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The Masquelet induced membrane technique
with PRP-FG-nHA/PA66 scaffold can heal a rat
large femoral bone defect
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Abstract

Background Masquelet membrane induction technology is one of the treatment strategies for large bone defect
(LBD). However, the angiogenesis ability of induced membrane decreases with time and autologous bone grafting is
associated with donor site morbidity. This study investigates if the PRP-FG-nHA/PA66 scaffold can be used as a spacer
instead of PMMA to improve the angiogenesis ability of induced membrane and reduce the amount of autologous
bone graft.

Methods Platelet rich plasma (PRP) was prepared and PRP-FG-nHA/PA66 scaffold was synthesized and observed.
The sustained release of VEGFA and porosity of the scaffold were analyzed. We established a femur LBD model in male
SD rats. 55 rats were randomly divided into four groups depending on the spacer filled in the defect area. "Defect
only”group (n=10),"PMMA" group (n=15),"PRP-nHA/PA66" group (n=15) and “PRP-FG-nHA/PA66" group (n=15). At
6 weeks, the spacers were removed and the defects were grafted. The induced membrane and bone were collected
and stained. The bone formation was detected by micro-CT and the callus union was scored on a three point system.

Results The PRP-FG-nHA/PAG6 scaffold was porosity and could maintain a high concentration of VEGFA after 30 days
of preparation. The induced membrane in PRP-FG-nHA/PA66 group was thinner than PMMA, but the vessel density
was higher.The weight of autogenous bone grafted in PRP-FG-nHA/PA66 group was significantly smaller than that of
PMMA group. In PRP-FG-nHA/PA66 group, the bone defect was morphologically repaired.

Conclusion The study showed that PRP-FG-nHA/PA66 scaffold can significantly reduce the amount of autologous

bone graft, and can achieve similar bone defect repair effect as PMMA. Our findings provide some reference and
theoretical support for the treatment of large segmental bone defects in humans.
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Introduction

The repair and reconstruction of large bone defect (LBD)
is one of the most challenging problems for orthopedic
surgeons. LBD is often caused by severe trauma, debride-
ment after infection, bone tumor resection, and other
reasons [1]. The treatment of LBD is difficult, especially
when combined with infection and poor soft tissue con-
ditions. Blood vessels have many biological functions
such as nutrient supply mechanism, molecular signal-
ing transmission and stem cell transport. Angiogenesis
is crucial for bone regeneration. Lack of angiogenesis is
one of the reason of hindering bone development, regen-
eration and proper systemic functioning [2]. Studies have
shown that the reason why many bone defects are diffi-
cult to heal is precisely because of the difficulty of local
blood vessel formation [3]. Therefore, the treatment of
bone defect requires not only filling the defect, but also
recovering the local angiogenesis ability.

In recent years, Masquelet membrane induction tech-
nology has become one of the treatment strategies for
LBD due to its ability to promote the blood vessel forma-
tion of induced membrane [4]. The Masquelet membrane
induction technology was proposed by Masquelet et al.
in 2000. This technique consists of two stages of surgery:
First, after complete debridement, the defect is filled with
polymethyl methacrylate (PMMA) cement as a spacer.
Second, after 6-8 weeks of implantation, the PMMA
spacers were removed and followed by autologous bone
grafted. At present, this technology has achieved good
results in the treatment of large bone defects [5]. How-
ever, the technology has many drawbacks. First, as a tra-
ditional membrane induction medium, PMMA cement
has little bone induction activity. Second, PMMA has
thermogenic effect during the solidification process,
which is easy to cause thermal damage to the surround-
ing tissues [6]. Third, the angiogenesis ability of the
membrane induced by PMMA gradually decreases after
implantation [7]. Last, after the removement of PMMA,
the space left always needs large amount of autologous
bone which will cause donor site morbidity and second-
ary deformity. Therefore, it is important to improve the
angiogenesis ability of induced membrane and reduce the
amount of autograft bone grafted in the second stage.

Platelet rich plasma (PRP), an autologous concentra-
tion of platelets from autologous whole blood by second-
ary centrifugation, has rapidly evolved as a focal point
of interest in the realm of orthopedic therapeutic [8].
The autologous derivation of PRP offers both economic
advantages and obviates potential immunogenic com-
plications commonly linked to exogenous recombinant
growth factors. Such benefits not only reduce the risk
of disease transmission but also facilitate its applica-
tion in surgery [9]. Upon activation, PRP will release an
array of growth factors and cytokines, such as VEGFA,
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PDGF and TGEF-P1, holding pivotal roles in processes
like fracture healing, tissue reconstruction, and angio-
genesis [10]. Many studies have shown that PRP can
accelerate the healing process of a variety of refractory
ischemic wounds such as chronic bed sore wounds and
ulcer wounds [11, 12], PRP can also improve bone isch-
emic states such as femoral head ischemic necrosis and
diabetic bone delayed union [13, 14].

Fibrinogen (FG) can form a membrane-like fibrous net-
work structure after polymerization, which is often used
to promote wound repair [15]. Due to its good biocom-
patibility, it is also commonly used as a delivery vehicle
for growth factors. With the fibrin gradually degraded
by fibrinolysis in vivo, the growth factors will be stably
released, thus achieving a sustained effect. Fibrinogen
has achieved good therapeutic effects in the treatment of
lesions in bone or cartilaginous tissue [16]. Therefore, in
this study, we plan to use fibrinogen to promote the sus-
tained release of PRP related growth factors, thus maxi-
mizing the bioactivity of PRP.

In our study, a novel PRP-FG-nHA/PA66 scaffold was
designed as an alternative to PMMA cement in Mas-
quelet technology. Our study demonstrated the PRP-
FG-nHA/PA66 scaffold could not only promote the
angiogenesis of induced membrane, but also reduce the
amount of autograft implanted in the second stage. Our
study improved the Masquelet technology and provide
some reference and theoretical support for the treatment
of large segmental bone defects in clinical.

Materials and methods

Experimental animals

Male Sprague Dawley (SD) rats in this study were ordered
from the Laboratory Animal Center of the Second Affili-
ated Hospital of Harbin Medical University (Harbin, Hei-
longjiang, China). All procedures were performed under
the approval of the Animal Care and Use Committee of
Harbin Medical University (IACUC NO.: 2,022,061). Rat
were housed in groups of four and gave five days to accli-
mate to the housing facility. The temperature was 22+2
‘C, humidity was 55%, and natural light-dark cycle. Ani-
mals were housed in 600x380x200 mm? cages and rats
were given maintenance food and water. The health sta-
tus of the animals was monitored twice daily. All sections
of this report adhere to the ARRIVE Guidelines 2.0 for
reporting animal research.

PRP preparation

PRP donor animals (SD rat, n=40) were anesthetized
with intraperitoneal injection of phenobarbital sodium
(40 mg/kg) and then humanely euthanized. 5 animals
as one experimental unit. The PRP was prepared by the
two-step centrifugation method as previously described
[17]. Briefly, the whole blood was drawn from rats by
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an intra-cardiac puncture, then the blood was anti-
coagulated and centrifuged for 15 min at 800 rpm at
20 °C. The upper plasma was collected and centrifuged
again for 15 min at 2000 rpm at 20 °C. The upper layer
was removed, leaving the PRP and buffy coat. The whole
blood and PRP were taken for platelet counting to ensure
that the number of platelets in PRP was 3—4 times higher
than that in the whole blood.

Scaffold preparation and lyophilization

The nHA-PA66 scaffold was synthesized as previously
described [18]. Briefly, nHA-PA66 powders were mixed
with ethanol at room temperature, the ratio of compos-
ite to ethanol (w: V) was varied from 0.6 to 0.8. Then
the mixture was cast into the Teflon® mould and moved
into oven at 80 ‘C for 3 days. During this period, phase
inversion of ethanol was thermally induced. After etha-
nol gradually evaporated from the mould, the material
became solidification. The porous scaffold was finally
obtained after being dried at 100°C. The scaffold was cut
into small pieces (5x5x5 mm?®) with a 1 mm diameter
groove in the middle and sterilized using ethylene oxide
gas.

Fibrinogen solution was prepared by dissolving fibrino-
gen (Harbin Hanbang Medical Technology Co., Ltd. Har-
bin, China) in sterile water. The equal volume of PRP was
mixed with the fibrinogen solution. The nHA/PA66 was
fully immersed in the mixture for 5 min. Then calcium
chloride (40 mmol/L) and thrombin (25 U/mL) were
added to the mixture as activators. The reaction lasted for
30 min, and then the uncondensed liquid was removed.

The process of lyophilization was as follows:

Pre-cooling at -4 C for 48 h;

Frozen at -80°C for 24 h;

-70 °C, 6.67x10™* kPa, 6 h;

After lyophilization, the samples were sterilized with
ethylene oxide and stored at -20 ‘C. Controls were estab-
lished without fibrinogen and lyophilization.

Sustained release of VEGFA

The scaffold was infiltrated in PBS at 37°C and shaken
thoroughly. The liquid was changed every 3 days and
stored at -80°C. The concentration of VEGFA in the col-
lected liquid was detected by ELISA according to the
manufacturer’s instructions (Shanghai Enzyme-linked
Biotechnology Co., Ltd. Shanghai, China).

Scanning electron microscopy (SEM) observation

The samples were immobilized with 2.5% (v/v) glutaral-
dehyde solution at 4°C for 4 h, dehydrated with a graded
series of ethanol (30, 50, 70, 90, and 100%), freeze-dried
for 48 h. The samples were finally coated with gold. The
morphology of the scaffold were observed by scanning
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electron microscopy (HITACHI, Japan). The protocols
were the same as our previous study [17].

Porosity measurement

The porosity of the PRP-FG-nHA/PA66 scaffold was
measured by liquid displacement method as previously
described [19]. Ethanol was chosen as the displacing
liquid because it easily penetrated into the pores of the
scaffold without destroying the scaffold. The scaffold was
completely immersed in a known volume (V1) of etha-
nol. The total volume of ethanol and ethanol - saturated
scaffold was recorded as V2. The saturated scaffold was
then removed and the volume of residual ethanol was
recorded as V3. The volume of the saturated scaffold was
V2-V3 and the volume of ethanol within the scaffold was
V1-V3. The porosity of the scaffold was calculated as
follows.

Porosity (%) = (V1 — V3) / (V2 = V3) x 100

The experiments were performed 5 times and the average
porosity value was obtained.

Experiments on animals

Segmental bone defect was created in the middle of the
right femur as previously described [20]. The rats were
anesthetized with intraperitoneal injection of phenobar-
bital sodium (40 mg/kg). The individual rat was consid-
ered the experimental unit within the studies. The rat
was placed in the left lateral prone position, and a 40 mm
longitudinal incision was made over the lateral aspect of
the right thigh. The muscles were separated to expose the
lateral aspect of the femoral bone. The LBD measuring
5 mm was created using a precise motor-driven drilling
machine and the femur was inserted by a 1.25 mm diam-
eter K-wire. The scaffold or PMMA cement cylinder, with
a 1 mm diameter groove in the middle, was implanted
in the defect. 6 weeks after the first operation, the scaf-
fold or PMMA was removed, autologous corticocancel-
lous bone grafts, collected from caudal vertebrae, were
weighted and grafted in the defect area. The wound and
skin were closed by 4—0 silk sutures. 55 male SD rats
weighed (mean®SD) 152111 g were used in this study.
The rats could be divided into four groups depending on
the spacer filled in the defect area. Group 1 was “defect
only” group (n=10), without spacers in the defect area;
Group 2 was “PMMA” group (n=15) with PMMA in the
defect area; Group 3 was “PRP-nHA/PA66” group (n=15)
with PRP-nHA/PA66 in the defect area, and group 4
was “PRP-FG-nHA/PA66” group (n=15) with PRP-FG-
nHA/PA66 scaffold in the defect area. 15 rats had to be
excluded because of postoperative complications, includ-
ing incision infection (n=4), incision rupture (n=3),
scaffold and PMMA dislocation (n=4), and unexplained
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death (n=4). The 15 excluded rats belong to defect only
group (n=3), nHA/PA66 group (n=4), PRP-nHA/PA66
group (n=>5) and PRP-FG-nHA/PA66 group (n=3).

In group 2-4, 5 rats were randomly selected and
humanely euthanized at 6 weeks after the first operation.
The remaining rats were received the secondary opera-
tion. After 6 weeks, 5 rats were randomly selected and
humanely euthanized. In defect only group, 5 rats were
randomly selected and humanely euthanized at 12 weeks
after the first operation. Random numbers were gener-
ated using the standard=RAND () function in Microsoft
Excel. The group allocation was blinded to the experi-
menters during the conduct of the experiment, the out-
come assessment and the data analysis.

Histologic assessment

Induced membrane samples at 6 week after first-stage
surgery and bone samples at 6 week after second-stage
surgery were collected. Samples containing bone tissue
were additionally demineralized in a 10% EDTA solution.
All samples were fixed in 4% (v/v) neutral paraformalde-
hyde for 24 h after collection. Following dehydrated and
embedded in paraffin, the tissues were cut into 5 pm sag-
ittal sections. Then, the slides were stained with hema-
toxylin and eosin and bone tissue slides were additionally
stained with masson’s staining. The protocols were the
same as our previous study [21]. The figures were exam-
ined and captured by another group of experienced
histology researchers in a blinded manner using a micro-
scope (Olympus, Japan).

Micro-CT measurement

6 weeks after second-stage surgery, the bone samples
were scanned using a micro-CT scanner (Skyscan 1076,
Belgium) at 30 um resolution as previously described
[17]. A constant volume of interest centered over the
defect site, with 150 slices thick (approximately 5 mm),
was selected for analysis. The two dimensional images
were reconstructed. The bone volume (BV, mm?), bone
volume density (BV/TV, %), and bone mineral density (g/
cm®) were calculated. The callus formation was scored on
a three point system as described by DeBaun MR et al.
[22], where a score of 0=pseudarthrosis (almost no callus
formed), 1=no bridging (presence of callus but no cortex
bridging), 2=incomplete bridging (one to three cortices
bridged by callus), 3=complete bridging (four cortices
bridged by callus). Scoring was carried out by blinded
observers.

Statistical analysis

Statistical analysis was performed by using GraphPad
Prism 9 software. All data were expressed as mean+SD.
The data between two groups were compared using
independent-samples t-test. The data between three or

Page 4 of 11

more groups were compared by the one-way ANOVA
and Tukey test. P<0.05 was considered to be statistically
significant.

Results

The structure of PRP-FG-nHA/PA66 scaffold and sustained
release of VEGFA

The structure of PRP-FG-nHA/PA66 scaffold were
observed by SEM. The SEM showed that the nHA/PA66
scaffold had a rough surface and the average pore diam-
eter of nHA-PA66 scaffolds was 300-500 pm. Large
pores were connected by small pores. Without fibrino-
gen and lyophilization, the PRP-gel could only cover the
surface of the scaffold. After the addition of fibrinogen
and lyophilization, the PRP-gel had a crystalline shape.
The PRP-gel could permeate into the pores and attach to
the walls of the pores (Fig. 1A). The average porosity of
the PRP-FG-nHA/PA66 scaffold was 58.7%. The results
of ELISA showed that the PRP-FG-nHA/PA66 scaffold,
prepared by fibrinogen and lyophilization, could still
maintain a high concentration of VEGFA after 30 days of
preparation (Fig. 1B).

PRP-FG-nHA/PA66 scaffold significantly improves
angiogenesis of induced membrane

After 6 weeks of first-stage surgery, the induced mem-
brane was stained with hematoxylin and eosin. The
results showed that the induced membrane could be
roughly divided into inner and outer layers, which had
different morphological features. The outer layers of
induced membrane were mainly composed of fibrous
connective tissue and microvessels mainly existed in
inner layers. In PMMA group, the outer layer of induced
membrane was mainly composed of loose connective tis-
sue, and the inner layer was more compact than the outer
layer. Although the thickness of outer layer of the induced
membrane in PMMA group was greater than that of
PRP-FG-nHA/PA66 group, more microvessels could
be seen in the inner layer of PRP-FG-nHA/PA66 group
(Fig. 2A). The histomorphometric results were consistent
with the observation. According to the results, the outer
layer of the induced membrane in PMMA group was the
thickest, but the vessel density of the inner layer in PRP-
FG-nHA/PA66 group was the highest among the three
groups (Fig. 2B-C).

PRP-FG-nHA/PA66 scaffold significantly reduced the
volume of bone grafted planted in second-stage surgery
Figure 3A - F illustrated the procedure of the establish-
ment of induced membrane in the rat femoral bone
defect site. Both PRP-FG-nHA/PA66 scaffold and PMMA
were prepared into 5x5x5 mm? small pieces with a
1 mm diameter groove in the middle before implantation.
After 6 weeks of first-stage surgery, it was found that
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Fig. 1 A, the morphology of nHA/PA66, PRP-nHA/PAGE and PRP-FG-nHA/PAG6. After the addition of fibrinogen and lyophilization, the PRP-gel had a
crystalline shape and attached to the walls of the pores. B, ELISA assay for concentration of VEGFA after 30 days of preparation. Data in mean+SD, n=5
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Fig. 2 A, HE staining results of the induced membrane formed in the defect area after 6 weeks of first-stage operation (scale bar: 100 um, black arrows
indicate microvessels). B Quantitative results for the thickness of outer layers of the induced membrane. C Quantitative results of vessel density in induced
membrane. n=5, mean+SD, p<0.05, p<0.01, versus PMMA group, *#p < 0.001, versus PRP-FG-nHA/PA66 group
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Weight of autogenous bone
planted in graft bed (mg)

Fig. 3 A-Fillustrated the procedure of the establishment of induced membrane in femoral defect site. A Bone defect site of 5 mm in length in the right
femur of the rats was prepared in the first-stage surgery. (8) PMMA and (C) PRP-FG-nHA/PAG6 were prepared into 5x5x5 mm? small pieces and im-
planted in the defect site. The induced membrane formed by (D) PMMA and (E) PRP-FG-nHA/PA66 after 6 weeks of first-stage surgery. F The autogenous
bone was planted in graft bed in PRP-FG-nHA/PA66 group. G The weight of autogenous bone planted in graft bed after the removement of PMMA and

PRP-FG-nHA/PAG6, n=5, mean +SD, ‘p<0.05

the membrane-like tissue generated around the PMMA
spacer was thicker than that of PRP-FG-nHA/PA66.
However, a complete induced membrane rich in blood
vessels could be observed. After the removement of the
spacers, the autogenous bone planted in the chamber was
weighed. The results showed that the weight of autog-
enous bone in PRP-FG-nHA/PA66 scaffold group was
significantly smaller than that of PMMA group (Fig. 3G).

The induced membrane of PRP-FG-nHA/PA66 scaffold

has higher efficacy in bone defect treatment than that of
PMMA

After 6 weeks of second-stage surgery, we performed
masson’s staining and micro-CT to detect the bone for-
mation among groups. The results of masson’s staining
showed that in the defect only group, a small amount of
new bone tissue was formed in the “membrane” of the
bone defect area, the defect was mostly filled with fibrous
connective tissue. In PRP-nHA/PA66 group, we could
observe bone formation in the bone defect area, but the
newly formed bones were filled with fibrous tissue. In the
PRP-FG-nHA/PA66 group and PMMA group, we could
observe more bone formation compared with that in
PRP-nHA/PA66 group, and the bone defect was almost
morphologically repaired (Fig. 4).

Micro CT results showed that in the defect only group,
there was enveloping callus around the bone defect area.
Although the area of bone defect was reduced, the bone
defect was still existed. In PRP-nHA/PA66 group, little
callus was observed in the bone defect area. In PRP-FG-
nHA/PA66 group and PMMA group, continuous callus
was observed in the bone defect area (Fig. 5). Quantita-
tive parameters including bone volume (BV, mm?), bone

volume density (BV/TV, %) and bone mineral density
(g/cm?®) for bone formation were obtained and statisti-
cally analyzed, the results were illustrated in Fig. 6. The
PRP-FG-nHA/PA66 group and PMMA group showed
significantly greater mineralized callus formation com-
pared with PRP-nHA/PA66 group and defect only group,
but no significant difference was found between the two
groups in terms of the bone volume, bone volume density
and bone mineral density.

Callus union was also scored based on the micro-CT
scans. Defect only group had a mean score of 1.0+0.71,
with PRP-nHA/PA66 group having 1.8+0.84, PRP-FG-
nHA/PA66 group having 2.4+1.14 and PMMA group
having 2.8%£1.30. No significant difference was found
between PRP-FG-nHA/PA66 group and PMMA group.
Bridging of the defect, which was demonstrated by
a score of two or greater, was observed in 1/5 (20%) of
defect only group, 2/5 (40%) of PRP-nHA/PA66 group,
4/5 (80%) of PRP-FG-nHA/PA66 group, and 4/5 (80%) of
PMMA group.

Discussion

In 1986, Masquelet accidentally discovered the induced
membrane technology. At that time, the PMMA was used
only as a spacer to fill the bone defect, and the induced
membrane surrounding the PMMA was retained to
avoid excessive bleeding. However, subsequent stud-
ies found that this membrane induced by PMMA had
many benefits, the membrane not only promoted vas-
cularization and corticalization of the graft but also pre-
vented its resorption [23]. In 2010, Masquelet proposed
the concept of induced membrane technology, and this
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Fig. 4 Representative images of masson’s staining from different groups. F: fibrous tissue, NB: new bone, IM: induced membrane

technology opened up new prospects for the treatment of
bone defects [24].

Masquelet induced membrane technology involves
two stages of surgery. Radical debridement is critical in
the first surgery, especially for cases such as infectious
bone defects and osteomyelitis. Debridement can remove
bacterial biofilms, necrotic tissue, scars, granulation tis-
sue, and non-vital tissues present in the bone defect
area. Study has shown that conservative debridement
[25] is a major factor contributing to high recurrence
rate of infection. Some studies even consider infectious
bone diseases as malignant conditions requiring surgical
debridement [26]. Because of the radical debridement in
the first surgery, large bone defects are often formed in
the second stage. The defect area may even exceed two-
thirds of the bone length [27]. Although these defects can
be repaired in the second stage, it requires massive bone
grafting to fill the chamber. The main source of autograft
is anterior or posterior iliac crest, and a large amount

of cancellous autogenous iliac grafting may easily cause
donor site diseases, including movement limitations,
perceptual disturbances, deformity and pains [28, 29].
Therefore, massive autogenous bone graft is the major
disadvantage of the Masquelet induced membrane tech-
nique [30]. In our study, we used PRP-FG-nHA/PA66
instead of PMMA as an spacer in the first stage, and then
we observed the morphology of the induced membrane
and weighed the amount of autologous bone required for
the second stage of surgery. Our results showed that the
PRP-FG-nHA/PAG66, as a spacer, could not only signifi-
cantly reduce the amount of autogenous bone graft in the
second stage, but also repair the bone defect as PMMA.
Our study indicated the induced membrane of PRP-FG-
nHA/PAG66 scaffold had higher efficacy in bone defect
treatment than that of PMMA.

Schmitz JP et al. have found that if the defect length
reaches one-tenth of the bone length, the defect will
exceeded the critical size for self-repair [31]. The average
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Defect only PRP-nHA/PAG66

PMMA
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Fig. 5 Representative images of micro CT from different groups. The top images show high magnifications of the defect areas, and the bottom images
show low magnification overview of the whole femurs after 6 weeks of second-stage surgery (The straight line in the femoral marrow cavity is the K-wire)
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Fig. 6 Bone volume (BV, mm?), bone volume density (BV/TV, %) and bone mineral density (g/cm?) of the three groups, n=5, mean=SD, ~ p<0.001,

versus defect only group; ##p <0.001, versus PRP-nHA/PAG6 group

femoral length of SD rats in our study was about 4 cm,
therefore, we established a 5 mm large segmental bone
defect in the right femurs of SD rat. In our previous
study, we confirmed the effective of HUMSCs-PRP gel/
nHA-PA66 scaffold to promote bone regeneration in the
rat LBD repair [17]. However, the previous study also has
many deficiencies. First, we found the immersion of PRP
gel could only enable the PRP to cover the surface of the
scaffold; Second, the HUMSCs are difficult to obtain and
very expensive. Because of these deficiencies, we designed

a new scaffold. We used lyophilization method to make
the PRP gel fully attached to the surface of the scaffold
and applied it to Masquelet induced membrane technol-
ogy instead of PMMA as a spacer. Our results showed the
PRP-FG-nHA/PA66 scaffold had many advantages. First,
the PRP-FG-nHA/PA66 was prepared with a 1 mm diam-
eter groove in the middle before implantation. This struc-
ture can make the spacers embedded in the defect area
and reduce the damage to the induced membrane dur-
ing the second operation to remove the spacer; Second,
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according to the literature, the porosity of human can-
cellous bone is 40-95% [31-33]. The average porosity of
the PRP-FG-nHA/PA66 scaffold in our study was 58.7%,
which was similar to normal cancellous bone, which met
the basic requirements of scaffolds for large bone defects;
Third, because of the application of fibrin as a “glue’, PRP
gel could be attached not only to the outer surface, but
also to the inner micropores surface of the nHA/PA66
scaffold. Our results indicated the freeze-drying step
could strengthened the attachment of PRP gel. Finally,
due to the thoroughly permeation and stable PRP attach-
ment, the PRP-FG-nHA/PA66 scaffold achieved a lon-
ger growth factor release time than the PRP-nHA/PA66
scaffold, which was beneficial for the vascularization of
the induced membrane. We could observed the induced
membrane was rich in microvessels after 6 weeks of PRP-
FG-nHA/PA66 scaffold implantation.

In Masquelet induced membrane technology, the
neovascularization of the induced membrane is very
important. Studies have shown that this membrane-like
tissue is rich in various angiogenic factors, such as vas-
cular endothelial growth factor A (VEGFA), transform-
ing growth factor-fl (TGEF-P1), and so on [20]. The
induced membrane has good angiogenesis ability, so it
can improve the formation of microvessels and the perfu-
sion the local blood in the bone defect area [34]. Even in
the case of some ischemic diseases (such as radiotherapy,
congenital pseudarthrosis formation, etc.), the induced
membranes can effectively promote angiogenesis in the
bone defect area [35, 36]. However, the angiogenesis abil-
ity, an important capacity of induced membrane, gradu-
ally decreases with time [37]. Studies have shown that the
neovascularization of induced membrane decreased after
6 weeks of formation, and only about 60% of microves-
sels remained after 12 weeks [7]. Our study showed that
the induced membrane around PMMA cement, although
very thick after 6 weeks of implantation, was mainly com-
posed of fibrous tissue, only a few microvessels existed in
the inner layer. Insufficient angiogenesis capacity may not
only prolong the treatment time, but even lead to early
dissolution of the implanted autologous bone [38].

Although the angiogenic ability of induced membrane
is critical for the treatment of Masquelet induced mem-
brane technology, PMMA cement, as a traditional mem-
brane induction medium, has many deficiencies. PMMA
has little angiogenic ability and will release heat in the
procession of solidification, which is easy to cause ther-
mal damage to surrounding tissues [6]. In recent years,
many studies have used biological scaffolds instead of
PMMA bone cement as membrane induction media [].As
an ideal scaffold material for bone defect filling, nano-
hydroxyapatite/polyamide 66 (nHA/PA66) has excellent
osteoconductive and osteoinductive activity. The scaf-
fold has been widely used in a variety of clinical surgical
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procedures [40]. Because nHA/PA66 scaffold has many
advantages compared to PMMA, we used nHA/PA66 as
the scaffold of the composite material to fill the defect
area.

Previous study has shown that although many cyto-
kines released after PRP activation are involved in the
angiogenesis process, VEGFA has a dominant role among
these cytokines [41]. The cytokines released after PRP
activation, such as PDGF and TGEF- 1, not only syner-
gize with VEGFA, but also upregulate the expression
of VEGFA and its receptors. Therefore, although many
cytokines can be released after PRP activation, VEGFA is
a key regulator of angiogenesis promoted by PRP. In this
study, we used lyophilization method to combine PRP,
FG with nHA/PA66 scaffold and analyzed the release of
VEGFA. The result of ELISA showed that the PRP-FG-
nHA/PA66 scaffold could release VEGFA for up to 30
days. PRP related cytokines make PRP-FG-nHA/PA66
scaffold has a good angiogenic ability.

To further demonstrate the angiogenic ability of PRP-
FG-nHA/PA66 scaffold, we observed the microvessels
formation of the induced membrane. At 6 weeks after
implantation, neovascularization could be observed
around both PMMA and PRP-FG-nHA/PA66 scaffold
in the inner layer of the induced membrane. However,
the vessel density around PRP-FG-nHA/PA66 scaffold
was significantly greater than that in PMMA. The results
of the histological observations are also consistent with
what we observed in animal surgery. The results indi-
cated that PRP-FG-nHA/PA66 scaffold we constructed
had a good angiogenic ability. The high density of
microvessels also indicated that the induced membrane
formed by PRP-FG-nHA/PA66 scaffold had good capac-
ity for the treatment of bone defects. These results might
explain why PRP-FG-nHA/PA66, as a spacer, could sig-
nificantly reduce the amount of bone graft in the second
stage. There are also some limitations in our study. First,
this study did not investigate the mechanism of PRP pro-
moting the angiogenesis of induced membrane. Second,
the PRP-related cytokines were not clarified. In the fol-
lowing study, we will optimize the preparation method of
PRP and further investigate PRP-related cytokines. We
hope the PRP-FG-nHA/PA66 scaffold can achieve better
bone defect repair effect in future.

In conclusion, our study modified the Masquelet
induced membrane technique for the repair of LBD, we
used PRP-FG-nHA/PA66 scaffold instead of PMMA in
the first-stage surgery. The study showed that PRP-FG-
nHA/PA66 scaffold can significantly reduce the amount
of second-stage cancellous autologous bone graft, and
less autologous bone graft can achieve similar bone
defect repair effect as PMMA. Our findings provide some
reference and theoretical support for the treatment of
large segmental bone defects in humans.
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