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Abstract
Background: Induced membrane-guided spontaneous osteogenesis (IMGSO) has been experimentally validated, but there is a lack of

research on its cause and influencing factors. The aim of this study was to investigate the main influencing factors of IMGSO. Methods:
Seventy-two adult Sprague-Dawley rats with 10- or 15-mm femur defects were established and randomly divided into 6 groups (n =

12). Except for the control group (Group B4), all the defects were filled with vancomycin-loaded p,
spacers. Size-matched spacers for Groups A1-A2 and B, larger spacers for Group B2, an
osteogenic activities of different parts of the induced membrane (IM) in Groups A1-A2 and

levels of bone morphogenic protein-2 (BMP-2), transforming growth factor-3 1T GF-3
in the proximal and distal parts of the IMs were similar and greater than those in

new bone, only bone resorption and bone atrophy. Conclusions: The oste
strongest activity in the IM near the bone end. Bone marrow overflowi
resulting in IMGSO, and is the key factor. Another main influencing

size.
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Introduction

Nyman et al. [1] reported in their study of peri-
odontal tissue regeneration, that a membrane placed be-
tween the periodontal connective tissue flap and the tooth
root as a barrier could prevent the epithelium and connec-
tive tissue at the gum bonding level from growing into
the periodontal tissue, selectively guiding regenerative po-
tential cells to proliferate toward the surface of the tooth
root and producing new cementum and periodontal liga-
ment. Therefore, they proposed membrane-guided tissue
regeneration (MGTR). Inspired by MGTR, Buser ef al. [2]
proposed membrane-guided bone regeneration (MGBR),
which refers to the use of barrier membranes to exclude
nonosteoblastic cells from invading the defect while creat-
ing a bone growth space that allows osteoblasts to preferen-
tially migrate and grow. Membranes made of various ma-
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terials have been proven to serve as MGBR, which usually
requires a bone graft within the membrane to repair bone de-
fects [3—5]. However, animal experiments have shown that
without bone graft within the membrane, a small amount of
new bone can be formed, and even the new bone can com-
plete bone defect repair in MGBR [1,6]. However, they did
not describe the characteristics and influencing factors for
the new bone. In standard MGBR, bone grafting is neces-
sary.

The Masquelet induced membrane technique (IMT) is
a two-stage surgical procedure used to reconstruct segmen-
tal bone defects. During the first surgery, diseased or in-
jured tissue is removed, and the bone defect is filled with
a polymethyl methacrylate (PMMA) cement spacer [7—11].
During the second surgery, the spacer is removed through
a longitudinal incision and the autograft is filled within the

Com
CELLO® maceziaLs


https://doi.org/10.22203/eCM.v049a03
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://orcid.org/0000-0002-0917-7449
https://orcid.org/0000-0002-7347-1773
https://orcid.org/0009-0004-8666-8075
https://orcid.org/0009-0009-8734-8934

European Cells and Materials Vol.49 2025 (pages 21-31) DOI: 10.22203/eCM.v049a03

Group A with K-wires and

sizes of spacer

Group B with different

I

[

K-wires and size
mached spacer
for Group B1

|

K-wires and Bone end Control of
larger spacer sealed for bone defect
for Group B2 Group B3 for Group B4

Proximal
part

l ! |

1
Middle
part

size-matched spacer
Distal
part

/

More bone
marrow overflow

Less bone No bone marrow

No IM
marrow overflow | | overflow

Lower
ostereogen
ic activity

Higher
ostereogen
ic activity

Higher e
ostereogen 7 S
ic activity | bone

Different osteogenic activity

l ! | l

new \

. /"

N

‘J,// Less new \\ ‘,/NO new \ “x/ Bone \\'
bone ‘ \ bone \_ atrophy /
KER K A& Ty

~—

Different osteogenic
manifestations

Fig. 1. The schematic diagram of methodology and results. IM, induced membrane.

induced membrane (IM). The IMT is also a type of MGBR,
and the IM is not a ready-made membrane but a biomem-
brane that slowly forms in the body. Both Klaue et al. [12]
and Gruber ef al. [13] noted that a small amount of new
bone formed in the IM near the bone end after 2-3 months
of filling with PMMA in animal femoral defects. However,
they also did not describe the characteristics and influenc-
ing factors for the new bone.

The callus formed after cancellous bone graftin
usually called new bone. To distinguish the calluses

named the former without bone graft mate
IM as spontaneous osteogenesis (SO). We re

c equires two-stage
surgery. In addition, for large beone,defects, a significant
amount of autogenous bone graft/material is needed, but
the amount of autogenous bone material obtained is lim-
ited. Therefore, two-stage surgery and the need for more
autogenous bone material are the main drawbacks of the
IMT [17]. One-stage surgery with minimal or no autoge-
nous bone graft material has become a research direction for
IMT [15,18,19]. Nevertheless, the IMGSO phenomenon
makes it possible for surgeons to perform one-stage surgery
or bone marrow graft instead of autogenous bone graft ma-
terial using an improved IMT to reconstruct bone defects
[16]. Therefore, IMGSO is a promising research direction.

It is necessary to understand the cause and influenc-
ing factors of IMGSO prior to repairing bone defects with
IMGSO. However, there is a lack of research on the cause
and influencing factors of IMGSO. Therefore, the aim of
this study is to investigate the main influencing factors of
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bone always grows along
e defect center, we hypothe-
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for ofn ne is influenced by the amount of bone

appropriate size of the membrane at the

erials and Methods
rouping and Housing Conditions

Seventy-two specific pathogen-free adult male
Sprague-Dawley rats purchased from Suzhou Baisheng
Biotechnology Co., Ltd. (Suzhou, China; mean weight,
281 g; range, 230-305 g) were randomly divided into 6
groups (n = 12). Groups A1-A2 were used to observe the
osteogenic activity of different parts (proximal, middle,
and distal) of the IMs formed at 5 weeks so that a 15-mm
osteotomy was needed (otherwise, there would be too
few membranes in each part), whereas Groups B1-B4
were used to observe the osteogenic manifestations of the
IMs formed at 12 weeks so that only a 10-mm osteotomy
was needed. According to the preliminary experiment,
the average diameter of the shaft of the rat femur was
4 mm. Two sizes of spacers with a diameter of 4 mm
for the size-matched group and 6 mm for the larger size
were prepared with vancomycin-loaded PMMA (2 g/40
g) (CMW 3, DePuy International, Blackpool, UK) and
hardened in silicone molds (6035H, Blank Flame Medical,
Shanghai, China). The methodology is summarized in
Fig. 1. The spacer samples were sterilized with ethylene
oxide. The animals were allowed to acclimate for 1 week
at the animal experiment center (Soochow University
Laboratory Animal Research Center, Suzhou, China;
temperature: 20-23 °C; day/night light cycle: 12/12 (h/h);
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Fig. 2. Bone defect model. (a) A size-matched spacer was used to fill the defect. (b) A larger spacer was fabricated to fill the defect.
(¢) Bone cement connects the spacer and bone end to seal the bone end. (d) Blank control.

Fig. 3. The induced membrane.

humidity: 60 %80 %; freely availab
feed (Anlimo, Nanjing, Chi
the experiments.

Surgical Procedure

Five percent pentobarbital (45 mg/kg) was injected in-
traperitoneally to induce general anesthesia. The surgical
area was shaved and then disinfected with iodophor. A 3-
cm incision was made in the skin and muscles on the dor-
sal side parallel to the long axis of the right femoral bone,
and the subcutaneous muscles were separated to expose the
shaft of the femur. Two osteotomies were created using a
swing saw to remove a 15-mm midshaft bone fragment (in-
cluding the periosteum) from Group A and a 10-mm mid-
shaft bone fragment (including the periosteum) from Group
B. In Groups A1-A2 and B1, size-matched spacers of 4 x
15 mm? or 4 x 10 mm? were used to fill the defect (Fig. 2a).
In Group B2, larger spacers of 6 x 10 mm? were used to fill
the defect (Fig. 2b). In Group B3, a small amount of bone
cement was used to connect the size-matched spacer and
bone end, sealing the bone marrow (Fig. 2¢). The defects

www.ecmjournal.org

in Groups A1-A2 and B1-B3 were intramedullary fixed
with 1.4-mm Kirschner wires. Considering the instability
of fixation using Kirschner wires alone, the bone defects
in Group B4, the control group, were fixed with 1.5-mm
plates (Fig. 2d). Finally, the muscles were repositioned
and the incisions were closed with bioresorbable suturing
material. The animals were monitored daily after surgery.
Within 3 days of the operation, 4 x 10* U penicillin sodium
was injected intramuscularly to prevent infection and the
animals were raised in a single cage until the surgical inci-
sion healed. The surgery procedure was performed by the
first and second authors.

Osteogenic Activity Analysis of the IMs in Different Areas

The rats in Groups A1-A2 were euthanized with an
overdose (130 mg/kg) of pentobarbital administered in-
traperitoneally at 5 weeks after surgery, after which the ani-
mals were disinfected and spread on towels, and the original
surgical site was reopened. The IMs around the spacer were
harvested by separating the surrounding muscles and were
equally divided into proximal, middle and distal parts (Fig.
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Fig. 4. BMSCs of the IMs in different areas at

different parts of the IMs. The numbers of BMSCs
those in the middle part (d) (n = 12; mean 4003
bone mesenchymal stem cell; IM, i

3). The IMs in Group Al wi
hyde to observe the number ne mesenchymal stem
cells (BMSCs), and the IMs in Gropp A2 were put into cry-
opreservation tubes and immediately stored in liquid nitro-
gen to measure the protein and mRNA expression levels of
related factors of the IMs in the proximal, middle and distal
parts.

o paraformalde-

BMSC measurement (Wuxi Huaixin Biomedical
Technology Co., Ltd.): The levels of BMSCs in the IMs in
different areas were measured using an immunohistochem-
ical quantitative method by detecting STRO-1-positive
cells. The IM was placed in 10 % formaldehyde for 24 h
and removed to prepare 5 pum thick slices. After process-
ing according to conventional procedures, anti-rat STRO-
1 (1:200, MAB1038, R&D Systems, Wiesbaden, Hesse,
Germany) was added dropwise and the mixture was incu-
bated overnight at 4 °C in the dark. Horseradish peroxi-
dase (HRP)-labeled sheep anti-mouse secondary antibody
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wn indicates BMSCs; ns, no significant difference; ***p < 0.001; BMSC,
uced branej SD, standard deviation).

(1:1000) was added dropwise and the mixture was incu-
bated at 37 °C for 1 h. 3,3’-Diaminobenzidine (DAB) stain-
ing solution was added dropwise and the mixture was in-
cubated at room temperature for 10 minutes. The mix-
ture was incubated with hematoxylin staining solution at
room temperature for 30 seconds. Dehydrated, transpar-
ent, and sealed cells were observed under a light microscope
and the cells that were stained yellow brown were consid-
ered STRO-1-positive cells. Three fields of view were se-
lected for each slice under a 400x microscope, optical den-
sity analysis was performed using Image J software (V1.8,
NIH, Bethesda, MD, USA), the average percentage of posi-
tive cells was recorded, and IBM-SPSS Statistics 26.0 SPSS
(Armonk, NY, USA) was used for statistical analysis.

Western blotting: The cryopreservation tube was re-
moved and Western blotting was performed to measure the
expression levels of bone morphogenic protein-2 (BMP-
2), transforming growth factor-51 (TGF-S1) and vascu-
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Fig. 5. Western blot analysis of BMP-2, TGF-51 and VEGEF in different parts of the
quantification of Western blot bands of BMP-2. (b1) Images and (b2) quantification of Weste
and (c2) quantification of the Western blot bands of VEGF (n = 12; mean £ SD; *p < 0%
protein-2; TGF-$1, transforming growth factor-31; VEGF, vascular endothel‘growt

lar endothelial growth factor (VEGF) protein in the IMs
from different areas. Proteins were extracted from the IMs
using radioimmunoprecipitation assay (RIPA) lysis buffer
(P0013C; Beyotime Institute of Biotechnology, Nantong,
China) and quantified using a bicinchoninic acid (B

protein assay kit (P0011; Beyotime Institute of Biote,
ogy, Shanghai, China). The extracted protein was
to sodium dodecyl sulfate-polyacrylamide ge
sis (SDS-PAGE) and transferred to a polyvi

ride (PVDF) membrane. The PVDF me sc ing
the target bands were incubated overnight withithe corre-
sponding primary antibodi .Ne get bands

ime System (Bio-Rad,
g ary antibodies were
incubated for 1 h. Quantificatign of the blots was per-
formed using Image] software andithe expression levels of
the target proteins were normalized to those of 5-actin. The
following antibodies were used: anti-BMP-2 (ab214821;
Abcam, Shanghai, China), anti-TGF-31 (ab215715; Ab-
cam, Shanghai, China), and anti-VEGF (ab46154; Abcam,
Shanghai, China).

Quantitative RT-PCR (qRT-PCR): The cryopreserva-
tion tube was removed, and qRT-PCR was used to mea-
sure the mRNA expression levels of BMP-2, TGF-51, and
VEGF in the IMs from different areas. Total RNA was
extracted using TRIzol Reagent (15596026CN; Thermo
Fisher Scientific, Waltham, MA, USA) and reverse-
transcribed into cDNA. qRT-PCR was performed using an
UltraSYBR mixture (15596018; Jiangsu CoWin Biotech,
Co., Ltd., Beijing, China). The expression of each
gene was normalized to that of the housekeeping gene,
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of TGF-S1. (cl) Images
; BMP-2, bone morphogenic

1. Genes and sequences.
cquence

Forward 5'-TCCTGTGTGCCCCTAATGC-3" and

Vegf

Reverse 5'-ACGCACTCCAGGGCTTCAT-3'
5 Forward 5'-CTTTTGGCCACGACGGTAAA-3" and
-
P Reverse 5-TGCCTTTTGCAGCTGGACTT-3'

Tef 81 Forward 5'-GACTCTCCACCTGCAAGACCAT-3" and
Reverse 5-GGACTGGCGAGCCTTAGTTTG-3'
Forward 5'-GTATGACTCTACCCACGGCAAGT-3' and

Gapdh

Reverse 5-TCTCGCTCCTGGAAGATGGT-3'

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), in
a selected control sample. The main genes and sequences
were listed in Table 1.

Osteogenic Manifestations

The rats in Groups B1-B4 were euthanized 12 weeks
after surgery, the spacers, intramedullary Kirschner wires
and plates were removed, and the femoral specimens were
removed for radiographic, gross and histological examina-
tions to observe new bone in the IMs.

The length of new bone formed was defined as the av-
erage of the longest distance of new bone growth from the
proximal and distal bone ends to the center of the bone de-
fect, as measured by X-ray or the naked eye.

Histological examination: Ossified tissue was fixed
in 4 % paraformaldehyde for 48 h in sequence, soaked in
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Fig. 6. Relative mRNA expression of factors. (a) BMP-2, (b) TGF-51 and (¢) VEGEF in differe
mean + SD; *p < 0.05; **p < 0.01; BMP-2, bone morphogenic protein-2; TGF-£31, transformi th factor-51; VEGF, vascular
endothelial growth factor).

[ ]
decalcifying solution for 1 month, embedded in paraffin, = qRT-PCR

sliced (4 ym thickness), and stained with safranin O-fixed q CR results revealed that the mRNA expres-

green. The tissue composition was observed under a light ¢ s of -2 (Fig. 6a), TGF-j31 (Fig. 6b) and
MiCroscope. F ( ) in the IMs in the proximal and distal parts

.. . t 5 wedks were significantly greater than those in the mid-
Statistical Analysis < 0.05)

Statistical analysis was performed using SPSS soft-
ware (version 21.0; IBM, Armonk, NY, USA).
group comparisons were analyzed with on
of variance (ANOVA), and further pairwis
were performed via the least significant diffe
test. The values are reported as the meas nda
tion (SD), with p < 0.05 consi

eogenic Manifestations

X-ray (Fig. 7a) and gross (Fig. 7b) examinations of
Group B1 revealed that the gap between the spacer and the
bone end disappeared completely at 12 weeks and obvious
new bone formed from the bone end and grew along the IM,
d statigtiCally significant.  \yith an average length of 3.4 & 0.4 mm. The gap between
the spacer and the bone end in Group B2 partially disap-

Results peared and only a small amount of new bone was observed.
Osteogenic Activity The length of new bone formed ranged between 0 and 2
BMSC Measurement mm, with an average of 0.5 &+ 0.1 mm. The IMs in Group

At 5 weeks, the numbers of BMSCs in the IMs from B3 neither thickened nor hardened, and bone atrophy was
the 3 areas were significantly different (F = 206.321, p < observed at the bone end. The bone ends of Group B4 were
0.001) (Fig. 4a), and the numbers of BMSCs in the IMs wrapped in soft tissue, leading to bone resorption or atro-
from the distal and proximal areas (Fig. 4b,c) were similar ~ Phy. New bone formed significantly differently among the
(15.83 % =+ 1.95 % and 14.75 % + 0.97 %, respectively) ~ four groups (F =27.437, p < 0.01), with more new bone
and greater than those in the middle area (Fig. 4d) (5.38 % in Group BI than in Group B2 (t = 3.126, p = 0.009) and

+ 1.02 %) (p < 0.001). more new bone in Group B2 than in Groups B3 and B4 (t =
9.948, p < 0.001) (Fig. 7¢). Safranin O solid green staining
Western Blotting revealed bone and cartilage foci in the new bone in Groups

The gray values, including the images and quantifica- ~ Bl (Fig. 8a) and B2 (Fig. 8b). However, there were no
tion, of the protein bands revealed that the protein expres- ~ bone and cartilage foci in Group B3 (Fig. 8¢) and Group
sion levels of BMP-2 (Fig. 5al,a2), TGF-31 (Fig. 5b1,b2) B4 (Fig. 8d).
and VEGF (Fig. 5c1,¢2) in the IMs in the proximal and dis-
tal parts at 5 weeks were similar and significantly greater
than those in the middle part (p < 0.05).
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Fig. 7. Osteogenic manifestations at 12 weeks. (a) X-ray and (b) gross examinations showing that more new bone formed from the
bone ends and grew along the IM in Group B1 than in Group B2, while Groups B3 and B4 revealed no new bone, and the bone end of
Group B4 was wrapped in soft tissue leading to bone atrophy. (¢) The new bone among the three groups was significantly different (n =
12; mean + SD, ***p < 0.001).
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Fig. 8. Safranin O solid green staining of the new bon
(red) foci in the new bone of (a) Group B1 and (h) G

Discussion
Giannoudis proposed th iamond theory”, which
refers to the key elements Iccess ir of bone

eoinduetive mediators,
, osteogenic cells,
an optimal mechanical environme sufficient blood sup-
ply, and the resolution of host comeérbidities [20]. A lack of
any of these elements affects the successful repair of bone
defects and nonunions, which has been recognized world-
wide. The IMs near the bone end possess all the key ele-
ments of the “diamond theory”: () Osteoinductive media-
tors: the IM secretes osteogenic factors, including BMP-2,
VEGF and TGF-£1 [8,11,21,22]. @ Osteoconductive ma-
trix: the IM functions as a biological scaffold that mediates
the attachment of cells and factors [8,23]. @) Osteogenic
cells: the fresh bone end contains BMSCs derived from the
bone marrow and periosteum that can migrate along the IM
[24-26]. @ Rich microvessels: IMs contain microvessels.
® An optimal mechanical environment is provided by in-
ternal or external fixation. Therefore, the IMs near the bone
end can induce SO.

Sy
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lid green staining (x 100) showing bone (green) and cartilage
no bone and cartilage foci in (¢) Group B3 and (d) Group B4.

In this study, the Kirschner wire stimulated the
medullary cavity, resulting in overflowing of the bone mar-
row to the bone ends and the IM. The distal and proximal
parts of the IMs in Group A had higher levels of BMSCs and
osteogenic and angiogenic factors than did the middle part
of the IMs. Group B1 had greater new bone formation, fol-
lowed by Group B2, while Group B3, with sealed bone mar-
row, had no new bone formation, i.e., only the IMs near the
bone end had more BMSCs and stronger osteogenic activity
and SO only developed from the bone end. The osteogenic
activities of the IMs correspond to the osteogenic manifes-
tations. This study including two parts indicates that bone
marrow overflowing is the key factor for IMGSO. Refer to
Fig. 1.

Studies have shown that IMs in ectopic locations (sub-
cutaneously and intramuscularly) also have osteoconduc-
tivity, osteoinductivity and microvessels, but do not have
osteogenic cells such as BMSCs; therefore, they do not
form new bone [23,27]. Although BMSCs can come from
the bone marrow and periosteum at the osteotomy site,
bone marrow-derived BMSCs are both rapid and abundant.
STRO-1 positivity is not the only definitive marker for BM-

www.ecmjournal.org
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SCs, and in vitro validation of the role of BMSCs was ulation are required and play important roles. Research
not performed in this study. However, other studies had  has shown that signaling pathways, including the Wnt/3-
verified that the BMSCs of the IMs were mainly derived catenin, Notch, BMP/TGF-{, PI3K/Akt/mTOR, mitogen-
from the bone marrow of the bone end. An animal ex- activated protein kinase (MAPK), PDGF, IGF, FGF, Ca?*
periment conducted by Yin ef al. [15] revealed that new and BMP2/Smad pathways, play important roles in the bone

bone formation within the membrane was significantly de- regeneration [31,32].

layed and that less bone formation occurred in the group Our histological analysis showed bone and cartilage
with blocked medullary cavities than in the group with-  foci in the new bone, indicating endochondral ossification.
out blockage, suggesting that BMSCs, which are derived In an experiment of rat femoral defects fixed with Kirschner
mainly from the bone marrow, induce SO in the MGBR.  wires and PMMA spacers, Guimaraes et al. [33] also ob-
Yin et al. [16] conducted an experimental study on induced  served the formation of new bone near the bone end, which
membrane spontaneous osteogenesis (IMSO) of rats by fill-  was histologically analyzed to contain endochondral ossifi-
ing different types of cement spacer in bone defects. They  cation, similar to ours.

found that BMSCs were present in the IMs formed without This study has several limitations. First, this inves-

blocked medullary cavities, whereas BMSCs were absent tigation only verified IMGSO and explored its main in-
in the IMs formed with blocked medullary cavities. We  flyencing factors, but the detailed molecular mechanism,
agree with the view that rich BMSCs of the IMs mainly  which has not been elucidated, advanced techniques such as
come from the bone marrow. The bone marrow contains immunohistochemistry or pathway-specific inhibitors are
abundant BMSCs, and percutaneous bone marrow injec- needed to provide deepe anistic insights in future re-
tions have been a bone graft method for treating delayed  gsearch. Second, STR
unions and nonunions, resulting in about 70 % of healing marker for BMSGsma
rate [28,29]. The main reason for the unsatisfactory heal- and fUJ‘tiOH is
ing rate is that bone marrow cannot accumulate at the frac-
ture site. IM has the characteristics of osteoinduction, os- Conc S

ave onstrated that the osteogenic activities of
ent of the IMs vary, with the strongest activity

teoconduction and rich blood supply. In addition, IM can
wrap and accumulate bone marrow. Therefore, IM comb-

the IM near the bone end. Bone marrow overflowing
ne end enhances the osteogenic activities of the

ing bone marrow enhances the osteogenic activity of the
, resulting in IMGSO, and is the key factor. Another

IM, inducing SO, i.e., producing a 1 + 1 > 2 effect, and
thus requiring little or no material autogenous bone gr.

in influencing factor is the maintenance of an appropriate
embrane size.
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after bone resection for chronic osteomyelitis of t
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