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ABSTRACT

Introduction: The Masquelet technique is a relatively new method for large bone defect treatment. In this
technique, grafted bone tissue is used, and after the cement is removed, the induced membrane (IM; that
form around the cement spacers placed in the bone defect region) is thought to play an important role
in promoting bone formation. On the other hand, low-intensity pulsed ultrasound (LIPUS) is known to
promote fracture healing and angiogenesis through mechanical stimulation. This study aimed to investi-
gate the in vitro effects of LIPUS on the osteogenic differentiation of human induced membrane-derived
cells (IMCs).
Methods: Seven patients who had been treated using the Masquelet technique were enrolled. The IM
was harvested during the second stage of the technique. IMCs were isolated, cultured in growth medium,
and then divided into two groups: (1) control group, IMCs cultured in osteogenic medium without LIPUS,
and (2) LIPUS group, IMCs cultured in osteogenic medium with LIPUS treatment. Adherent cells from the
IM samples were harvested after the first passage and evaluated for cell surface protein expression using
immunostaining. A cell proliferation assay was used to count the number of IMCs using a hemocytome-
ter. Osteogenic differentiation capability was assessed using an alkaline phosphatase (ALP) activity assay,
Alizarin Red S staining, and real-time reverse transcription-polymerase chain reaction.
Results: Cell surface antigen profiling revealed that the IMCs contained cells positive for the mesenchy-
mal stem cell-related markers CD73, CD90, and CD105. No significant difference in cell numbers was
found between the control and LIPUS groups. The ALP activity of IMCs in the LIPUS group was signif-
icantly higher than that in the control group on days 7 and 14. Alizarin red S staining intensity was
significantly higher in the LIPUS group than in the control group on day 21. Runx2 and VEGF expression
was significantly upregulated on days 7 and 14, respectively, compared with levels in the control group.
Conclusion: We demonstrated the significant effect of LIPUS on the osteogenic differentiation of human
IMCs. This study indicates that LIPUS can be used as an additional tool for the enhancement of the heal-
ing process of the Masquelet technique.
© 2023 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

ago [3]. Since then, many clinical studies have reported favorable
outcomes associated with the method [4-6]. Essentially, it is a

Bone transport [1] and vascularized bone grafting [2] have long
been used for the reconstruction of critical-sized bone defects as-
sociated with severe fractures or debridement for osteomyelitis.
The Masquelet technique is a relatively new method that has be-
come widely used as a third treatment option. This technique was
first reported by Masquelet et al. in France more than 30 years
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bone reconstruction technique that can be applied to any bone de-
fect, except lesions on the articular surface, and consists of two
stages. In the first stage, a polymethylmethacrylate (PMMA) spacer
is placed in the bone defect and left for 6-8 weeks. During this
period, a membrane forms around the spacer. In the second stage,
the PMMA spacer is removed, and the space surrounded by the
induced membrane (IM) is filled with an autologous bone graft.
In the Masquelet technique, the IM is thought to play two impor-
tant roles in promoting bone formation. The first is the mechani-
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Table 1
Cell sample data of the seven patients.
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Patient Sex Age Affected site Size of defect Duration of the Result Experimental studies
spacer in site performed

1 Male 58 Femur 15 cm 8w union P, A, M, R

2 Male 25 Femur 13 cm 16 w union H, P, A MR

3 Female 67 Tibia 4 cm 8w union H, P, A, M, R

4 Male 61 Calcaneus 6 cm 12w union P, A, M, R

5 Male 52 Tibia 16 cm 25w union H, P, A, M,R

6 Female 90 Femur 3 cm 9w union P, A, M,R

7 Female 76 Tibia 6 cm 15w union P, A R

H, histological and immunohistochemical analysis; P, cell proliferation; A, alkaline phosphatase activity assays; M, mineralization; R, real-

time reverse transcription-polymerase chain reaction.

cal role that prevents fibrous tissue invasion into the recipient site
and resorption of the cancellous bone graft [7,8]. The second is
its biological role. Basic experiments have shown that the IM con-
tains mesenchymal stem cells (MSCs) [9,10] and has abundant vas-
cularity [11,12], expression of bone morphogenetic protein (BMP)
[13], secretion of growth factors, and bone islands formed with the
biomembrane tissue [14,15]. In addition, studies have investigated
spacer materials suitable for IM induction in order to improve the
mechanical and biological functions of IM [7,16].

Low-intensity pulsed ultrasound (LIPUS) is known to accelerate
fracture healing [17,18], and several reports have shown that LI-
PUS stimulates osteogenic differentiation and angiogenesis in a va-
riety of cells, such as MSCs, in vitro [19,20]. The mechanism by
which LIPUS promotes fracture healing has not been fully eluci-
dated; however, several plausible mechanisms have been reported.
The nanomotion caused by LIPUS waves translates mechanical sig-
nals into biochemical signals through integrin mechanoreceptors in
cells [21]. This stimulation leads to the expression of cyclooxyge-
nase 2 (COX-2), which promotes bone remodeling and accelerates
fracture healing. In addition, it has been suggested that LIPUS may
positively affect vascular endothelial growth factor (VEGF) expres-
sion in human osteoblasts in vitro [22].

Based on the findings described above, it is possible that LIPUS
acts on MSCs in the IM to cause greater enhancements in osteo-
genesis. In cases of large bone defects treated by the Masquelet
technique, LIPUS would be beneficial with regard to aiding bone
regeneration. However, to the best of our knowledge, the effect of
LIPUS on IM-derived cells (IMCs) has not been demonstrated.

We hypothesized that LIPUS could direct the differentiation of
IMCs into osteoprogenitor cells. In this study, we investigated the
in vitro effects of LIPUS on the osteogenic differentiation of IMCs.

Materials and methods
Patient characteristics and surgery

The ethics committee of Kobe University hospital approved this
study (No. B200051), and informed consent was obtained from all
patients before participation. Seven consecutive patients who were
treated using the Masquelet technique at our department between
June 2020 and May 2021 were enrolled in this study (Table 1). The
patients included four men and three women, with a mean age of
61 years (range, 25-90 years). The IM was harvested in the second
stage, during the PMMA cement removal. The size of the harvested
IM was 1 cm?, and sample thickness was as thin as possible to
prevent contamination by non-IM tissues, as previously reported
[12,13,23].

Isolation and culture of IMCs

IMCs were isolated as previously described for nonunion tissue
[24]. Briefly, a small segment (1 cm x 1 cm) of IM was washed, cut
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into small pieces with a scalpel, and digested at 37 °C for 90 min
with 0.2% collagenase type I (Worthington Biochemical Corp, Lake-
wood, NJ, USA). The cells were cultured in «-modified minimum
essential growth medium (Sigma-Aldrich, St. Louis, MO, USA) con-
taining 10% heat-inactivated fetal bovine serum (Sigma-Aldrich),
2 mM L-glutamine (Gibco, Grand Island, NY, USA), and antibiotics,
on 10-cm culture dishes. Passage 2 or 3 IMCs were seeded at
3.3 x 10* cells per well in 6-well plates. The cells were incubated
in growth medium at 37 °C with 5% humidified CO, for 4 days.
The growth medium was then changed to an osteogenic medium.
The osteogenic medium consisted of a growth medium supple-
mented with 10 nM dexamethasone (Sigma-Aldrich), 10 mol/L
B-glycerophosphate (Sigma-Aldrich), and 50 pg/mL ascorbic acid
(Wako, Tokyo, Japan). Each well contained 2 mL of growth medium
and osteogenic medium. IMCs were divided into LIPUS and control
groups.

LIPUS treatment

A LIPUS exposure device (Teijin Pharma Ltd, Tokyo, Japan) was
adapted for use in a 6-well culture plate, as described in previ-
ous studies [24-27]. Photographs and schematics of the device are
shown in Fig. 1. LIPUS was generated by an array of six lead zir-
conate titanate transducers fixed to the frame, allowing the array
to be positioned correctly in each well of the 6-well culture plate.
The culture plate was then placed 5 mm above the array [28]. The
LIPUS device was kept in a CO, incubator and immersed in a 37 °C
water bath to prepare for LIPUS stimulation. The device was set to
a 1.5 MHz sine wave with a pulse duration of 200 us, a repeating
pulse at 1 kHz, and a spatial and temporal intensity of 30 mW/cm?
[29]. The waveform setup was equivalent to the wave conditions of
a Sonic Accelerated Fracture Healing System (Teijin Pharma Ltd.). In
the LIPUS group, LIPUS was applied daily from the bottom of the
culture plate at 37 °C for 20 min.

Histological and immunohistochemical analysis of IMC phenotype

Adherent cells from the IM samples were harvested after the
first passage and evaluated for cell surface protein expression us-
ing immunostaining. The samples were incubated with fluorescein
isothiocyanate-labelled anti-CD73 monoclonal antibody (1:100; 1F-
675-T025; Exbio Praha), allophycocyanin-labeled anti-CD90 mon-
oclonal antibody (1:100; 1A-652-T025; Exbio), or phycoerythrin-
labeled anti-CD105 monoclonal antibody (1:100; 1P-453-T025;
Exbio) at 37 °C for 1 hour. The cells were counterstained with
4/ 6-diamidino-2-phenylindole (DAPI) (P36931, Thermo Fisher Sci-
entific), and fluorescent signals were captured via fluorescence
spectroscopy using a BZ-X700 microscope (Keyence).

Cell proliferation

A total of 3.3 x 10* IMCs per well were seeded into a six-well
plate and cultured for 4 days in growth medium in a stationary
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This Figure was adapted from reference No. 26 Fig. 1.

culture system. LIPUS stimulation was performed for 3, 5, and 7
days. IMCs were detached using 0.05% trypsin-0.02% ethylenedi-
aminetetraacetic acid. Thereafter, 50 L of IMC sample was mixed
with 50 uL of 0.4% trypan blue dye (Gibco BRL) by gently pipet-
ting, and then 20 uL of the mixture was loaded into each chamber
of a hemocytometer. Counting was performed in duplicate by one
analyst under a 40x objective according to the standard method-
ology [30].

Osteogenic potential studies

Alkaline phosphatase (ALP) activity assays

Cellular ALP activity was measured on days 7 and 14 using an
ALP activity assay. The cell layer from each well was sonicated us-
ing a Microson XL2000 ultrasonic cell disruptor (Misonix, Farm-
ingdale, NY, USA) and stored at —80 °C until assay. ALP activity
was assayed as the release of p-nitrophenol and was monitored by
measuring the optical density at 405 nm using the SensoLyte pNPP
Alkaline Phosphatase Assay Kit (AnaSpec Corp, San Jose, CA, USA).
The measurement temperature was 37 °C. The protein concentra-
tion was standardized using a bicinchoninic acid protein assay kit
(Pierce Biotechnology Inc., Rockford, IL, USA). The enzyme activities
were normalized with protein concentration and were expressed
as absorbance per milligram of protein.

Mineralization

Mineralization is regarded as a functional in vitro endpoint
reflecting enhanced cell differentiation in experiments using os-
teogenic cells. On day 21, the cells were fixed with 95% ethanol
for 1 hour at room temperature, and the plate was stained with 1%
Alizarin Red S (Hartman Leddon, Philadelphia, PA, USA). The miner-
alized extracellular matrix was stained red. By incubating the cells
in 10% ethylpyridium chloride for 15 min, Alizarin Red S stain was
released from the cell matrix, and the amount of dye released was
measured as absorbance at 562 nm by spectrophotometry [27].

Expression of osteogenesis and angiogenesis-related genes

Total RNA was extracted from each culture on days 7 and 14
using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Total RNA
was reverse-transcribed into single-strand complementary DNA us-
ing a high-capacity complementary DNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA).

Real-time reverse transcription-polymerase chain reaction (RT-
PCR) was performed in triplicate using an Applied Biosystems 7500
real-time PCR system and SYBR Green reagent (Applied Biosys-
tems), according to the recommended protocols. Negative controls

»

growth or osteogenic
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Fig. 1. (a) Low-intensity pulsed ultrasound (LIPUS) exposure system in vitro. (b) Schematic of the LIPUS device. The experimental setup is shown with the key parameters.

Table 2

Specific primers for RT-PCR amplifications.
Gene Primer sequence (5’ to 3') Product
GenBank accession number (forward/reverse) size (bp)
Runx2 ATGCTTCATTCGCCTCACAAAC
NM_001024630.4 CCAAAAGAAGTTTTGCTGACATGG 261
0SX CGGGACTCAACAACTCT
NM_001173467.3 CCATAGGGGTGTGTCAT 308
ocC GCAAAGGTGCAGCCTTTGTG
NM_199173.6 GGCTCCCAGCCATTGATACAG 86
BMP2 GGAACGGACATTCGGTCCT
NM_001200.4 GGAAGCAGCAACGCTAGAAG 162
VEGF GGGCAGAATCATCACGAAGTG
NM_001287044.2 ATTGGATGGCAGTAGCTGCG 65
SDF-1 ATGAACGCCAAGGTCGTGG
NM_001033886.2 CCAGGTACTCCTGAATCCAC 250
GAPDH CGTCTTCACCACCATGGAGA
NM_002046.7 CGGCCATCACGCCACAGTTT 300

Runx2, runt-related transcription factor 2; OSX, osterix; OC, osteocalcin; BMP2,
bone morphogenetic protein 2; VEGF, vascular endothelial growth factor; SDF-1,
stromal cell-derived factor 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

included non-RT controls (where total RNA without reverse tran-
scription was used to monitor genomic DNA contamination). The
conditions for PCR reactions were as follows: incubation at 95 °C
for ten minutes, followed by 40 cycles at 95 °C for 15 s and
60 °C for one minute. All runs were followed by a dissociation
curve analysis. Table 2 lists the primer sequences used in the ex-
periments. Each gene’s expression level was normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a house-
keeping gene, and was presented as the fold change relative to the
data of day 0 using the AACT method (Applied Biosystems) [31].

Statistical analysis

Each experiment was performed in triplicate and averaged. All
quantitative data are presented as mean + SE. Statistical compar-
isons between the groups at each measurement time point were
made using the Wilcoxon signed-rank test. Statistical significance
was set at P < 0.05.

Results
Histological and immunohistochemical analysis of IMC phenotype

IMCs readily expanded in vitro and demonstrated fibroblast-like
morphological characteristics (Fig. 2a). The cell surface antigen pro-
file obtained using immunostaining revealed that the IMCs con-
tained cells positive for the MSC-related markers CD73, CD90, and
CD105 (Fig. 2b).
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(B)

Fig. 2. (A) A microscope image of adherent cells derived from the induced membrane (IM) displaying a fibroblast-like spindle shaped morphology. (B) Representative triple
immunostaining for human-CD73 (a), CD90 (b), CD105 (c), DAPI (d), and Merge (e) in induced membrane-derived cells (IMCs). Scale bar: 100 pm.
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iz}
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20000 -
0
Day 3 Day 5 Day 7
O Control group ®LIPUS group
Fig. 3. Proliferation of IMCs relative to the control group on post-treatment days 3, 5, and 7.
Cell proliferation ALP assay
No significant difference in cell number was observed between The levels of ALP activity in the LIPUS group on days 7 and 14
the control and LIPUS groups on days 3, 5, and 7 (P < 0.05; were 58.3 + 10.7 U/ mg protein and 166.6 + 23.3 U/ mg protein,
Fig. 3). respectively, compared to those in the control group on days 7 and
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Fig. 4. ALP activity of IMCs on days 7 and 14.
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Fig. 5. The Alizarin Red S staining intensity measured as absorbance of LIPUS group
and control group at 562 nm on day 21. Photographs: the control cells (left), the
LIPUS-treated cells (right).

14 (34.5 + 71 U/ mg protein and 80.9 + 7.9 U/ mg protein, re-
spectively). The ALP activity of IMCs in the LIPUS group was signif-
icantly higher than that in the control group on days 7 and 14 (P
< 0.05; Fig. 4).

Mineralization

Fig. 5 demonstrates the Alizarin Red S staining of the LIPUS
and control groups on day 21. The photographs clearly show that
the LIPUS-treated cells had higher Alizarin Red S staining than the
control cells. The intensity of Alizarin Red S staining in the LIPUS
group was 0.69 + 0.15 and was significantly higher than that in
the control group (P < 0.05; Fig. 5).

Real-time RT-PCR analysis

Fig. 6 (P < 0.05) shows the expression of four osteogenesis, an-
giogenesis, and MSC-related genes. In the LIPUS group, the mRNA
expression level of runt-related transcription factor 2 (Runx2) was
significantly upregulated compared to that in the control group on
day 7. The expression levels of osterix (OSX), osteocalcin (OC), and
VEGF in the LIPUS group were significantly higher than those in
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the control group on day 14. At any time point, there was no sig-
nificant difference in the mRNA expression levels of bone morpho-
genetic protein 2 (BMP2) and stromal cell-derived factor 1 (SDF-1)
between the two groups.

Discussion

Based on our results of human IM, it was concluded that LIPUS
affects IMCs, including MSCs, by enhancing the osteogenic activ-
ity thereof. To the best of our knowledge, this is the first study to
show that the biological effect of LIPUS on IMCs is significant in
vitro.

The Masquelet technique has been widely used to treat large
bone defects of 5-26 cm [32]. The average time required for bone
union is reported to be 9.1 months [33], and the average bone
union rate is 86.0% [34]. Several basic studies on the improvement
of this technique have been reported in recent years, including the
use of various materials instead of PMMA cement to induce IM and
the use of substitute bone to supplement the large number of au-
tografts required [34]. In the current study, we demonstrated for
the first time that LIPUS treatment promotes osteogenic differen-
tiation of IMCs, which was proven by upregulation of ALP activ-
ity, upregulated expression of osteogenic genes, Runx2, OSX, and
0C, and increased calcium mineralization. The present results have
important clinical implications in that LIPUS has the potential to
further improve the period and rate of bone healing.

At present, the biological functions of IM remain elusive. Several
studies have been published on the interaction of cells in autolo-
gous bone grafts with IM [35,36]. LIPUS is usually applied to ac-
celerate fracture healing, and the effect is associated with the en-
hancement of osteogenesis and angiogenesis [26,37]. As previously
mentioned, the IM has abundant vascularity and may contribute
to bone formation. We have shown that LIPUS enhances VEGF ex-
pression in IMCs, indicating that LIPUS could improve the level of
blood supply to grafted bone. Furthermore, the MSCs within IMCs
are reported to play an important role in osteogenesis [11,23]. Our
results demonstrate that IMCs contain cells with cell surface mark-
ers similar to those of MSCs. It has been shown that osteogenesis
of MSCs can be enhanced with LIPUS by providing local acoustic
mechanical stimulation [19], which is consistent with the current
results; however, the mechanism by which LIPUS acts on MSCs
has not yet been revealed in detail. A small number of studies
have indicated that the SDF-1/CXCR4 pathway contributes to frac-
ture healing by inducing MSCs as one of the mechanisms that pro-
mote fracture healing in LIPUS [38]; however, there was no signif-
icant difference in the expression levels of SDF-1 between the two
groups in our study. Further studies are required to elucidate this
mechanism. Suzuki et al. reported that LIPUS treatment increased
the expression of BMP2 in rat osteoblasts [39]. Several studies have
reported the expression of the BMP2 protein in human IM [15,23].
The present results demonstrated that LIPUS tended to upregulate
the expression level of BMP2 in human IM, although the difference
was not significant. BMP2 is known to play an important role in
osteoblast differentiation through the activation of the Smad sig-
naling pathway [40], and it is possible that endogenous BMP2 up-
regulation may have influenced the osteogenic differentiation of
IMCs.

LIPUS treatment had no significant effect on IMC proliferation
on days 3, 5, and 7, indicating that LIPUS did not affect cell pro-
liferation. Some studies have shown that LIPUS mainly affects the
differentiation rather than proliferation of human nonunion tissue-
derived cells and human MSCs [24,41]. Our results suggest that LI-
PUS similarly affects IMC cell differentiation rather than cell prolif-
eration, and may play a regulatory role in IMC osteogenic differen-
tiation.
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Fig. 6. Real-time RT-PCR analysis of gene expression of Runx2, OSX, OC, BMP-2, VEGF, and SDF-1 on days 7 and 14.

This study had one clear limitation in that we focused on the
effect of LIPUS on IMCs; however, further experiments regarding
the effects of LIPUS on IM tissue and bone grafts surrounded by
the IM would be required, especially with regard to the use of LI-
PUS with the Masquelet technique in a clinical setting.

In conclusion, we demonstrated the significant effect of LIPUS
on the osteogenic differentiation of human IMCs. This study indi-
cates that LIPUS can be used as an additional tool for the enhance-
ment of the healing process in the Masquelet technique.
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