation more

an

than that of the untreated defects and also closely comparable with those of the autograft group.
Although all the nHA containing scaffolds had some beneficial effectiveness in bone

M

regeneration, the FPG-nHA, similar to the autograft, effectively increased the proliferation and

ed

differentiation of osteoblasts and osteocytes, facilitated osteoinduction and was more effective in
improving the structural and functional characteristics of the newly formed bone in comparison

ce
pt

to other treatment groups. This study clearly indicated that FPG has a high biocompatibility with
the bone tissue and could be the foundation for multifunctional technologies in the bone and
tissue regeneration field.
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Figure 1. Radiographs at the 1st (a), 28th (b), and 56th (c) postoperative day. The –C are the most
radiolucent amongst all groups, whereas +C are the most radiopaque followed by the FPG-nHA,
Gel-FPG-nHA, Gel-nHA and nHA groups at 28 and 56 days after bone surgery. Bone formation
was 75–100% at 56 days after bone injury, in the +C group. The nHA and Gel-nHA scaffolds
had 25–50%, and FPG-nHA and Gel-FPG-nHA scaffolds had 50–75% bone formation, while it
was 0–25% in the –C groups.
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*, # P < 0.05 (compared with the +C, nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA by ManneWhitney U test)
$ P < 0.05 (compared with the –C, nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA by ManneWhitney U test)
P = 0.016 (compared with the +C by Manne-Whitney U test)

b

P = 0.036 (compared with the +C by Manne-Whitney U test)

c

P = 0.016 (compared with the +C by Manne-Whitney U test)

d

P = 0.032 (compared with the +C by Manne-Whitney U test)
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Figure 2. Tissue volumes of the healing bone defects after 56 days of bone injury.

A

P = 0.032 (compared with the –C by Manne-Whitney U test)
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The lesion has been filled with a loose areolar connective tissue in the –C group and a
fibrocartilage tissue was visible at the edges of the radial bone of the defects in the animals of
this group. Note the mild inflammatory response consisting of mononuclear cells in the defected
area of this group. In the +C group, a matrix composed of hyaline cartilage, calcified cartilage
and osseous tissue are predominant in the defect site. Note the neovascularization in the grafted
area of this group. The defects in the Gel-nHA and Gel-FPG-nHA group are filled with a nonhomogenous matrix composed of fibrous connective tissue, fibrocartilage and hyaline cartilage.
A hyaline cartilaginous matrix at the middle part of the lesion and calcified cartilage at the edges
of the lesion have filled the defected site in the Gel-nHA and Gel-FPG-nHA groups. In the
injured area of both the nHA and FPG-nHA groups the newly formed cells are proliferating from
the bone edges into the middle part of the defect area and more woven bone formation are seen
in the lesions of the animals of these groups. Note extensive development of the woven bone
containing several osteons at the bone edges in these two groups.
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Figure 3. Histopathological sections of the radial bone defects after 56 days of injury; stained
with H & E, longitudinal view. The red boxes in ×40 column are the regions that are magnified
in the ×100 column.

RBE radial bone edge, LAFT loose areolar fibrous tissue, CT cartilaginous tissue, DFT dense
fibrous tissue, HCT hyaline cartilaginous tissue, FCT fibrocartilaginous tissue, IC inflammatory
cells, RBCs red blood cells, NRM newly regenerated matrix, CCT calcified cartilaginous tissue,
WB woven bone, PO primary osteon, RS remnants of scaffold, NFWB newly formed woven bone
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CF collagen fibrils, CT connective tissue, HCM highly calcified matrix, HC hydroxyapatite
crystals, LCM low calcified matrix, FCT fibro-cartilaginous tissue
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Figure 4. Scanning ultramicrographs of the bones after 56 days of surgery. Highly calcified bone
matrix can be seen in the healthy bone. The defect has been filled with collagen fibrils in the –C
group. Low and highly calcified matrix have filled the defect sites in the +C group. A
fibrocartilage tissue and low calcified matrix containing deposited hydroxyapatite crystals are
present in the defect sites in the nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA groups.
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Table 1. Modified Lane and Sandhu radiological scoring system

Bone formation occupying 25% of the defect

1
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t

0

us

cr

No evidence of bone formation

2

an

Bone formation occupying 50% of the defect

M

Bone formation occupying 75% of the defect

3

4

ed

Bone formation occupying 100% of the defect
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Union (proximal and distal parts were evaluated separately)

No union

0

Possible union

1
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Bone formation

Radiographic union

2

Remodeling

34

1

Full remodeling of cortex

2

us

Total point possible per category

4

an

Bone formation

ed

2

2

2
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Remodeling

M

Proximal union

Distal union
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Remodeling of medullary canal
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0

Maximum score

10

Ac

Downloaded by [UC Santa Barbara Library] at 12:26 16 October 2017

No evidence of remodeling

35

Tissue present

0

Empty

1

Fibrous tissue only

2

More fibrous tissue than fibrocartilage

3

More fibrocartilage than fibrous tissue

4

Fibrocartilage only

7
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More fibrocartilage than bone
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5

6
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Score (points)

More bone than fibrocartilage

Bone only
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Table 2. Emery’s histopathological scoring system
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Table 3. Radiological findings in healing of the bone defects at various postoperative intervals.
Postoperative Mean ± SD Median (min-max)
Days
Control

Treatment
FPG-nHA
(n = 10)

1.08 ± 2.64 ±
1.82 ±
0.29
0.50
0.60
1 (1-2)a 3 (2-3)b 2 (1-3)c

2.10 ± 0.57

2.60± 0.70

2 (1-3)c

3 (1-3)b

1.36 ± 3.18 ±
2.36 ±
0.67
0.75
0.67
1 (1-3)a 3 (2-4)b 2 (1-3)c

2.60 ± 0.52

Union Proximal 28

3 (2-3)c

an

0.67 ± 1.55 ± 0.82 ± 0.41 1.10 ± 0.32
0.49
0.52
1 (0-1)a 2 (1-2) b 1 (0-1)a
1 (1-2)a

M

56 1.00 ± 1.73 ± 1.18 ± 0.60
0.45 0.47
1 (0-2)a 2 (1-2) b 1 (0-2) ab
28

0.33 ±
0.49

0 (0-1)a 1 (1-2) b 1 (1-1) b

Remodeling

Sum of the
Radiological
Scores

3.10 ± 0.32
3 (3-4) b

1.00± 0.00

1 (1-1)a

2.73 ± 0.65

3 (2-4) b
0.92 ± 0.29
1 (0-1)a

1 (1-2)ab

1 (1-2)ab

1 (1-1)b

1 (1-2)ab

1.00± 0.00

1.17 ± 0.39

1 (1-1) b

1 (1-2)b

0.82 ± 1.81 ± 1.36 ± 0.51 1.30 ± 0.48
0.75
0.40
1 (0-2)a 2 (1-2) b 1 (1-2) a
1 (1-2) ab

1.40 ± 0.52

1.36 ± 0.50

1 (1-2)ab

1 (1-2) ab

28

0.08 ± 1.00 ± 0.91 ± 0.30 0.90 ± 0.32
0 (0-1)a 1 (1-1) b 1 (0-1) b
1 (1-2) b

0.90 ± 0.32
1 (0-1) b

1.00 ± 0.00
1 (1-1) b

56

0.09 ± 1.09 ± 1.00 ± 0.00 1.00 ± 0.47
0 (0-1)a 1 (1-2) b 1 (1-1) b
1 (0-2) b

1.00 ± 0.00
1 (1-1) b

1.09 ± 0.30
1 (1-2) b

28

2.17 ± 6.64 ± 4.55 ± 1.04 5.10 ± 0.57
2 (1-5)a 7 (6-8) b 5 (2-6)c
5 (4-6)c

5.50± 0.71
6 (4-6)c

4.83 ± 0.58
5 (4-6)c

56

3.27 ± 7.82 ± 5.91 ± 1.14 6.30 ± 0.82
3 (2-7)a 7 (6-10) 6 (3-7)c
6 (5-8)c

6.80 ± 0.63
7 (6-8)b

6.55 ± 1.29
7 (5-9)c

b
a,b,c

2 (1-3)c

1.30 ± 0.48 1.36 ± 0.50

ce
pt

56

1.92 ± 0.52

1.40 ± 0.52

1.45 ± 1.00 ± 0.00 1.00 ± 0.00
0.52

ed

Distal

Gel-FPGnHA (n =
10)

cr

nHA (n
= 10)

us

56

Ac
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Bone Formation 28

+C
(n =
10)

ip
t

Gel-nHA
(n = 10)

–C
(n =
10)

At each row, different superscript alphabets show significant difference (P < 0.05).
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Table 4. Histopathological scores for healing of bone defects after 56 days of injury
Mean ± SD

nHA

(n = 5)

(n = 5)

(n = 5)

Gel-nHA

FPG-nHA Gel-FPG-

(n = 5)

(n = 5)

us

+C

nHA

2.20

± 6.20

0.45

0.45

±

ed

Emery’s Score

M

an

–C

cr

Treatment

6 (6-7)

± 4.33

± 5.50

1.00

0.58

0.58

5 (3-5)a, A

5 (5-6)b

5.5 (5-6)a

ce
pt

2 (2-3)*

(n = 5)

4.50

± 4.75± 1.26
5 (3-6)a

* P < 0.05 (compared with the +C, nHA, Gel-nHA, FPG-nHA and Gel-FPG-nHA by ManneWhitney U test)
a

P = 0.016 (compared with the –C by Manne-Whitney U test)

Ac
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Control

ip
t

Median (min-max)

b

P = 0.036 (compared with the –C by Manne-Whitney U test)

A

P = 0.016 (compared with the +C by Manne-Whitney U test)
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Table 5. Biomechanical findings at the 56th postoperative day

Control

Ultimate

Treatment

+C

nHA

Gel-nHA

(n = 5)

(n = 5)

(n = 5)

(n = 5)

1.69

Yield load (N)

14.36

0.80 *

± 28.23

±

0.61 *

ce
pt

1.25

Stiffness

16.76

(N/mm)

2.37

1.70

7.43

± 6.99

0.35

0.62

Strain (%)

±

ed

(N)

± 31.18

23.52

± 30.99

±

±

FPG-nHA

Gel-FPG-

cr

–C

load 18.08

Ac

(n = 5)

us
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Criteria

ip
t

Test

an

Bending

Point Mean ± SEM

± 23.92

± 26.38±

3.02

2.69

2.73 a

18.44

± 19.62±

20.80

1.82

2.49

1.77b

M

Three

28.97

± 29.30

3.33 c

2.28 d

± 32.82±
2.87 e

nHA
(n = 5)

22.92
1.88

± 18.12

±

2.26

29.24

±

2.71 d

5.69

± 5.62

± 6.19

± 7.09

0.56

0.34

0.88

0.91

39

±

±

Energy

20.20

absorption

2.74

± 37.07

±

1.90

21.66

± 21.96

3.77A

3.76 B

± 27.58±

26.81

6.02

5.79

±

ip
t

(N.mm)

b

P = 0.019 (compared with the –C by one-way ANOVA test).

c

P = 0.003 (compared with the –C by one-way ANOVA test).

d

P = 0.002 (compared with the –C by one-way ANOVA test).

e

P < 0.001 (compared with the –C by one-way ANOVA test).

cr

P = 0.016 (compared with the –C by one-way ANOVA test).

an

us

a

P = 0.018 (compared with the +C by one-way ANOVA test).

B

P = 0.020 (compared with the +C by one-way ANOVA test).

ce
pt

ed

M

A

Ac
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* P < 0.05 (compared with the empty defect, Gel, FPG and Gel-FPG by one-way ANOVA test).
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