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Abstract
Background: With the development of medical technology, credible options for defect reconstructions
after the resection of benign bone tumors of the lower extremities has become a high priority. As the
current reconstructive methods commonly used in clinical practice have some aws, new methods of
reconstruction need to be explored. We aimed to prepare a new kind of bioactive scaffold for the repair of
bone defects through a stem cell rapid screening–enrichment–composite technology system developed
by our team. Furthermore, we aimed to investigate the curative effects of these bioactive scaffolds.
Methods: Firstly, cell count, trypan blue exclusion rate and ALP staining were used to evaluate changes in
enrichment e ciency, cell activity and osteogenic ability before and after enrichment. Then, the scaffolds
were placed under the skin of nude mice to verify their osteogenic effects in vivo. Finally, the scaffolds
were used for the reconstruction of bone defects after operations for benign bone tumors in a patient’s
lower limb. The healing status of the defect site at 1 and 3 months was assessed by X-ray and the
Musculoskeletal Tumor Society (MSTS) score was applied to re ect the recovery of patient limb function.
Results: The system effectively enriched stem cells without affecting the activity and osteogenic abilities
of the bone marrow mesenchymal stem cells (BMSCs). Meanwhile, the bioactive scaffolds obtained
better osteogenic effects. In patients, the active scaffolds showed better bone integration and healing
status, and the patients also obtained higher MSTS scores at 1 and 3 months after surgery.
Conclusion: As a new technique, the rapid screening–enrichment–composite technology of stem cells
demonstrates a better therapeutic effect in the reconstruction of bone defects after surgery for benign
bone tumors of the lower extremities, which will further improve patient prognosis.

Background
Bone tumors occur in the bone or its associated tissues with a 0.01% incidence in the population. The
incidence ratio among benign bone tumors, malignant bone tumors and tumor-like lesions is 5:4:1.
Different types of tumors require different treatments due to their different biological characteristics. In
terms of benign bone tumors, due to their slow progress, insigni cant early symptoms and a lack of
su cient attention, the lesions are often found after having caused extensive bone destruction and carry
a higher risk of pathological fractures or joint function damage. Therefore, surgical intervention is often
needed. Con rmation of surgical protocol is mainly based on the evaluation of the biological behaviors
of the benign bone tumor using the Ennking surgical staging system. Local curettage or bone cement
lling and marginal resection are the most commonly used surgical methods, and are often combined
with physical, chemical and drug inactivation measures during the operation to further reduce recurrence
rates and improve recovery.
However, the reconstruction of bone defects after excision still presents di culties in the treatment of
benign bone tumors and has also become a hotspot for domestic and foreign scholars. At present, many
bone implant materials are used in clinical practice, among which autologous bone transplantation and
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allograft bone transplantation are the most effective methods. Due to the destruction of the donor bone
area and an insu cient bone mass, autogenous bone transplantation has limited use in the
reconstruction of bone defects after huge benign bone tumor resections [1–3]. Allografts, by contrast,
have the advantage of being more widely sourced and of being used in largely unrestricted quantities.
Therefore, it is the preferred way to reconstruct larger bone defects after resection of the bone tumor.
However, if the local osteogenic capacity of the defect is impaired, the slow rate of bone penetration and
bone integration increases the risk of rejection, absorption and nonunion of the allograft. Therefore, how
to bio-modify an existing allogenic bone material to promote its osteogenic ability is a key area in further
improving the e cacy of benign bone tumor resections and in reducing postoperative complications.
The bone marrow stem cell rapid screening–enrichment–composite system has been independently
developed by our research group. This system utilizes the high adhesion characteristics of bone marrow
mesenchymal stem cells (BMSCs) to rapidly screen and enrich stem cells by circulating bone marrow
blood in a one-time, completely closed and fast ltration pipeline. This means that BMSCs can be rapidly
adhered to the surface and the inside of porous bone defect lling materials. In other words, porous bone
defect lling materials, such as beta-TCP, can be used as a carrier for BMSCs, to gather a large number of
the BMSCs in a defect after the resection of a benign bone tumor, so as to improve the e cacy of the
consequent bone defect repair. This study retrospectively analyzed the relevant data of patients with
lower extremity benign bone tumors treated in our department from July 2013 to April 2016, in order to
further clarify the effects of this technique in the bone defect restoration of benign bone tumors and to
provide a good theoretical basis for its clinical application.

Methods
1. Patient inclusion criteria and exclusion criteria
Inclusion criteria: 1. Benign bone tumors occurring in the long bones of the limbs with local medullary
cavity involvement associated with large bone defects after surgery and with bone grafting indications
suitable for rapid stem cell screening and enrichment technology; 2. No hematopoietic systemic disease
and 3. A follow-up time of no less than 12 months and with complete follow-up data available. Exclusion
criteria: 1. Defects involving all of the medullary cavity requiring a large segment osteotomy; 2.
Pathological ndings showing that the tumor had abundant cells with a high atypia degree, indicating a
high possibility of recurrence and 3. A loss of visitor.
2. Case data
A total of 22 patients were included in this study and divided into two groups: an experimental and
control group. In the experimental group, the 11 patients using the enriched stem cell technique for bone
defect repair included 8 males and 3 female, with an average age of 40.6 years old. The pathological
diagnoses were as follows: 7 cases of giant cell tumors, 2 cases of fatty sclerosing mucinous brous
tumor and 2 cases of brous dysplasia. In the control group, conventional methods were carried out to
repair the bone defect. There were three cases in total, including 7 males and 4 females. The average age
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was 30 years old. Their pathological diagnoses were 6 cases of giant cell tumor, 4 cases of non-ossifying
broma and 1 case of atypical cartilaginous tumor, respectively. This study was carried out after the
approval of the Shanghai Ninth People’s Hospital Ethics Committee. We have obtained the consent for
publication from the patient.
3. Preparation of the beta-TCP enriched stem cells
After general anesthesia, the anterior superior iliac spine was routinely disinfected and a towel was laid. A
total of 75–80 ml of bone marrow blood was extracted. Following which, porous beta-TCP particles with
around a 3–5 mm diameter and 75%±10% average porosity were put into a lter box, and the stem cell
rapid screening–enrichment–composite system was then assembled. A total of 65–70 ml of bone
marrow blood was injected into the system and ltered through the porous beta-TCP particles at a
frequency of 70 Hz for 10 minutes. Finally, the bioactive beta-TCP particles were prepared.
4. Nucleated cell count and cell viability
For each sample, 1 mL of pre- and post-enrichment bone marrow was treated with a red blood cell lysis
buffer (BioTime, Shanghai, China). Then, the nucleated cells (NCs) were counted using a hemocytometer
(Beckman Coulter, Brea, California, USA). Cell viability was assessed by the trypan blue exclusion rate (ViCELL XR Cell Viability Analyzer Software, Beckman Coulter). The difference between the pre- and postenrichment bone marrow was estimated for each patient.
5. Osteogenesis evaluation of porous beta-TCP loaded with BMSCs
A small amount of porous beta-TCP particles were implanted subcutaneously into 3-month-old nude mice
in order to evaluate in vivo osteogenesis effects. The control group was treated with equal-quality pure
TCP particles. In detail, a transverse incision of about 0.5 cm long was made on both sides of the spine.
Porous beta-TCP particles enriched with BMSCs were placed subcutaneously on the left, while the control
groups were placed on the right. Three weeks later, the nudes were sacri ced, and the materials were
taken out and stained with picric acid and magenta to observe the inside osteogenesis under microscope.
6. Intraoperative operating
After general anesthesia, we rstly spent 10 minutes collecting the bone marrow blood. Then, bone tumor
resection combined with bone grafting was performed after the diseased limbs had been disinfected.
During the operation, all bone tumor focus areas were completely removed and the tumor boundaries
were inactivated with anhydrous ethanol. In the test group, about 25–47 ml of porous beta-TCP particles
enriched with BMSCs were implanted into the defect area, while in the control group, about 18–30 ml of
pure beta-TCP particles were implanted into the defect area.
7. Evaluation of postoperative e cacy

Page 4/10

X-ray lms at 1 week after surgery were used as the baseline. Bone formation at 3 months after surgery
was taken as the main observation index to evaluate the degree of bone healing in the bone defect site
for both groups. At the same time, Musculoskeletal Tumor Society (MSTS) scores for the two groups
were recorded and the functional recoveries of the affected limbs were compared. The degree of bone
defect healing was evaluated by two orthopedic surgeons and one radiologist. Simultaneously, the MSTS
score was assessed and recorded through a “single blind” method by two orthopedic surgeons who did
not participate in this project.
8. Statistical method
SPSS Statistics 20.0 (IBM, America) was used for the statistical analysis. The mean, standard error of the
mean and p values based on two-tailed t tests were calculated. Differences were considered signi cant at
P < 0.05.

Results
1. Detection of enrichment e ciency, cell viability and osteogenic ability
The number of nucleated cells in the blood of the bone marrow, both before and after enrichment, were
measured for each patient and it was found that the number of cells after enrichment (14.89 ± 4.37 ×
10^6) were signi cantly less than the number before enrichment (16.67 ± 3.29 × 10^6). Wilcoxon’s signed
rank testing con rmed that this showed a signi cant statistical difference (Fig. 1A). The mean cell
viability of the bone marrow NCs was evaluated with a trypan blue exclusion rate. Our results indicated
that there was no difference between cell viability before and after enrichment (95.29% ± 2.59% vs
94.97% ± 3.06%). When the cells collected before and after enrichment (Fig. 1B) proliferated in the right
number, ALP staining was performed according to the standard steps after osteogenesis had been
induced for 7 days. It was proven that the enrichment process did not affect the osteogenic properties of
BMSCs (Fig. 1C). In summary, the stem cell rapid screening–enrichment–composite system effectively
enriched stem cells without affecting their vitality and osteogenic abilities.
2. Evaluation of the osteogenic effects of MSC/TCP bioactive scaffolds in vivo
MSC/TCP bioactive scaffolds were removed from the subcutaneous tissues of nude mice at 3 weeks
after implantation. After hard tissue embedding, sectioning and staining, the results showed that the
MSC/TCP bioactive scaffolds induced a higher degree of osteogenesis when compared to the control
group (Fig. 2).
3. X-ray features
One month after the operation, X-ray ndings showed that the tumors in both the experimental and
control groups had been completely removed with no obvious recurrences. The material lled into the
bone defects had not been completely absorbed. However, the experimental group had a better
osteogenic effect at 1 month after surgery, showing a higher density in the defect area. At 3 months after
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the operation, the lling material was further absorbed, which was again better in the experimental group
as compared to the control group. The experimental group also showed signi cant improvements at 1
month in terms of bone healing, while the control group had no signi cant progress in the 3 months after
surgery (Fig. 3). Therefore, our results con rm that MSC/TCP bioactive scaffold materials prepared by a
stem cell rapid screening–enrichment–composite system had better bone healing effects in repairing
bone defects after benign bone tumor resection.
4. Functional evaluation of the affected limb
We recorded MSTS scores for the two groups in order to evaluate the patient’s lower limb function. It was
found that the patients were experiencing obvious pain and limited movement during weight-bearing
activities and almost all of the preoperative MSTS scores were of a very poor grade. When the tumor was
completely removed and the defect was reconstructed, the MSTS scores of the patients were improved at
1 month after the operation in both groups. However, the MSTS scores of the experimental group were
higher than those of the control group due to the better bone healing. The same results were also
achieved in the MSTS scores at 3 months postoperatively (Table 1). These results con rm that bone
defects repaired by MSC/TCP bioactive scaffold materials prepared through a stem cell rapid screening–
enrichment–composite system can lead to a better limb function for affected patients.
Table 1
Preoperative and postoperative MSTS scores of patients
Experiment Group

Control Group

P Value

Pre-operation

10.82 ± 1.601

10.91 ± 1.814

0.902

1 m after operation

20.91 ± 1.868

17.95 ± 2.911

0.004

3 m after operation

26.00 ± 1.673

22.91 ± 2.256

0.002

Table 1. The preoperative Musculoskeletal Society (MSTS) scores for the two groups were almost all
below a "poor grade". MSTS scores for the two groups were signi cantly improved at 1 and 3 months
after the operation, and the scores of the experimental group were higher than those of the control group
at the same time points.

Discussion
Benign bone tumors and tumor-like lesions are a heterogenic group of bone lesions and are much more
frequent than malignant bone tumors among the total number of skeletal neoplasms. As they usually do
not pose a threat to patient’s lives, the demands for improved postoperative limb function are often higher
than those for malignant bone tumors. There is an increasing demand relating to how doctors can
provide the most reliable reconstruction of these bone defects after complete removal of the tumor in
order to ensure the maximum function of the affected limb. In 2007, the “Diamond Concept” theory was
proposed by Giannoudi [4]. The theory indicated that four factors involving growth factor, bone
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conduction stents, BMSCs and mechanical stability play leading roles during the bone repair process.
Based on this theory, any material used to repair bone defects should cover as many of the above factors
as possible. This multi-factor combination therapy, providing mechanical stability and appropriate
biological stimulation, can achieve better results than a monotherapy[5, 6]. However, how to obtain a
large number of active BMSCs in vitro in order to construct a bioactive bone defect repair scaffold is still
a relatively di cult problem. At present, most clinical applications of BMSCs still need to be ampli ed in
vitro to obtain su cient quantities. Currently, adequate cell count remains the primary concern in the
clinical application of BMSCs, and in vitro ampli cation culture is still the main method. However, this
requires a long preoperative preparation time, which increases the cost and contamination probabilities.
Besides, prolonged in vitro division and proliferation of BMSCs can lead to a decreased expression of the
stem cell characteristic genes, chromatin variation [7, 8]and even malignant tumor formation[9].
To solve this problem, some early studies used gradient centrifugation to obtain a marrow nucleated cell
suspension containing abundant mesenchymal stem cells, which could reach a concentration of 2579 ±
1121 osteoprogenitor cells/mL[10]. Similar techniques were also used to obtain cell suspensions rich in
mesenchymal stem cells in the early stages of our study, and the BMSC concentration of per unit volume
was increased by about 4.3 times[11]. Although centrifuge technology can obtain BMSCs with a high
concentration, it cannot be separated from expensive cell sorters, which greatly increases the treatment
cost for patients and is di cult to promote. To this end, we further improved and developed the rapid
screening–enrichment–composite system of bone marrow stem cells. The system mainly utilizes the
strong adhesion characteristics of stem cells to make the BMSCs adhere directly to the interior of the
scaffold material through perfusion, avoiding the loss of liquid active components. The complete set of
equipment needed for the composite system are disposable products and the pipelines are of a sealed
design, which avoids the risk of bacterial contamination. Secondly, bone marrow blood collection can be
completed within the 15 minutes before surgery. BMSC enrichment and its combination with a scaffold
material can be carried out simultaneously with the tumor resection, thus decreasing patient waiting time
before and during surgery. Thirdly, during in the whole process of the composite system, no exogenous
reagents are needed, which increases the safety of the enriched stem cells. Therefore, this system has a
high working e ciency and good clinical feasibility.
In this study, we applied the bioactive scaffold materials prepared by the stem cell rapid screening–
enrichment–composite system to reconstruct bone defects after the removal of benign bone tumors in
the lower limbs. All of these patients had good bone healing at 3 months postoperatively. The functional
recovery of the lower limbs was evaluated with the MSTS scoring system, which indicated that these
patients had a better, statistically signi cant functional status at 3 months after surgery when compared
to the control group. In addition, the analysis of blood cultures, cell numbers and cell vitality before and
after enrichment suggested that: 1. This system effectively isolated microbial contamination through
strict aseptic operation and a completely closed-loop design, resulting in negative blood culture rates of
100% and improved safety; 2. The system had a high enrichment e ciency of stem cells—after a short
time ltrating porous materials, the number of BMSCs in bone marrow blood could decrease by 83.6%,
while the number of nucleated cells, red blood cells and platelets had no signi cant changes and 3.
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Compared with pure beta-TCP, the bioactive scaffold prepared with this system had better osteogenic
abilities in vivo. Therefore, active bone grafting materials prepared through a rapid screening–
enrichment–composite technique can effectively treat residual bone defects after the resection of benign
bone tumors, which is not only conducive to the rapid recovery limb function, but can also be used as a
more effective alternative therapy for autologous bone transplantation.

Conclusion
In summary, as a new technique for the treatment of bone defects, the rapid screening–enrichment–
composite technology of stem cells can avoid many disadvantages associated with autologous bone
grafting and implements a new autologous bone repair approach for the defected area. However, the
small sample size and limited follow-up times of this study is its main de ciency, meaning large
randomized controlled clinical trials need to be carried out to further con rm these results, and this is our
intention for future research.

Declarations
1. Ethics approval and consent to participate
This study was carried out after the approval of the Shanghai Ninth People’s Hospital Ethics Committee.
We have obtained the consent for publication from the patient.
2. Consent for publication
Not applicable
3. Availability of data and materials
The datasets used and analysed during the current study are available from the corresponding author on
reasonable request.
4. Competing interests
The authors declare that they have no competing interests" in this section.
5. Funding
This study was supported by grants from National Key Research and Development Program of China
(2016YFC1100600), the Multicenter Clinical Research Project of Shanghai Jiao Tong University School of
Medicine (DLY201506) National Natural Science Foundation of China (81301546), 3D Snowball Project
of Shanghai Jiaotong University School of Medicine (GXQ201812), Clinical Research Project of MultiDisciplinary Team, Shanghai Ninth People's Hospital , Shanghai JiaoTong University School of Medicine

Page 8/10

(201701003), Shanghai Clinical Medical Center (2017ZZ01023), Shanghai Municipal Key Clinical
Specialty.
6. Authors' contributions
Lei Wang, Dinghao Luo and Junxiang Wu analyzed and interpreted the patient data. Lei Wang, Dinghao
Luo, Kai Xie and Yu Guo performed the histological examination of the bone. Lei Wang, Dinghao Luo and
Yaokai Gan were major contributor in writing the manuscript. Wen Wu and Yongqiang Hao were major
contributor in writing the manuscript. All authors read and approved the nal manuscript.
7. Acknowledgements
Not applicable

References
1. Barone A, Ricci M, Mangano F, Covani U: Morbidity associated with iliac crest harvesting in the
treatment of maxillary and mandibular atrophies: a 10-year analysis. J Oral Maxillofac Surg 2011,
69:2298-2304.
2. Schubert T, Lafont S, Beaurin G, Grisay G, Behets C, Gianello P, Dufrane D: Critical size bone defect
reconstruction by an autologous 3D osteogenic-like tissue derived from differentiated adipose MSCs.
Biomaterials 2013, 34:4428-4438.
3. Hernigou P, Desroches A, Queinnec S, Flouzat Lachaniette CH, Poignard A, Allain J, Chevallier N,
Rouard H: Morbidity of graft harvesting versus bone marrow aspiration in cell regenerative therapy.
Int Orthop 2014, 38:1855-1860.
4. Giannoudis PV, Einhorn TA, Marsh D: Fracture healing: the diamond concept. Injury 2007, 38 Suppl
4:S3-6.
5. Calori GM, Colombo M, Mazza E, Ripamonti C, Mazzola S, Marelli N, Mineo GV: Monotherapy vs.
polytherapy in the treatment of forearm non-unions and bone defects. Injury 2013, 44 Suppl 1:S6369.
6. Calori GM, Mazza E, Colombo M, Ripamonti C, Tagliabue L: Treatment of long bone non-unions with
polytherapy: indications and clinical results. Injury 2011, 42:587-590.
7. Sensebé L, Gadelorge M, Fleury-Cappellesso S: Production of mesenchymal stromal/stem cells
according to good manufacturing practices: a review. Stem Cell Res Ther 2013, 4:66.
8. Lee AY, Lee J, Kim CL, Lee KS, Lee SH, Gu NY, Kim JM, Lee BC, Koo OJ, Song JY, Cha SH:
Comparative studies on proliferation, molecular markers and differentiation potential of
mesenchymal stem cells from various tissues (adipose, bone marrow, ear skin, abdominal skin, and
lung) and maintenance of multipotency during serial passages in miniature pig. Res Vet Sci 2015,
100:115-124.

Page 9/10

9. Aoyama T, Goto K, Kakinoki R, Ikeguchi R, Ueda M, Kasai Y, Maekawa T, Tada H, Teramukai S,
Nakamura T, Toguchida J: An exploratory clinical trial for idiopathic osteonecrosis of femoral head
by cultured autologous multipotent mesenchymal stromal cells augmented with vascularized bone
grafts. Tissue Eng Part B Rev 2014, 20:233-242.
10. Hernigou P, Mathieu G, Poignard A, Manicom O, Beaujean F, Rouard H: Percutaneous autologous
bone-marrow grafting for nonunions. Surgical technique. J Bone Joint Surg Am 2006, 88 Suppl 1 Pt
2:322-327.
11. Gan Y, Dai K, Zhang P, Tang T, Zhu Z, Lu J: The clinical use of enriched bone marrow stem cells
combined with porous beta-tricalcium phosphate in posterior spinal fusion. Biomaterials 2008,
29:3973-3982.

Figures

Figure 2
Evaluation of the osteogenic effects of mesenchymal stem cell (MSC)/TCP bioactive scaffolds in vivo.
The control group showed less osteogenesis (A). However, there were more new bone components in the
experimental group, which distributed in a reticular manner (B).
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