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The purpose of the current study was to evaluate the usefulness of adipose-derived stem cells (ASCs) for bone injury therapy.
Lipoaspirates were collected from the abdomen regions of 17 healthy female donors (mean age 49 ± 6 years) using Coleman
technique or Body-jet liposuction. In the present study, the primary objective was the in vitro characteristics of human ASCs.
The secondary objective was the optimization of the cell seeding process on 3D-printed scaﬀolds using polycaprolactone (PCL)
or polycaprolactone covered with tricalcium phosphate (PCL + 5% TCP). Biological evaluation of human ASC showed high
eﬃciency of isolation obtaining a satisfying amount of homogeneous cell populations. Results suggest that ASCs can be cultured
in vitro for a long time without impairing their proliferative capacity. Growth kinetics shows that the highest number of cells
can be achieved in passage 5 and after the 16th passage; there is a signiﬁcant decrease of cell numbers and their proliferative
potential. The percentage of colony forming units from the adipose stem cells is 8% ± 0.63% (p < 0 05). It was observed that the
accumulation of calcium phosphate in the cells in vitro, marked with Alizarin Red S, was increased along with the next passage.
Analysis of key parameters critically related to the cell seeding process shows that volume of cell suspension and propagation
time greatly improve the eﬃciency of seeding both in PCL and PCL + 5% TCP scaﬀolds. The cell seeding eﬃciency did diﬀer
signiﬁcantly between scaﬀold materials and cell seeding methods (p < 0 001). Increased seeding eﬃciency was observed
when using the saturation of cell suspension into scaﬀolds with additional incubation. Alkaline phosphatase level production in
PCL + 5% TCP scaﬀold was better than in PCL-only scaﬀold. The study results can be used for the optimization of the seeding
process and quantiﬁcation methods determining the successful implementation of the preclinical model study in the future
tissue engineering strategies.

1. Introduction
Regenerating or replacing bone defects is an important
research ﬁeld in tissue engineering. Current methods for surgical treatment of fractures and bone defects primarily use
metal implants, and autologous and allogeneic bone grafts
still represent the gold standard for bone repair. Development of new treatments is mainly focused on the tissue engineering strategies that include stem cells, bioactive signals,
and appropriate scaﬀold support. Mesenchymal stem cells
derived from adipose tissue are promising cell source for
bone lesion repair [1]. This is important for the optimization
of methods aimed at isolation, characterization, expansion,

and evaluation of diﬀerentiation potential [2]. These parameters ensure the quality of stem cells and the safety of their
use. Harvesting procedure, tissue site, age, obesity, and
related-chronic diseases may inﬂuence cell yields from
adipose tissue. ASCs can be isolated from adipose tissue during previous surgical resection or liposuction [2]. Several
approaches for ASC isolation have been reported [3, 4], but
data comparing the eﬃcacy of various methods are still not
available; therefore, no standardized method exists. The protocol described in 2001 by Zuk et al. is still considered as the
most widely used method for ASC isolation, based on digestion with collagenase [5]. There are conﬂicting reports on the
eﬀect of donor age on adipose human mesenchymal stem

2
cells [6–8]. By contrast with bone marrow-derived MSCs, the
number of ASCs in adipose tissue does not decrease with age
[7, 8] even if their clonogenic and proliferative potential
gradually declines. Numerous studies have reported that
ASCs isolated from old individuals have reduced function
and adipogenic potential compared to ASCs from young subjects [9–11]. The growth rate of ASCs has been reported also
to be higher in younger patients (25–30 years old) than in
older patients [12]. Nevertheless, adipose tissue displays a
signiﬁcant heterogeneity in terms of stem cell yield, proliferation, and diﬀerentiation capacity. Therefore, the primary
objective of the present study is aimed at characterizing ASCs
from the abdomen regions of 17 healthy female donors
(mean age 49 ± 6 years) in order to investigate yield of cell
number of stromal vascular fraction (SVF), proliferation,
and potential of osteogenic diﬀerentiation and for possible
evaluation of the usefulness of adipose stem cells (ASC) passage 3 for the construction of polymer-cell scaﬀolds.
Optimization of cell seeding on polymer scaﬀolds is
essential for the successful in vitro cultivation of functional
tissue constructs [1]. General seeding requirements for 3D
scaﬀolds include high yield, to maximize the utilization of
donor cells; high kinetic rate, to minimize the time in suspension culture for anchorage-dependent and shear-sensitive
cells; spatially uniform distribution of attached cells, to provide a basis for uniform tissue regeneration; and high initial
construct cellularity, to enhance the rate of tissue development. Additional seeding requirements may depend on cell
type and tissue engineering application. The applied seeding
technique therefore needs to be simple and easy to use,
repeatable, and time-eﬃcient [13]. Besides the individual
eﬀect, there is many crucial factors exert on the seeding process and also their interactions play a major role in determining outcome parameters [14–16]. It has been shown that
changes in the scaﬀold porosity signiﬁcantly aﬀect the mesenchymal stem cell seeding eﬃciency in 3D-engineered bone
scaﬀolds. In addition, many researches have shown that the
initial seeding density did not signiﬁcantly aﬀect cell seeding
eﬃciency, but the seeding time and the volume of seeding.
The biological mechanisms responsible for the regenerative
potential of stem cells are still not fully understood.
However, still little is known how to eﬀectively optimize
the seeding of scaﬀolds for bone regeneration. Thus, there
is still a need for a simple eﬀective way of improving cell seeding eﬃciency on scaﬀolds. Therefore, the secondary objective
of this work was to select parameters that can play a key role
in eﬀectively seeding ASCs into polycaprolactone scaﬀolds.
Our results may also provide information how seeding
method selection aﬀects cell distribution and how modiﬁcation of scaﬀolds may inﬂuence the seeding eﬃciency.

2. Materials and Methods
2.1. Experimental Design. Adipose tissue was collected from
raw human lipoaspirates according to Coleman technique
or Body-jet liposuction. Lipoaspirates were obtained from
the abdomen regions of 17 healthy female donors. The age
range of the patients was 40–59 years (mean age 49 ± 6 years).
All patients consented written forms for the use of the
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material (lipoaspirate) for the tests, in accordance with the
standards of the International Ethical Committee.
2.2. Isolation and Culture of ASCs. Brieﬂy, raw lipoaspirates
were washed extensively with sterile phosphate-buﬀered
saline (PBS) (Gibco®, Life Technologies, USA) to eliminate
contaminating debris and red blood cells. Washed aspirates
were treated with 0.075% collagenase (Clostridium histolyticum; type I; Sigma-Aldrich, St. Louis, MO, USA) in PBS for
60 min at 37°C with gentle agitation. The collagenase was
inactivated with 10% fetal bovine serum (FBS, Gibco®,
USA), and the infranatant centrifuged (400 ×g, 10 min,
23°C) until phase separation. To ﬁlter out larger tissue particles, the stromal vascular fraction (SVF) pellet was resuspended and passed through a 100 μm ﬁlter placed atop a
new 50 ml centrifuge tube to facilitate gravitational separation. The ﬁltrate was centrifuged at 400 ×g for 10 min to
obtain a high-density SVF pellet containing ASCs, which
was then cultured in tissue-culture-treated culture dishes in
a medium comprising an equal volume of low-glucose Dulbecco’s modiﬁed Eagle’s medium (DMEM, Gibco®, USA)
and fetal bovine serum (FBS) and incubated in a humidiﬁed
atmosphere at 37°C and 5% CO2. Media were replaced twice
per week, and cells were passaged on approaching 80–90%
conﬂuence, using 0.25% trypsin-EDTA solution (Invitrogen,
USA). Routine tests were performed before ASC preparation
and after preparation, including sterility control (BACTEC,
BacT/Alert, Becton Dickinson, blood agar, Columbia agar,
and BHI agar), cell enumeration (Bürker chamber), and viability analysis (ﬂuorescence microscopy, acridine orange plus
ethidium bromide staining).
2.3. Flow Cytometric Analyses of ASC Surface Markers. ASCs
in passage 3 were harvested, enumerated, and incubated for
20 min with the following speciﬁc ﬂuorescent conjugated
antibodies including anti-CD29-PE, anti-CD34-PE, anti-CD45-FITC, anti-CD73PE, anti-CD90-PE, anti-CD105-PE,
anti-CXCR-4-PE, and lin1-PerCP (anti-CD3-FITC, anti-CD14-FITC, anti-CD16-FITC, anti-CD19-FITC, anti-CD20FITC, and anti-CD56-FITC). Control staining with directly
labeled, isotype matched monoclonal antibodies was included
in all ﬂuorescence-activated cell sorting (FACS) experiment
control (γ-PE, γ-PerCP, and γ-PE CD105) (BD, USA). Flow
cytometry was performed using a Calibur ﬂow cytometer
(BD, USA) and CellQuest Pro software (BD, USA). Data
are represented as mean values (M) ± standard deviation of
the mean (SD) for 17 individual donors.
2.4. Morphology and Multilineage Diﬀerentiation Potential
of hASCs. The potential of ASC to diﬀerentiate into osteoblasts and adipocytes was conﬁrmed in monolayer culture.
To induce adipogenic diﬀerentiation, cells were cultured in
MesenCult™ adipogenic stimulatory supplements (human)
(STEMCELL Technologies, Canada) supplemented with
MesenCult® MSC basal medium (STEMCELL Technologies,
Canada). To induce osteogenic diﬀerentiation, we used
MesenCult™ osteogenic stimulatory supplements (human)
(STEMCELL Technologies, Canada) in the osteogenic
medium containing 10−4 M dexamethasone (STEMCELL
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Technologies, Canada), 1 M β-glycerophosphate (STEMCELL Technologies, Canada), and 10 mg/ml ascorbic acid
(STEMCELL Technologies, Canada). Media from both cultures were replaced every 3 d for 21 d in total. The diﬀerentiation potential for adipogenesis and the formation of
intracellular lipid droplets were assessed by Oil Red O staining after ﬁxation in 10% formalin. The diﬀerentiation potential for osteogenesis was assessed by Alizarin Red S (ARS)
staining after ﬁxation in 10% formalin. To induce chondrogenic diﬀerentiation, we used a chondrogenic medium
(LONZA, Switzerland). For histological analysis, pellets were
embedded in paraﬃn and sectioned. Chondrogenic diﬀerentiation was assessed by Masson trichrome staining. Morphology and diﬀerentiation potential of ASCs are represented for
one individual donor from three independent donors.
2.5. Growth Kinetics. To investigate the growth pattern of
ASCs, SVF cells were seeded at a density 1–2 × 106 cells/T25.
The cells were grown in DMEM containing 10% FBS at 37°C,
5% CO2, and 95% humidity. After approaching 80% conﬂuence, the cells were passaged. After primary culture, the passaged cells were plated on a T25 culture bottle at a density
0.3 × 106 cells/T25 and their reproductive rate was recorded.
After each passage, culture media were replenished every 3
days until the end of experiment. Cells were then trypsinized
and enumerated. Cells were passaged; after which, they were
unable to undergo further cell division.
2.6. Clonogenic Potential. The SVF cells isolated from human
lipoaspirates were evaluated for their clonogenic ability by
using colony-forming (CFU-F) assay. The cells were seeded
at a low density (40 cells/cm2) and cultured in DMEM containing 10% FBS for 6–7 days. Colonies were stained with
Giemsa stain, and those comprising >50 cells were enumerated manually using a light microscope. The colony potential
was compared by calculating the percentage of cell-forming
colonies/number of cells seeded × 100. Clonogenic potential
is a representative for 6 individual donors.
2.7. Scaﬀold Manufacturing. Poly(ε-caprolactone) scaﬀolds
with custom geometry and controlled internal architecture
were developed using fused deposition modeling at Faculty
of Materials Science and Engineering, Warsaw University of
Technology. A composite comprising PCL Mn 80.000 (Sigma-Aldrich) and β-TCP (Progentix, catalog no. P08004C)
was used. Cylindrical scaﬀolds (6 mm diameter and 4 mm
height) with three-dimensional orthogonal periodic porous
architecture were designed using SOLIDWORKS 3D CAD
design software. Layer-by-layer printed microﬁbrous scaﬀolds
were characterized by the following theoretical parameters:
ﬁber diameter (D1), 330 μm; spacing between ﬁbers in the
same layer (D2), 420 μm; layer thickness (D3), 240 μm; layer
deposition angle, 0/60/120 the same layer (D2), 420 μm; layer
thickness (D3), 240 μm; and layer deposition angle, 0/60/120.
2.8. Sterilization of Scaﬀolds. Scaﬀolds (PCL, PCL + 5% TCP)
were irradiated at Gamma Chamber 5000 on the dose rate
of 8.80 kGy/h in air. The total delivered radiation dose was
25 kGy. Sterilization was performed at the Institute of
Chemistry and Nuclear Technology, Warsaw University
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0.5 × 106 ASC/6 mm × 4 mm
Pipettes
Cell suspension
in the culture medium

Cell suspension

Scaffold

Figure 1: The static method of cell seeding into scaﬀold. Cell
suspension is pipetted directly into the central surface of the scaﬀold.

of Technology. Samples for sterilization were delivered in
sealed and sterile containers.
2.9. Fixing of Cell-Seeded Scaﬀolds. Cell-scaﬀold constructs
were ﬁxed in 1.5% glutaraldehyde containing a 0.1 M sodium
cacodylate buﬀer (pH 7.3), rinsed twice with PBS, and left to
dry at room temperature.

3. Comparison of Different Strategies for In
Vitro Seeding of Scaffolds
3.1. Basic Static Cell Seeding Methods. Sterilized scaﬀolds PCL
and PCL + 5% TCP were placed in 24-well tissue culture
plates. Culture-expanded human ASCs (passage 3) were suspended in the DMEM medium containing 20% FBS, using
0.5 × 106 cells in three variants of volumes: 50 μl, 35 μl, and
20 μl. The cell suspension was added on the top of each scaffold and pipetted in and out, to enhance even distribution of
cells within the scaﬀolds. The prepared plate was gently
transferred to an incubator under conditions of 37°C, 98%
humidity, and 5% CO2 (Figure 1). The medium was changed
every three days. Cell-seeded scaﬀolds were cultured for 21
and 42 days. After this time, cell-seeded scaﬀolds were ﬁxed
and analyzed using a visible light microscope. The process
was performed 6 times for each group. To determine cell
seeding eﬃciency, cell numbers in randomly selected scaffolds were determined after 3, 7, and 21 days of incubation
using an MTS assay (CellTiter 96® AQueous One Solution
Cell Proliferation, Promega, Madison, WI, USA) (n = 3). Test
MTS was repeated 3 times, from 3 independent donors.
3.2. Saturation of Cell Suspension into Scaﬀolds Combined
with Additional Incubation. Sterilized scaﬀolds (PCL and
PCL + 5% TCP) were placed in 24-well tissue culture plates.
Culture-expanded ASCs (passage 3) were suspended in the
DMEM medium containing 20% FBS, using 0.5 × 106 cells,
in two volumes: (1) 50 μl and (2) 35 μl. At the beginning, half
volume of total cell suspension (1) 25 μl from 50 μl and (2)
17.5 μl from 35 μl was added on the top of each scaﬀold
and pipetted in and out, to enhance even distribution of cells
within the scaﬀolds. The prepared plate was gently transferred to an incubator under conditions of 37°C, 98% humidity, and 5% CO2. After 60 minutes in the incubator, the
remainder of volume (1) 25 μl and (2) 17.5 μl was added to
the scaﬀolds, which were subsequently stored in the incubator for 30 minutes. After this time, the scaﬀolds were placed
in diﬀerent, sterile tissue culture wells, one scaﬀold per well.
Fresh medium (basic medium DMEM with 20% FBS) was
added to the cell-seeded scaﬀolds (Figure 2). The medium
was changed every three days. Cell-seeded scaﬀolds were
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0.5x106 ASC/6 mm x 4 mm

Pipettes

Pipettes
Incubation 1h

Incubation 30 min.

Cell suspension
in the culture medium

Cell suspension

Saturation of cell suspension
into scaffolds

Saturation of cell suspension
into scaffolds

Figure 2: The method of saturation of cell suspension into scaﬀolds with additional incubation.

cultured for 21 days. After this time, cell-seeded scaﬀolds
were ﬁxed and microscope-analyzed. To determine cell seeding eﬃciency, cell numbers on randomly selected scaﬀolds
were determined after 3, 7, and 21 days of incubation using
and MTS assay (CellTiter 96® AQueous One Solution Cell
Proliferation, Promega, Madison, WI, USA). Test MTS was
repeated 3 times, from 3 independent donors.
3.3. Optimization of Density of Seeding Cells into Scaﬀolds.
Sterilized scaﬀolds (PCL and PCL + 5% TCP) were placed
in 24-well tissue culture plates. Culture-expanded human
ASCs (passage 3) were suspended in the DMEM medium
containing 20% FBS, using three densities of cell suspensions:
0.5 × 106, 0.9 × 106, and 1.5 × 106. The medium was changed
every three days. Cell-seeded scaﬀolds were cultured for 3,
7, and 21 days. The process was performed 7 times.
3.4. Response Measurements and Data Analysis. The response
measurements are based on the metabolic activity and alkaline phosphatase activity of the cells in the seeded scaﬀolds.
In addition, the cell spatial distribution was also evaluated
for the cell seeding on 3D scaﬀolds.
3.5. Cell Metabolic Activity Analysis. To determine the cell
seeding eﬃciency, cell numbers on some seeded scaﬀolds
were determined after 1, 3, 7, and 21 days of incubation,
using the 3-(4.5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4 sulfophenyl)-2H-tetrazolium (MTS) assay
(CellTiter 96® AQueous One Solution Cell Proliferation,
Promega, Madison, WI, USA). The MTS assay (CellTiter
96® AQueous One Solution Cell Proliferation Assay, Promega Corporation, Fitchburg, WI, USA) was used to measure the metabolic activity of the cells. Twenty microliters
of MTS was added to 100 μl of fresh culture medium per well.
The plates were incubated for 4 h at 37°C and 5% CO2.
Thereafter, the optical density was measured spectrophotometrically in 100 μl per well, using a multimode microplate reader (Synergy HT; BioTek, Winooski, VT, USA) at
490 nm. At this point, the MTS assay was performed to determine the total cell numbers for each scaﬀold, as described
above. See MTS standard curve in Supplementary Materials.
3.6. Alkaline Phosphatase Activity Assay. ALP activity of
the cells was measured using a Thermo Fisher Scientiﬁc
PNPP phosphate substrate kit (Pierce, USA); P-nitrophenyl

phosphate (pNPP) was used as the phosphatase substrate, which yields a yellow coloration (λmax = 405 nm) when
dephosphorylated by ALP. The activity of this enzyme was
monitored on days 7 and 14. First, the medium was aspirated
from the wells and 100 μl of pNPP reagent was added to each
well with a scaﬀold sample. Thereafter, the plates were incubated for 30 min at 37°C and 5% CO2 until suﬃcient coloration developed, and then, pNPP reagent was transferred into
new wells. The reaction was terminated by adding 50 μl of
2 N NaOH to each well. The optical density was recorded
using a microplate reader, at 405 nm.
3.7. Evaluation of Cell Growth after Cell Seeding Scaﬀolds.
The prepared scaﬀold composites were examined by the
CKX41 inverted microscope, confocal microscope, and
SEM. The morphology and structure of the scaﬀolds were
studied at 42 days following cell seeding using a scanning
electron microscope (SEM, SU8000, Hitachi, Tokyo, Japan).
The diameters of 50 randomly selected ﬁbers were measured
using image analysis software (ImageJ, National Institute of
Health, Bethesda, MD, USA). The prepared and ﬁxed
cell-seeded scaﬀolds PCL and PCL + 5% TCP were examined
by SEM at Faculty of Materials Science and Engineering,
Warsaw University of Technology.
3.8. DAPI Staining Test. Stem cell-seeded scaﬀolds were ﬁxed
with 4% paraformaldehyde at 4°C for 30 min on days 1, 3,
and 5 after cell seeding. Then, samples were washed twice
with PBS, incubated with 4′, 6-diamidino-2-phenylindole
(DAPI) (Sigma Chemical Co., USA) for 30 seconds to label
nuclei of the cells, and rinsed twice with PBS. The immunoﬂuorescence images were obtained by using a ﬂuorescence
microscope. Experiment was repeated 3 times, from 3 independent donors.
3.9. Statistics. The statistical analysis of the material was
carried out using statistical tests of the STATISTICA v.
10 package by StatSoft Polska (comparison of the seeding
methods on PCL and PCL + 5% TCP scaﬀolds) and the statistical program R version 3.4.3 (2017). The Shapiro-Wilk test
was performed to assess normality; hypothesis testing was
performed using the Benjamini-Hochberg test, and analysis
of variance (ANOVA), followed by a Tukey test (for variables with normal distribution) for post hoc analysis or a
Kruskal-Wallis test with Dunn’s test (nonparametric) for
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Figure 3: Histograms show results of ASC staining for indicated surface markers from one representative donor, passage 3. Cell counts are
indicated on the y-axis and ﬂuorescence intensity on the x-axis. The percentages of ASCs positively stained are indicated in each panel. Violet:
isotype controls; green: antigen-speciﬁc antibodies.

post hoc analysis, was performed. Variables are presented
as mean (M) ± standard deviation of the mean values (SD).
A p value less than 0.05 indicated statistical signiﬁcance,
and additional signiﬁcance was indicated with ∗ p < 0 05,
∗∗
p < 0 01, and ∗∗∗ p < 0 001.

4. Results
4.1. Flow Cytometry. Cultures of ASCs at passage 3 were
analyzed for the expression of cell surface markers. ASCs
were negative for the hematopoietic lineage marker CD45,
on average 0.09% ± 0.18% CD45, 2.17% ± 0.35% CD34, and
0.35% ± 0.12% lin1. ASCs were positive for CD29, CD90,
and CD105, on average 90.41% ± 11.97% CD29, 95.96% ±
5.45% CD90, and 87.24% ± 12.54% CD105. Representative
histograms show results of ASC staining for indicated surface
markers from one representative donor (Figure 3).
4.2. Morphology and Multineage Diﬀerentiation Potential
of ASCs from Human Lipoaspirate. The shape of the isolated
cells was initially round (Figure 4(a)) and became polygonal
or spindle-shaped thereafter (ASC cells) (Figures 4(b)–
4(d)). Attachment of spindle-shaped cells to tissue culture
plastic ﬂask was observed after 5 days of ASC culture
(Figure 4(c)). After 7 days, spindle-shaped cells reached
above 80% (Figure 4(d)). Morphology of cells changed gradually with passage number. Cells become more ﬂat shape
with increasing passage number.
4.3. Proliferation and Growth Kinetics of ASCs. ASCs were
obtained from abdomen tissue from 17 female donors
over a broad age range (49 ± 6 years). ASCs were successfully obtained from all donors. Yield of SVF cells was
average 0.36 × 106 per milliliter of lipoaspirate, viability average 86%. Characterization of donors and number of SVF are
presented in Supplementary Materials (Table 1). The growth
curve (Figure 5(a)) describes the kinetics of cell proliferation

in primary culture (SVF) and the ﬁrst three secondary cultures (ASC). Diﬀerences between individual passages are
statistically signiﬁcant. The maximum ASC proliferation
capacity was observed in passages from 2 to 5 (∗ p < 0 05).
A signiﬁcant decrease of cell number and their proliferative
potential is occurred after the 6th to 16th passages. Signiﬁcant
diﬀerences are also observed between passages 20 and 23
(∗ p < 0 05). Results of average number of ASCs are presented
in Supplementary Materials (Table 2). Growth kinetics is
represented for 5 individual donors (Figure 5(a), from
SVF to passage 3) and for 3 individual donors (Figure 5(b),
from SVF to passage 23). Analyzing the propagation time
of culture of human ASCs in terms to particular passages,
we observed that the time of expansion of SVF cells from
primary culture to passage 1 was on average 6 days. Passage 3 was obtained after 15–19 days, and passage 6 was
obtained after 60 days (Figure 6(a)). CFU-F assay is a suitable tool for evaluating the proliferation and clonogenic
capacity of the SVF expanded in culture. Giemsa staining
showed that human SVF cells are able to form colonies from
a single progenitor cell. It was observed 8% ± 0.63%. CFU-F
colonies at a density of 40 cells/cm2 were observed as shown
in Figure 6(b).
4.4. Multipotency: Osteogenesis, Chondrogenesis, and
Adipogenesis. Human ASCs showed ability to diﬀerentiate
to osteocyte, adipocyte, and chondrocyte. Upon applying
adipogenic diﬀerentiation, the cells showed accumulated
intracellular lipid droplet as revealed by Oil Red O staining
(Figure 7). Osteogenic diﬀerentiation displayed extracellular calcium precipitates, which were identiﬁed by Alizarin
Red staining (Figure 8) and chondrogenic diﬀerentiation
demonstrated by Masson’s trichrome staining (Figure 9).
Microscopic observation indicates that these cells can differentiate into adipocytes, osteoblast, and chondroblast.
Control cultures were added to the experiment using basic
culture medium, where there was no cell diﬀerentiation
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Figure 4: The representative images of human ASCs after fresh isolation, 3, 5, and 7 days of 2D culture. Representative images are shown at 4x
magniﬁcation. Scale bars represent 100 μm (Olympus CKX41). The representative images are from one donor.
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Figure 5: The number of human adipose stem cells obtained in individual passages. (a) From isolation SVF to passage 3. M ± SD (n = 5). (b)
From passage 0 to passage 23. M ± SD (n = 3).

(Figures 7(a) and 8(a)). Moreover, it was observed that
osteogenic potential increased with increasing passage.
4.5. Eﬀect Volume of Cell Suspension for Eﬃciency of Seeding.
To evaluate the eﬀect of cell seeding and growth on 3D tissue
engineering scaﬀolds which we placed into the well in vitro,
cell metabolism was analyzed over a three-week period (days
1, 3, 7, and 21). Analysis of the proliferation of human ASCs
suspended in the seeding volume of 50 μl and 35 μl showed
statistically signiﬁcant diﬀerences after 3 and 21 days of culture into PCL (∗ p < 0 05) and after day 21 of culture for PCL
+ 5% TCP scaﬀold. Results shows that cell seeding eﬃciency
increased when using a seeding volume of 35 μl. We also

observed a greater cell activity on the scaﬀolds on day 21
(Figure 10). Our results may suggest that, except volume
cell seeding, also propagation time plays an important role
in eﬃciency of seeding. See raw data in Supplementary
Materials (Table 3).
4.6. Comparison of Two Diﬀerent Strategies for In Vitro
Seeding of Human ASC of PCL and PCL + 5% TCP
Scaﬀolds. To compare the eﬀect of two methods to cell seeding PCL and PCL + 5% TCP, cell metabolism was analyzed
over a week period (1 and 7 days). Results indicate that
ASC cells attached and proliferated on PCL and PCL + 5%
TCP scaﬀolds cultured in a basic medium. We observed
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Figure 6: (a) The association between the duration of adipose stem cell cultures and individual passages in cells obtained from human adipose
tissue (n = 5). (b) Clonal growth test (CFU-F) of stromal vascular fraction cells obtained from human adipose tissue. M ± SD (n = 6).
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Figure 7: Oil Red O staining of human adipose stem cells after passage 3. (a) Control, undiﬀerentiated adipose stem cells. (b) Adipogenic
diﬀerentiation. Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. The representative images are from
one independent donor.

signiﬁcant diﬀerences between two methods used (∗∗ p <
0 001). See raw data in Supplementary Materials (Table 4).
Increased seeding eﬃciency was observed when using the saturation of cell suspension into scaﬀolds with additional incubation. Basic static cell seeding method did not generate this
level of seeding eﬃciency. Figure 11 contains an assessment
of the statistical signiﬁcance between the method of basic
static ASC cell seeding and the method of saturation of cell
suspension, respectively. Results implying that the selection of the method of cell seeding can signiﬁcantly increase
seeding eﬃciency. Data presents a higher level of ASC proliferation into PCL + 5% TCP than PCL scaﬀold.
4.7. Optimization of Density of Seeding Cells into Scaﬀolds.
The level of metabolic activity measured by the MTS test
for human ASCs placed on PCL and PCL + 5% TCP signiﬁcantly increased in cells after 3, 7, and 21 days of culture
using the initial cell number equal to 0.9 × 106 (6 mm × 4 mm
of the scaﬀold area) in comparison with the density of
0.5 × 106 and 1.5 × 106 (Figure 12). A signiﬁcant decrease in
proliferation was observed after 7 days of culture at the initial
ASC cell count of 0.5 × 106 for PCL (∗ p < 0 05) and PCL + 5%
TCP (∗∗∗ p < 0 001) compared to 0.9 × 106 and after 7 days of

culture on PCL + 5% TCP for 1.5 × 106 (p < 0 05). Interestingly, the diﬀerences between the density 0.9 × 106 and
1.5 × 106 were not signiﬁcant after 21 days of cultivation,
while they were observed comparing the densities of 0.5 ×
106 and 0.9 × 106 (∗ p < 0 05). Result of analysis is shown in
Supplementary Materials (Tables 5 and 6).
4.8. Cellular Distribution. Analysis of images of human ASC
cell seeding onto PCL scaﬀold shows high adhesion capacity
(Figures 13(a)–13(c)) and cell migration (Figures 13–18).
Both types of scaﬀolds promote adhesion and proliferation
of cells (Figure 15). Microscopic analysis of ﬁbers of scaﬀolds
(Figures 13 and 14) shows that ASCs adhere to scaﬀold surface and make extensive cell clusters. Cell distribution was
homogeneous throughout the scaﬀold material (Figure 15).
DAPI staining was used to evaluate the proliferation rate of
adipose stem cells seeded on PCL and PCL + 5% TCP cultured up to 21 days. We observed that seeded ASCs adhere
to the surface and migrate into the scaﬀolds (Figure 16).
SEM images of the PCL and PCL + 5% TCP scaﬀold
surface and cross section were collected at diﬀerent magniﬁcations. The cells are evenly distributed over its entire porous
surface of scaﬀolds (Figure 17). Also, at the ﬁber interface,
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Figure 8: Alizarin Red staining and mineralization assay of human adipose stem cells after 3, 8, and 14 passages. (a) Control, undiﬀerentiated
ASCs. (b, c, d) Osteogenic diﬀerentiation. Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. The
representative images are from one independent donor. Calcium deposits are indicated with white arrows.

Figure 9: Chondrogenic diﬀerentiation of the human adipose stem
cells. After 3 weeks of chondrogenic induction, the pellet was
observed. Pellets were stained with Masson’s trichrome stain.
Representative images are shown at 4x magniﬁcation. Scale bars:
200 μm. The representative images are from one independent donor.

the cells adhering the scaﬀold are visible (Figures 17(c),
17(d), and 17(g)). In the proximal part of the scaﬀold,
attached layers of cells were observed (Figures 17(e), 17(f),
17(h), and 17(i)). Likewise, in the distal part, the adherent
cell-forming groups cover the surface. The cells are characterized by the presence of many cell convexities (Figures 17(f),
17(g), and 17(i)). In all cases of the tested PCL and PCL + 5%
TCP scaﬀold surfaces, positive ASC cell responses were noted.
4.9. Osteogenic Potential of ASCs into the PCL and PCL
Covered with 5% Tricalcium Phosphate. Alizarin Red S staining was employed to observe the calcium deposition in the

osteogenic diﬀerentiation of ASCs on PCL and PCL + 5%
TCP scaﬀolds for 7 and 14 days postdiﬀerentiation. Alizarin
Red-positive nodules formed in ASCs on both scaﬀolds uniformly (Figures 18(a)–18(c) and 19). Adipogenic diﬀerentiation of the cells into PCL and PCL + 5% TCP showed
accumulated intracellular lipid droplet as revealed by Oil
Red O staining (Figures 18(d)–18(f)).
The osteogenic assay showed that cell-seeded PLC + 5%
TCP scaﬀolds cultured in the osteogenic medium presented
signiﬁcantly greater signal of staining dye and higher alkaline
phosphatase level production during the 14-day culture
period (∗∗ p < 0 01), compared with the control medium
and PCL scaﬀold. These results imply that the modiﬁcation
of scaﬀolds may inﬂuence the degree of ASC cell diﬀerentiation (Figure 20). See raw data in Supplementary Materials
(Table 7).

5. Discussion
In the present study, ASCs were obtained from abdomen tissue from 17 female donors over a broad age range (49 ± 6
years). Analysis indicated that the overall yield of SVF cells
was 0.36 × 106 per milliliter of lipoaspirate. Our results are
comparable with data published by Suga et al. [17], Millan
et al. [18], Markarian et al. [19], Condé-Green et al. [20],
and Aronowitz et al. [21]. Nevertheless, there are reports in
the literature that indicate a signiﬁcantly higher number of
SVFs obtained from 2–6 × 106/ml of adipose tissue [22],
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but also it is obtained from 0.5 × 104 to 7.95 × 105 per 1 g of
adipose tissue [19, 23–25]. The reason for such individual
variability of ASCs is not fully understood yet. One of the
causes can be lack of standard isolation and culture procedures. As a result, comparison and interpretation of the

various scientiﬁc researches are restricted. Standardization
of these parameters may increase reliability and repeatability
of results, but there are also factors aﬀecting the quality of
ASC, which cannot be standardized, i.e., age, ethnicity, medical history, and BMI index [5, 23, 26–29].
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Figure 13: The representative images of human adipose stem cells, seeding into PCL after 21 days of culture. Seeding density of ASC:
0.9 × 106/scaﬀold. Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. Images were taken by using a
Nikon Eclipse Ti confocal microscope. Representative images are from one donor.
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Figure 14: The representative images of human adipose stem cells seeding into PCL + 5% TCP after 21 days of culture. Seeding density of
ASC: 0.9 × 106/scaﬀold. Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. Images were taken by using a
Nikon Eclipse Ti confocal microscope. Representative images are from one donor.

There are many conﬂicting reports about the eﬀect of
donor’s age and the number of cells obtained from adipose tissue. It is believed that cells residing in the elderly

are subjected to age-related changes and thus contribute
less to tissue rejuvenation [30]. In contrast, some studies
reported that donor age does not aﬀect the characteristics,
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Figure 15: The representative images of human adipose stem cells seeding into PCL and PCL + 5% TCP after 42 days of culture. Seeding
density of ASC: 0.9 × 106/scaﬀold. Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. Images were taken
by using an Olympus CKX41 microscope. (a) Proximal part of seeding scaﬀolds. (b, c) Distal part of seeding scaﬀolds. Representative
images are from one donor.
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Figure 16: Fluorescence microscope images for DAPI staining (blue nucleus) of human adipose stem cells seeded onto the PCL and PCL + 5%
TCP after 21 days of culture. (a, c) Single cell nucleus of ASC. (b, d) Clusters of nucleus inside scaﬀolds. Seeding density = 0.9 × 106.
Representative images are shown at 10x magniﬁcation. Scale bars represent 100 μm. Representative images are from one donor.
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Figure 17: SEM analyses of PCL and PCL + 5% TCP composite after 42 days of ASC culture. Density seeding 0.9 × 106. (a) Control PCL
without ASCs. (b, c) Proximal part of scaﬀolds. (d–i) Distal part of scaﬀolds. Representative images are from one donor.

proliferation, or osteogenic diﬀerentiation potential of ASCs
allowing expansion of the use of multipotent mesenchymal
stem cell donors [12, 31]. Our results demonstrated no eﬀect
of donor age (49 ± 6 years) on the cell expansion and diﬀerentiation potential. Discrepancies of many reports may imply
from the broad age ranges and the health status of the donors
that were studied.

The kinetics of the proliferation of cells obtained from
human adipose tissue shows that the highest number of
ASCs can be achieved in passage 5 and after passage 16,
proliferation is signiﬁcantly decrease. This may suggest that
ASCs can be cultured in vitro for a long time without impairing their proliferative capacity [32]. In contrast, some studies
have reported decrease of ASC proliferation capacity in
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Figure 18: The representative images of human adipose stem cells seeding into PCL and PCL + 5% TCP after 21 days of culture. (a)
Osteogenic diﬀerentiation of ASCs in 2D culture (density: 0.3 × 106). (b) Osteogenic diﬀerentiation (ARS) in PCL scaﬀold. (c) Osteogenic
diﬀerentiation in PCL + 5% TCP. (d) Adipogenic diﬀerentiation (Oil Red O) of ASCs in 2D culture. (e) Adipogenic diﬀerentiation in PCL
scaﬀold. (f) Adipogenic diﬀerentiation in PCL + 5% TCP scaﬀold. Seeding density of ASCs: 0.9 × 106 per scaﬀold. Representative images
are shown at 10x magniﬁcation. Scale bars represent 100 μm. Images were taken by using an Olympus CKX41 microscope.
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Figure 19: The representative images of human adipose stem cells seeding into PCL and PCL + 5% TCP after 42 days of culture. (a, d)
Control, undiﬀerentiated of ASCs. (b, c, e, f) Osteogenic diﬀerentiation (ARS). Seeding density of ASC: 0.9 × 106/scaﬀold. Representative
images are shown at 10x magniﬁcation. Scale bars represent 100 μm. Images were taken by using an Olympus CKX41 microscope.
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Figure 20: Alkaline phosphate activity of cultured osteoblasts on
PCL and PCL + 5% TCP scaﬀolds after 7 and 14 days. Control:
undiﬀerentiated of ASCs. Statistical analysis: ∗ p < 0 05, ∗∗ p < 0 01,
and ∗∗∗ p < 0 001.

number of passages [33–36]. On the other hand, we also
observed large deviation of the mean results after 5th passage. These diﬀerences can be due to a noise measurement
or diﬀerences depending on the donors. The results obtained
thus suggest that age-related changes in ASC number should
be taken individually into account whenever these cells are
considered for clinical applications. Interestingly, we also
observed that the percentage of colony-forming units from
ASCs was signiﬁcantly higher than results demonstrated by
Rodriguez et al. [25] or Aronovitz et al. [24] and slightly
lower than the results by Güven et al. [37]. Numerous studies have reported that CFU-F may decrease with increasing
age of the donor [38]. Therefore, ASCs may require either
a larger amount of adipose tissue or a pretreatment strategy
to increase proliferation in vitro and the clonogenic ability
of ASCs.
In our study, we demonstrated that along with the next
passage of ASCs, the accumulation of calcium phosphate in
cells in vitro marked with ARS is increasing. These changes
in the ability to diﬀerentiate are conﬁrmed by other reports,
where ALP levels and the expression of osteogenic genes
began to increase with rising passage [39]. Studies have also
reported that after intensive passage of human ASC cells,
osteogenic diﬀerentiation begins to prevail and adipogenic
potential disappears [35, 40]. Some reports that osteogenic
potential decreases during aging [6, 14, 25, 33, 41] while
others demonstrate that human adipose tissues have high
osteogenic potential and are most important in response to
osteogenic factors [42]. The result we obtained suggests that
the use of conditioned cells of older passage may give better
eﬀects of osteogenic diﬀerentiation than the use of early passage cells in bone regeneration [43–45].
It is well known in fact that surface topography strongly
aﬀects implant performance and inﬂuences cell adhesion,
cell shape, and tissue organization as well as the production
of local microenvironment [46, 47]. In the present study,

microscopic observations noted that cells can migrate along
the whole scaﬀold and the pore size range used is not a limitation for cell migration. It was observed that the cells on
PCL scaﬀolds are distributed in small amount heterogeneously across the entire area of the scaﬀold, while on PCL +
5% TCP constitute a compact cell structure inside the scaffold. It was also noted that after 42 days of culture, many cells
ﬁlled the space between the scaﬀolding ﬁbers, which additionally suggests that the cells need more time in seeding
the scaﬀold structure.
Seeding of cells on the scaﬀolds is a critical step in the
process for the construction of polymer-cell scaﬀolds and
often determines the quality of tissue engineering products.
The criteria for an optimal seeding method assume that cell
distribution should be homogeneous on scaﬀolds, with high
eﬃciency and easy to use with minimal cell damage during
the procedure [48]. We observed that the increase in the
volume of cell suspension is a signiﬁcant parameter of the
reduction in the eﬃciency of seeding scaﬀolds. The highest
eﬃciency of seeding ASCs on scaﬀolds was obtained with
seeding volume of 35 μl and the lowest using 50 μl. Similar
results were presented by Zhou et al. [49] and Buckley and
O’Kelly [50], who observed a tendency that, depending
on the volume of the cell suspension, the eﬃciency of seeding
decreases. Buckley and O’Kelly [50] demonstrated that the
maximum yield was obtained using a volume of 25 μl
(85.4% ± 4.9%) and the smallest yield using a volume of
50 μl (67.7% ± 2.2%) and 100 μl (43.8% ± 3, 2%).
Comparing methods of seeding scaﬀolds, we observed
the eﬀect of cell aspiration into PCL and PCL + 5% TCP
when the method of saturation of cell suspension with
additional incubation was used. Literature reports show
that aspiration of cell suspension and capillary force is of
great importance in the organization of cells and seeding
into scaﬀolds [51]. Therefore, in our presented methods
of the seeding process, we used an additional incubation
step. This modiﬁcation contributed to a better cell adhesion
onto scaﬀolds and eﬀective cell migration inside porous.
Increased seeding eﬃciency was observed when using the
saturation of cell suspension into scaﬀolds with additional
incubation. Basic static cell seeding method was not generating this level of seeding eﬃciency. Furthermore, we also
observed that the cell seeding eﬃciency did diﬀer signiﬁcantly between scaﬀold materials and cell seeding methods
(∗∗∗ p < 0 001). These may imply from the increased hydrophilicity of the polymer, as well as from the presence of the
calcium phosphate component in the scaﬀold matrix, which
can increase the absorption of proteins [48, 49, 52–54].
These suggest that the architecture and modiﬁcation of
scaﬀolds may aﬀect cell distribution during seeding, as well
as active migration and tissue formation. Furthermore,
using the method of saturation of cell suspension increases
signiﬁcantly the cell seeding on PCL + 5% TCP after 7 days
of culture.
Obtaining of the optimal density of seeding ASC cells of
scaﬀolds tested is diﬃcult due to the complicated structure
of the scaﬀolds and many interactions between cell scaﬀolds.
The results of these studies suggest that optimal ASC growth
on scaﬀolds was observed at the initial density of 0.9 × 106 to
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the surface of scaﬀold, after 21 days of culture. Interestingly,
the diﬀerences between the density 0.9 × 106 and 1.5 × 106
were not signiﬁcant after 21 days of culture and signiﬁcant between 0.5 × 106 and 0.9 × 106 cell seeding densities
(∗ p < 0 05). Our result are similar with other previous studies and suggest that time can signiﬁcantly inﬂuence the seeding eﬃciency [55, 56]. On the other hand, the positive eﬀect
of using low cell densities for seeding scaﬀolds was noted
by Zhou et al. [49]. In contrast, Tan et al. [57] showed that
the higher number of cell seeding increased the adhered
cells on the scaﬀolds. Thevenot et al. [47] noted that when
a static method was used, 25% of cell seeding on a scaﬀold
underwent apoptosis after 3 hours of seeding and by a
dynamic seeding method, over 50% of cell seeding underwent apoptosis. These observations may imply that the
time and method of seeding may be more important than
the initial cell density for seeding and the use of a large
number of cells does not necessarily mean better adhesion
and more eﬃcient seeding. These results conﬁrm with the
literature data, in which cell attachment was low on scaffolds on initial seeding (determined at 15%) and, depending
on the pore size, could decrease even up to 40% after 4 days
of culture and then can gradually increase after 21 days of
culture [52].
Evaluation of an osteogenic marker ALP of ASCs revealed
that changes in the scaﬀold structures could inﬂuence the
degree of cell diﬀerentiation. A signiﬁcant increase in osteogenesis of ASCs on the PCL + 5% TCP scaﬀold was observed
after 14 days of culturing, compared to undiﬀerentiated ASCs
cultured in a standard culture medium. The results obtained
thus are consistent with those of the previous studies reporting
an increase in ALP level activity after 14 days of ASC diﬀerentiation on scaﬀolds [40, 58–60]. In addition, studies have
reported that there are reports that show that the addition of
tricalcium phosphate may improve the ability of cells to diﬀerentiate towards osteogenesis in PCL scaﬀold [56, 61, 62]. In
contrast, there are also studies reported that an admixture of
3–5% TCP or HA does not show yield signiﬁcant diﬀerences
in the cell mineralization on scaﬀolds [59, 63].

6. Conclusions
The conducted experiments show that the tested materials
have a positive inﬂuence on ASC cell adhesion and proliferation and applied material may play a role as a temporary
extracellular matrix. PCL and PCL + 5% TCP are promising
cellular platforms for regenerative therapy for further
in vitro and in vivo studies. Porous PCL scaﬀold with 5%
TCP can play an important role in cell migration, adhesion
and infusion of nutrients, promoting proliferation, and differentiation of ASC cells for osteogenesis better than PCL.
ASC cells adhere to scaﬀold surfaces; for better seeding eﬃciency, cells should be cultured for a longer time. From the
perspective on the potential use for clinical applications,
PCL covered with 5% tricalcium phosphate may contribute
to the promotion of bone repair and provide an appropriate
model to support the regeneration of new bone for future tissue engineering strategy.
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The last couple of decades have seen brilliant progress in stem cell therapies, including native, genetically modiﬁed, and engineered
stem cells, for osteonecrosis of the femoral head (ONFH). In vitro studies evaluate the eﬀect of endogenous or exogenous factor or
gene regulation on osteogenic phenotype maintenance and/or diﬀerentiation towards osteogenic lineage. The preclinical and
clinical outcomes accelerate the clinical translation. Bone marrow mesenchymal stem cells and adipose-derived stem cells have
demonstrated better eﬀects in the treatment of femoral head necrosis. Various materials have been used widely in the ONFH
treatment in both preclinical and clinical trials. In a word, in vivo and multiscale eﬀorts are expected to overcome obstacles in
the approaches for treating ONFH and provide clinical relevance and commercial strategies in the future. Therefore, we will
discuss the above aspects in this paper and present our opinions.

1. Introduction
Osteonecrosis of the femoral head (ONFH) is a debilitating
skeletal disorder leading to loss of hip joint function which
brings a heavy ﬁnancial burden to healthcare system worldwide [1, 2]. The repair processes following osteonecrosis
include the diﬀerentiation of preexisting mesenchymal stem
cells (MSC) (the latest research shows that osteocytes are differentiated from skeletal stem cells (SSC) [3]) into osteoblasts, bone matrix secretion, and mineralization. The rate
of bone generation is less than that of bone resorption, which
will lead to a natural repair failure in the necrotic zone of
the femoral head [4]. As a strategy to manage ONFH in
the early stage, conservative treatments (e.g., physical therapy or pharmacotherapy) have questionable eﬃciency in
current clinical practice [5–9]. For patients in the end
stage of ONFH, total hip arthroplasty (THA) remains an
inevitable choice as the clinical gold standard. However,
THA has its disadvantages including the limited longevity
of implants [10] and complications of surgical intervention

(e.g., infection, revision, and dislocation) [11–13]. These
disadvantages have triggered a growing expectation for
research on femoral head regeneration.
Stem cells have characteristics of proliferation and diﬀerentiation. These properties make stem cell technology stand
out in the ﬁeld of femoral head regeneration. In recent years,
stem cell science has overcome many obstacles in ONFH
treatments by using multiscale stem cell technologies [14].
Multiscale stem cell technology refers to the spatial scales of
diﬀerent stem cells alone or with material stem cells for treatment. In this review, we cover multiscale stem cell technologies to treat ONFH (Figure 1). We brieﬂy review the changes
aﬀecting repair abilities of MSC in the osteonecrosis area and
ﬁve main microRNAs about osteogenesis. We also discuss
multiscale stem cell technologies to introduce new therapeutic strategies for ONFH therapies. The multiscale stem
cell technologies cover micron-sized stem cell suspensions,
tens to hundreds of micron-sized stem cell carriers, and
millimeter-scale stem cell scaﬀolds. We also outline promising stem cell materials for bone regeneration in other ﬁelds
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Figure 1: Multiscale stem cell technologies for ONFH therapies.

and analyze their reference to this ﬁeld. Finally, we discuss
the future trends of multiscale stem cell technology for
treatment of ONFH.
Mesenchymal stem cells can regenerate the necrotic
area of the femoral head by multiscale stem cell technologies. The stem cells are delivered to the necrosis zone by
injecting suspension into the lateral artery of the circumﬂex (submicron), by load on carriers via core decompression (hundreds of microns), and by load on scaﬀolds via
implantation (millimeter-level).

2. Changes in Microenvironment
and MicroRNAs
The pathophysiology of ONFH remains unclear, although
many attempts have been made to establish theoretical
models [15]. Several recognized risk factors of ONFH have
been studied at the cellular or molecular biology level in
recent years including traumatic factors (e.g., femoral
neck/head fracture, dislocation of the hip, and femur skull
slip) and nontraumatic factors (e.g., glucocorticoids, alcohol
abuse, sickle cell disease, and lipid disorders) [16].
MSC extracted from necrotic trabeculae present
decreased proliferation and osteogenesis [17]. However, the
components around MSC have diﬀerent eﬀects on their
activities (Figure 2(a)). The trabecular structure from the
necrotic area promotes MSC proliferation but inhibits ossiﬁcation [18], while the surrounding demineralized matrix can
promote MSC ossiﬁcation [19]. The colony-forming ability
of endothelial progenitor cells in peripheral blood vessels
decreases, and the ability to secrete the vascular endothelial
growth factor (VEGF) also decreases which will result in
no blood supply in the necrotic area and necrosis aggravation [20]. Lipotoxicity is a major factor of steroid-induced
necrosis of the femoral head. Increased levels of palmitate
and oleate lead to the dysregulation of stearoyl-coenzyme
A desaturase 1/carnitine palmitoyl transferase 1 as well as
increased expression of interleukin-6 and interleukin-8
(IL-6 and IL-8) which promote adipogenesis and inhibit
osteogenesis [21]. The hepatocyte growth factor (HGF) promotes osteogenesis by activating the PI3K/AKT pathway and
inhibiting the WNT pathway [22].
In addition, changes in microRNA (miR) expression of
MSC in necrotic areas also play important roles in the progression of ONFH (Figure 2(b)). miR-708 is signiﬁcantly

upregulated in MSC from patients with steroid-induced
ONFH. Targeting miR-708 enhances osteogenesis and
inhibits adipogenesis of MSC, while knockdown of miR-708
avoids the inhibition of osteogenesis of glucocorticoids [23].
miR-210 demethylation promotes miR-210 expression and
increases endothelial cell viability and diﬀerentiation for
angiogenesis [24]. Overexpression of miR-548d-5p enhances
the expression of osteocalcin and Runx2 (osteogenic transcription factor) and alkaline phosphatase (ALP). Thus, it
can be a marker for osteoblast diﬀerentiation. Peroxisome
proliferator-activated receptor gamma (PPARγ) has been
identiﬁed as a target for miR-548d-5p [25]. Downregulation
of HOTAIR (HOX transcript antisense RNA), a long noncoding RNA, increases miR-17-5p levels and inhibits Smad7
expression. Knockout of HOTAIR promotes the expression
of COL1A1, Runx2, and ALP [26, 27]. Both PPARγ and
gremlin 1 (GREM1) are the direct targets of miRNA-27a,
and the knockdowns of them also enhance the osteogenesis
of MSC [28]. MicroRNA activation or silence may be an
eﬀective method for the osteogenesis recovery of stem cells.
However, the biosecurity still requires signiﬁcant experimental evidence. Changes in or around stem cells can aﬀect
cytoactivity, and hence the therapeutic eﬀects will be unstable. Therefore, the supplementary cells with healthy states
are prerequisites for stem cell therapies.

3. Multiscale Stem Cell Technologies for
ONFH Therapies
Over the past two decades, lots of eﬀorts for femoral head
regeneration have been made on cell-based repair in
ONFH treatments. A variety of MSC have been used to
regenerate the necrotic bone tissue with angiogenesis,
including bone marrow mesenchymal stem cells (BMSC)
[29], adipose-derived mesenchymal stem cells (ADSC) [30],
synovial-derived mesenchymal stem cells (SDMSC) [31],
dental-pulp stem cells (DPSC) [32], blood-derived mesenchymal stem cells (BDMSC) [33], and umbilical cord-derived
mesenchymal stem cells (UCDMSC) [34]. However, the clinical translations of these methods are mainly limited by the
following: (1) the method of cell implantations alone is only
eﬀective for patients in the early stage of ONFH [35]; (2)
there is lack of safe, robust in vivo stem cell tracing techniques [36, 37]; (3) potential risks of heterotopic ossiﬁcation
[38] or tumorigenesis still exist [39]; and (4) the volume of
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Figure 2: (a) Changes in proliferation and osteogenesis of stem cells in the area of osteonecrosis. (b) Five speciﬁc micro-RNAs play functional
roles in femoral head necrosis. Figure adapted from ref. [103], John Wiley & Sons Publishers Ltd.

tissue available to extract stem cells is limited. In addition, the
stem cell implantation approach will inﬂuence the therapeutic and adverse eﬀects of ONFH.

Stem cells alone cannot work well in the advanced
stage of ONFH. Carriers or scaﬀolds loaded with stem
cells can provide mechanical support while delivering stem
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Figure 3: (a, 1) MRI T1-weighted (white arrow) suggests femoral head necrosis; (a, 2) X-ray guided minimally invasive decompression and
implantation of MSC; (a, 3-4) MRI T1-weighted (12 months post-operation) shows femoral head edema decreased in the coronal plane (a, 3)
and the axial plane (a, 4). (b, 1) Preoperative pelvic X-ray shows the necrosis zone; (b, 2) pelvic X-ray (60 months post-operation) shows the
bone sclerosis band in the femoral head. (c) Harris Hip Score improvement with MSC therapy. (d) Concentrated MSC are of ﬁbrogenic
diﬀerentiation and osteogenic colony forming ability. (e) The proliferated MSC are of good diﬀerentiation potential of the three lineages.
(f) The osteogenesis of MSC does not decline. Figure adapted from ref. [35].

cells to the necrosis zone. Better outcomes may be
achieved by those methods.
Notably, the lack of control of cells following transplantation is another crucial issue in the biological-environmental
ﬁeld. One theory is that the implanted stem cells form
new bones at the transplant site [40]. Another argument
is that most of the stem cells do not diﬀerentiate into new
osteoblasts, but play a regulation role by paracrine eﬀects
[41, 42]. Thus, the stem cell therapeutic process is expected
to be monitored and the developments of cell tracing have
skyrocketed in recent years. However, the large animal
in vivo tracings are still limited by tracer properties (e.g., limited penetration depth of ﬂuorescent dye, low sensitivity
response of magnetic probe, or high biotoxicity). Safe, robust,
and eﬀective tracers are still underdeveloped [43, 44].
The risk of heterotopic ossiﬁcation and tumor formation
may be related to the choice of stem cell populations or subpopulations [45, 46]. Shimono et al. believed that mesenchymal stem cells with inhibited nuclear retinoic acid receptor-γ
did not undergo heterotopic ossiﬁcation [46]; the risk of

tumor formation might be also reduced by selecting stem cell
subpopulations without tumorigenicity [47, 48]. Therefore,
the right choice of the subpopulation of stem cells may avoid
these adverse eﬀects.
The number of stem cells can inﬂuence the therapeutic
eﬀect [49]. The ability of stem cell proliferation can be
enhanced by in vitro pretreatment [50], including transgene
[51], drugs [52], and proliferation in vitro [53].
Compared to intravascular infusion [54, 55], the method
of in situ cell suspension implantation via core decompression (CD) can overcome obstacles of insuﬃcient cell number
due to cell redistribution. CD can also remove the necrotic
tissue which is bad for osteogenesis. All in all, CD appears
to be more reliable in increasing cell seeding density without
the redistribution in blood. Therefore, in situ injection or
transplantation of therapeutic cells can signiﬁcantly improve
the therapeutic eﬃcacy (Figure 3).
In the remainder of this section, we will discuss how
multiscale stem cell technology addresses the four major
limitations and the delivery of stem cells.

Stem Cells International
3.1. Cell-Based Therapy Strategy. The selection of cell population initializes the stem cell therapy. Proper pretreatments
can eﬀectively improve survivability, proliferation ability,
and/or osteogenic capability of MSC.
3.1.1. Bone Marrow Stem Cells and Pretreatments. BMSC are
the most common cell seeds in the treatment for ONFH.
Many studies demonstrate the factors that inﬂuence osteogenic diﬀerentiation of BMSC to diﬀerent degrees (e.g.,
growth factors, hormones, and small molecule drugs). HGF
inﬂuences BMSC in a dose-dependent manner. The osteogenic diﬀerentiation of BMSC is promoted at a low concentration (20 ng/mL), by upregulated c-Met, p27, Runx2, and
osterix, while BMSC are proliferated at a high concentration
of HGF (100 ng/mL) by the overactivated ERK1/2 signaling
pathway [29]. The granulocyte colony-stimulating factor
and stem cell factor (G-CSF/SCF) promote the osteogenesis
of BMSC and inhibit the caspase-3-dependent apoptosis
[56]. P-glycoprotein (P-gp) alone or induced by icariin can
alleviate oxidative stress of BMSC and promote osteogenesis
[50, 57]. Lithium chloride (LiCl) promotes the osteogenesis
of BMSC by inhibition on adipogenesis. The expression of
PPARγ and fatty acid-binding protein 4 (Fabp4) presents
antiadipogenic eﬀects associated with upregulated β-catenin
and downregulated phosphorylated GSK-3β at the Tyr-216
site [58]. The decreased VEGF-D expression may have disastrous consequences for vascularization, while VEGF-A or B
expresses at a normal level in ONFH patients [59]. Vitamin E shows protective eﬀects against apoptosis by downregulating caspase-3 expression and upregulating Bcl-2
expression [52]. Vitamin K2 antagonizes steroids and promotes bone formation and bone morphogenetic protein
(BMP) expression [60].
The osteogenic potential of BMSC can be enhanced when
transfected into the Homo sapiens forkhead box C2 (Foxc2)
gene via lentivirus [61]. In view of the eﬀects of HGF on proliferation and diﬀerentiation of BMSC [29], BMSC transfected by the HGF gene appear to be a promising candidate
for ONFH treatment [62]. BMSC can be endowed with the
secretion of VEGF following the delivery of the VEGF 165
gene into cells by Lipofectamine. Thus, BMSC have the dual
ability to promote osteogenesis and angiogenesis [51]. Based
on this idea, BMSC infected by adeno-associated virus loaded
with the VEGF 165 gene, BMP-7 gene, and internal ribosome
entry site present enhanced osteogenesis and angiogenesis
[63–66]. The speciﬁc siRNA can silence PPARγ. The siRNA
adenovirus vector can eﬃciently inhibit BMSC adipogenic
diﬀerentiation induced by steroid, and BMSC retain their
osteogenic potential by targeting PPARγ [67].
3.1.2. Preclinical and Clinical Trials. Intra-arterial or intravenous infusion of stem cells was declared as a safe and curative
method for the ONFH [68]. Tong and his fellows performed
the femoral circumﬂex arterial perfusion of autologous
BMSC in canine models of ONFH established by the liquid
nitrogen freezing method. The results showed that this strategy promoted vascular repair and angiogenesis, while VEGF
mRNA and microvessel density (MVD) were signiﬁcantly
higher than the uninjected group. It is worth noting that
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the volume and cell number of the injected stem cell suspension are easily available (1 mL of the BMSC suspension contains 107 cells/mL) [69]. Cells cultured in two dishes of
60 mm diameter can reach the culture purpose. They subsequently reported a ﬁve-year follow-up clinical trial [68].
Their result showed that the femoral head collapse rate of
patients in the Ficat I-II stage was low (3 of 68 hips failed,
4.41%), but that in Ficat III was high (3 of 10 hips failed,
30%). They believed that this method was a safe and eﬀective
minimally invasive treatment strategy for patients with early
ONFH [68, 70].
Li et al. investigated the natural homing ability of BMSC
in the necrosis of the femoral head via peripheral vein injection. The migration directions of ﬂuorescently labeled BMSC
are observed on the ONFH model of nude mice and rabbits,
but the migration mechanism still requires further studies
[54]. The therapeutic eﬀect of this method is explored in rabbit ONFH models. The femoral head cut in the longitudinal
direction shows that the ONFH necrotic area remained
undeveloped in the BMSC group, while the control group
shows a large amount of necrotic bone. X-ray and CT results
show that there was no signiﬁcant change in the BMSC
group, while the trabecular bone fracture and articular surface collapse occurred in the control group. Masson staining
indicates that the cartilage surface of the BMSC group is not
signiﬁcantly exfoliated, and the necrotic area is replaced by
new bone, while the control group formed a large amount
of ﬁbrous connective tissue. Osteopontin (OPN) and core
binding factor 1 (Cbfa1) in the BMSC group were higher
than those in the control group. They believed that bone
regeneration was initiated by at least two processes after
BMSC transplantation: (a) the local secretion of cytokines
or growth factors to promote angiogenesis and (b) BMSC
directly generating new bone [55].
CD can provide channels for in situ implantation of stem
cells, and hypoxic pretreatment is a simple and feasible MSC
pretreatment method. Fan et al. [71] investigated that BMSC
isolated from the ONFH rabbit anterior superior iliac spine
were cultured at 20% and 2% oxygen concentrations, respectively. The two groups of BMSC were evaluated after BMSC
were implanted into the femoral head of rabbits via CD.
The apoptotic rate, cell viability, growth factor secretion,
and capillary-like structure formation of BMSC at 2% oxygen concentration were as good as those of the normal
BMSC and better than those at the 20% oxygen concentration. Ciapetti et al. [72] extracted BMSC from the anterior
superior iliac spine of ONFH patients and cultured BMSC
at 2% and 21% oxygen concentrations. The results show that
the colony forming ability of BMSC exposed to hypoxia is
enhanced, with increased expressions of bone-related genes
(ALP, type I collagen, and osteocalcin) and normal mineralization, compared with those cultured at 21% oxygen concentration. However, there is an opposite opinion that CD
with or without stem cells will not aﬀect the therapy eﬃcacy
of ONFH according to the analysis of many preclinical and
clinical trials [73].
BMSC pretreatments with the factors above are safe,
although repeated treatment is not available. However,
the eﬀects are considered to be relatively mild. Meanwhile,
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genetically modiﬁed cells stand out with strong and lasting interventions.
3.1.3. Adipose-Derived Stem Cells and Pretreatments. The
disadvantages of BMSC cannot be ignored (e.g., low stem cell
yield, painful extraction procedure, and surgery complications). ADSC have attracted attention from researchers due
to their high yield. ADSC induced to osteogenic diﬀerentiation can enhance osteogenesis and promote vascularization
in rabbit ONFH models [74]. W9 (a peptide) can block
nuclear factor-κB ligand- (RANKL-) RANK signaling and
enhance ADSC osteogenesis even under no osteogenic
conditions [30]. VEGF 165 gene-modiﬁed ADSC also promote osteogenesis and angiogenesis [75] as well as VEGF
165-gene modiﬁed BMSC.
3.1.4. Preclinical and Clinical Trials. Abudusaimi et al. [76]
implanted the ADSC into the tunnel via the CD in the rabbit
ONFH models. CT of the ADSC group shows an increase in
trabecular bone volume and density in the necrotic area.
Immunohistochemistry results showed high osteocalcin in
the ADSC group. Pak [77] reported a clinical trial of 2 cases
via CD with ADSC. Clinical results show improvements in
their pain visual analogue scale score, physical therapy tests,
and Harris Hip Score. T1-weighted MRI shows that signal
changes are consistent with medullary bone regeneration.
3.1.5. Other Stem Cells and Preclinical and Clinical Trials.
The synovial ﬂuid mesenchymal stem cells loaded on alginate
beads have the potential of osteogenesis and diﬀerentiation.
These implanted beads can help increase bone density and
preserve the shape of the femoral head in rabbit ONFH
models [31]. DPSC are considered to be safe cell seeds. The
bone tissue restoration of DPSC therapy via CD in ovine
ONFH models is better than that in heterologous MSC therapy when assessed by histological assessments [32]. Allogeneic peripheral blood-derived mesenchymal stem cells will
upregulate BMP-2 expression and downregulate PPARγ
expression in the osteonecrosis zone. Human umbilical
cord-derived MSC therapy achieved good clinical outcomes
in the treatment for ONFH by femoral artery injection
according to the report of Chen et al. [34]. They used the oxygen delivery index (ODI) as a prognostic indicator for ONFH
and provided the calculation method (ODI = hematocrit/S
BV = 100H/1 4175 + 5 878H − 12 98H2 + 31 964H3, where
H stands for the volume fraction of erythrocytes and SBV
stands for systolic blood viscosity). The indicator can be used
to evaluate the oxygen transport status of the necrotic area
and contribute to the ONFH assessment system to some
extent. Aarvold et al. proposed the concept of SSC, although
SSC was not conﬁrmed at that time [78]. The location of SSC
in the MSC diﬀerentiation pedigree was not known until
Chan et al.’s [3] research on identiﬁcation and characterization of SSC. Exosomes secreted by induced pluripotent stem
cell-derived mesenchymal stem cells (IPSC) can reduce bone
loss in the necrotic area and increase angiogenesis by activation of the PI3K/Akt signaling pathway on endothelial cells
[79]. Cai et al. isolated and cultured autologous bone marrow
mononuclear cells (BM-MNC) and allogeneic UCDMSC and
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injected mixed cell suspension by femoral artery angiography. This method presents an infusion time course of 30
minutes and a liquid volume of 90-130 mL, but no cell number. Treatment results showed that this method had a certain
therapeutic eﬀect but could not reverse the stage of ONFH
patients [80].
In summary, stem cells alone with cytokines or genetic
engineering techniques have not revolutionized the status
of ONFH treatment. The focus is then shifted to the carriers
and scaﬀolds.
The carriers and support scaﬀolds with stem cells should
be manufactured with properties of osseointegration, biodegradation, and bony replacement. Lots of eﬀorts have been
made for improvements on the three properties above. We
will describe the applications of carriers and scaﬀolds in
ONFH therapies and assess their performance in the following sections (Figure 4).
3.2. Stem Cells on Carriers to the Necrosis Area of ONFH.
Some natural properties of carriers are preserved (e.g., the
microstructure that facilitates stem cell attachment, the
support strength of natural trabecular bone, and the elastic
modulus prone to bone growth) following the extraction
and processing, including the demineralized bone matrix
(DBM) [19, 81, 82], bisphosphonate carriers [83], xenograft bone substitute [84], bone-marrow buﬀy coat (BBC)
[85], ﬁbrin glue [86], and small intestine submucosa (SIS)
matrix. These carriers have low immunogenicity and high
histocompatibility.
BMSC modiﬁed with the BMP-2 gene and basic ﬁbroblast growth factor (bFGF) gene loaded on DBM can repair
the femoral head necrotic zone in canine models, resulting
in the production of a large number of new bone, the regeneration of high-density new blood vessels, and the increase in
compression and bending strength [82]. Stem cells via CD
have also been widely used in clinical trials. CD and MSC
implants with bisphosphonate carriers probably delayed the
progression of femoral head collapse in a clinical trial of 8
cases [83]. In a long-term follow-up clinical trial of 38
patients with early ONFH, 33 patients are cured in clinical
outcomes and imaging manifestations through implants
(autologous MSC, xenograft bone substitute, and recombinant morphogenetic proteins) via CD [84]. BBC implantation via CD can eﬀectively prevent progress of ONFH,
relieve pain, and improve joint movements for patients
assessed by the Lequesne Index and Western Ontario and
McMaster Universities Arthritis Index (ClinicalTrials.gov
identiﬁer NCT01613612, registered 13 December 2011)
[85]. Tabatabaee et al. [87] declared that BMSC implants
via CD were only eﬀective in the early stage of ONFH.
MSC mixed with medical ﬁbrin glue were delivered to the
avascular necrosis area of the femoral head, which was performed by Wen et al. [86], and they achieved good outcomes.
In a HGF transgenic cell research, the results show that the
therapeutic eﬀect of the HGF-gene transgenic MSC group
was superior to that of the HGF-gene transgenic ﬁbroblast
group. This phenomenon suggests that the mechanism of
MSC treatment for ONFH is more inclined to MSC osteogenic theory. Song et al. [88] implanted cancellous bone,
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SIS, and BDMSC into the osteonecrosis area. Bone formation
and angiogenesis of SIS and BDMSC are stronger than those
of other combinations of interventions in the rabbit ONFH
models. Better yet, this strategy has demonstrated no inﬂammatory cell inﬁltration.
In the advanced ONFH, stem cells without support
scaﬀolds may not accomplish the treatment task. Thus, the
support scaﬀolds appear to be particularly necessary.
3.3. Stem Cell Scaﬀolds Supporting the Femoral Head. Synthetic scaﬀolds are developed with spatial structure and
mechanical support for ONFH therapies. Materials have
been processed into scaﬀolds for ONFH therapies, including
polylactide-co-glycolide acid (PLGA) biomimetic synthetic
scaﬀolds [89], polylactide-co-glycolide acid and calcium
phosphate (PLGA-CPC) microsphere [90] or scaﬀolds [91],
porous tantalum rod implants [92, 93], strontium-doped
calcium polyphosphate (SSCPP) [94], β-tricalcium phosphate (β-TCP) [95], and biphasic calcium phosphate (BCP)
ceramic scaﬀolds [96].
Tantalum rods and BCP ceramic scaﬀolds are considered
to be promising for clinical translation, owing to their good
properties (e.g., high ultimate strength and Young’s modulus,
good osseointegration, optimal porosity, appropriate pore
size, and material surface chemistry).
Mao et al. [97] injected peripheral blood stem cells
(PBSC) into patients’ medial circumﬂex femoral arteries
and implanted porous tantalum (Figure 5(a)) into patients’
femoral head in their clinical trial (36 months of follow-up).
This method provides biomechanical support and is a safe and
feasible choice for patients with early- and intermediate-stage
ONFH, although 3 cases required THA (48 cases in total).

Meanwhile, Zhao et al. implanted porous tantalum rods with
BMSC into patients’ femoral head necrotic zone for the end
stage of ONFH, and 5 cases failed (31 cases in total) [92, 97].
The BCP ceramic scaﬀolds are manufactured based on
the reconstructed bone trabecula data model of microcomputed tomography images (Figure 5(b)). Peng et al. implanted
the scaﬀolds into the necrotic area of the femoral head in dog
ONFH models. The results show that the osseointegration and
new bone formation of scaﬀolds loaded with BMSC are significantly higher than those without BMSC. Higher-strength and
compressive moduli have been tested out at the repair site in
the BCP and BMSC groups [96].
Kang et al. [94] doped strontium into the calcium polyphosphate (CPP) scaﬀolds, as strontium can inhibit bone
resorption [98, 99]. Autologous BM-MNC loading on this
scaﬀold is implanted into the necrotic zone via CD in rabbit
ONFH models. The levels of VEGF expression and osteogenesis are higher than those in the CPP group and bone grafting
group. Better yet, its mechanical strength is not impaired following the implantation of the femoral head.
Tomoki Aoyama and his fellows [95] implanted autologous MSC mixed with β-TCP granules (OSferion; Olympus Terumo Biomaterials Co., Tokyo, Japan) into patients’
femoral head necrotic zone via CD in a clinical trial
(UMIN Clinical Trials Registry, UMIN000001601). Some
young patients with extensive necrotic lesions with pain
achieved symptom relief.
Zhang et al. [90] developed a novel calcium phosphate
composite (CPC) scaﬀold, which was loaded on microspheres (BMP and VEGF loaded on poly-lactic-co-glycolic
acid microspheres) and BMSC. The scaﬀold has excellent
characteristics, including the porosity (62%), interconnected
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Figure 5: Stem cell scaﬀolds for ONFH treatment and other promising designs of stem cell scaﬀold designs. (a) The porous tantalum metal
rod for supporting the necrosis of the femoral head. (b) The bone ceramic scaﬀold with similar dimensions as cancellous bone trabeculae
(bar = 1 mm). Figure adapted from ref. [96], John Wiley & Sons Publishers Ltd. (c) The CPC scaﬀold loaded on microspheres (BMP and
VEGF loaded on PLGA microspheres) and BMSC in the operation. Figure adapted from ref. [90], Elsevier Publishers Ltd. (d) 3D-printing
PLGA/tricalcium scaﬀold with the polylactic acid-co-glycolic acid/tricalcium phosphate. Figure adapted from ref. [91], Elsevier Publishers
Ltd. (e) Hyperelastic bone fabricated via 3D printing and liquid inks consisted of hydroxyapatite and polycaprolactone or PLGA. Figure
adapted from ref. [100], The American Association for the Advancement of Science Publishers Ltd. (f) Low-elastic modulus titanium alloy
3D-printed mesh scaﬀold (more conducive to bone growth). Figure adapted from ref. [101], The American Association for the
Advancement of Science Publishers Ltd. (g) Tissue engineered anatomical autologous bone scaﬀold used for facial reconstruction in high
ﬁdelity. Figure adapted from ref. [102], The American Association for the Advancement of Science Publishers Ltd.

porous structures, pore sizes (219 μm), and compressive
strength (6.60 MPa). These characteristics are similar to the
physiological trabecular bone and indicate the good biocompatibility and osteogenesis and angiogenesis of the scaﬀold
(Figure 5(c)).
Qin et al. [91] developed a 3D-printed scaﬀold with polylactic acid-co-glycolic acid/tricalcium phosphate. This scaffold is loaded with icariin and implanted into the necrotic

zone via CD in both quadruped and biped animal models
(Figure 5(d)). The radiographic results, gait assessments,
and ﬁnite element analyses show that this scaﬀold can reduce
the incidence of collapse, promote new bone formation, and
improve hip function recovery.
Although the current scaﬀolds exhibit a certain therapeutic eﬀect, their structures and properties have not
been deeply optimized to the level of competence. The
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achievement of exact therapy eﬃcacy for ONFH remains a
challenge. The development of superior MSC scaﬀolds is a
future goal in this ﬁeld.

4. Conclusions and Challenges
This review outlined the emerging developments, strengths,
and weaknesses of multiscale stem cell technology for ONFH
from the perspective of clinicians and material developers, all
of which oﬀer signiﬁcant opportunities to advance this ﬁeld.
We show that multiscale stem cell technology has great
potential to delay ONFH progress and for bone regeneration.
Stem cell technology is rapidly evolving, and a large number of transgenic MSC for achieving speciﬁc function have
been studied. The ﬁve microRNAs mentioned in Section 2
may be promising targets for improving stem cell activities.
More attention should be paid to the genetic safety of stem
cell subpopulations and transgenes. Strong expression of a
speciﬁc factor may overly aﬀect other normal tissues. The
eﬀects of small molecule drugs on the proliferation and differentiation of stem cells had been conﬁrmed. However, the
therapeutic cells used for ONFH are rarely investigated in
this aspect. Small molecule drugs can be metabolized. Small
molecule drugs appear more controllable for stem cell pretreatment and may be an alternative research direction for
stem cell pretreatment for ONFH therapies in the future.
The ﬁeld is rapidly evolving and has been steadily published in a variety of in vitro or in vivo animal studies or even
clinical trials. However, successful goals of ONFH permanent
cure via multiscale stem cell technologies are still diﬃcult to
achieve. ONFH is likely to be caused by multiple factors
(e.g., ischemia, cell death, and bone resorption). The designs
of carriers and scaﬀolds required considerations for these
factors. We may draw on some design ideas from other
promising methods of bone and joint regeneration materials.
Besides the choice of the material types of scaﬀolds, the proportion of each component is a top priority in optimization.
Optimizing the proportion of each component can balance
the support strength and elastic modulus of the material.
For example, a good bone replacement scaﬀold was produced
by 3D printing with a surface structure suitable for stem cell
growth and a good modulus for osseointegration [100]
(Figure 5(e), hyperplastic “bone” designed and manufactured
by Jakus et al.). In addition to the proportion of each component, we should pay more attention to the inﬂuence of the
design structures of the scaﬀolds, thus reducing the heterogeneity on bone and joint regeneration [101] (Figure 5(f);
Pobloth et al. believed that a soft titanium alloy stent grid
bracket is more prone to bone growth).
The recent manufacture of tissue engineered autografts
with low absorbance and high ﬁdelity has shown very
promising results in creating a new functional ball-mortar
joint [102] (Figure 5(g); anatomical grafts for facial reconstruction developed by Bhumiratana et al.) Therefore, tissue
engineering methods will catch our eyes in the future. The
advantages of diverse technologies (3D printing technology,
high-precision stereo computer numerical control engraving and stem cell technology, etc.) may be extracted and
combined into a multiscale stem cell technology for tissue
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engineering of femoral head grafts or even the entire femoral
head. Eﬀective blood ﬂow recanalization and bone replacement are also keys to ONFH treatment, so the establishment
of the blood vessels’ access to the necrotic area may result in
better clinical outcomes. These design philosophies will be
adopted by multiscale stem cell technologies for ONFH.
Last but not least, in order to accelerate breakthroughs in
this area, funding for stem cell technology for ONFH treatment should be substantially increased. Compared to other
hip treatment techniques (e.g., metal or ceramic prosthesis
techniques), the femoral head necrosis stem cell technology
lagged behind in breadth and depth. Its slow progress also
reﬂects (at least in part) insuﬃciency in government/fund
and investor investment. However, in the past few years,
more funding opportunities have been created in the ﬁeld
of stem cell technology for ONFH treatment which has also
become part of our review. We believe that multiscale stem
cell technologies will revolutionize the current ONFH therapies in the foreseeable future.
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Intervertebral disc (IVD) degeneration is considered to be the primary reason for low back pain. Despite remarkable improvements
in both pharmacological and surgical management of IVD degeneration (IVDD), therapeutic eﬀects are still unsatisfactory. It is
because of the fact that these therapies are mainly focused on alleviating the symptoms rather than treating the underlying cause
or restoring the structure and biomechanical function of the IVD. Accumulating evidence has revealed that the endogenous
stem/progenitor cells exist in the IVD, and these cells might be a promising cell source in the regeneration of degenerated IVD.
However, the biological characteristics and potential application of IVD-derived stem/progenitor cells (IVDSCs) have yet to be
investigated in detail. In this review, the authors aim to perform a review to systematically discuss (1) the isolation, surface
markers, classiﬁcation, and biological characteristics of IVDSCs; (2) the aging- and degeneration-related changes of IVDSCs and
the inﬂuences of IVD microenvironment on IVDSCs; and (3) the potential for IVDSCs to promote regeneration of degenerated
IVD. The authors believe that this review exclusively address the current understanding of IVDSCs and provide a novel
approach for the IVD regeneration.

1. Introduction
Low back pain (LBP) is one of the most common musculoskeletal disorders causing a tremendous socioeconomic
burden to the patients due to lost productivity and increasing
health care costs [1–3]. Although numerous and complex
causes are involved in the pathogenesis of LBP, the intervertebral disc (IVD) degeneration appears to be the foremost
cause [4, 5]. However, established treatments of IVD degeneration (IVDD), including medical and surgical treatments,
are mainly focused on alleviating the symptoms rather than
treating the underlying cause or restoring the structure and
biomechanical function of the IVD [6–8].
The loss of disc cell viability and functionality plays a
critical role in disturbing disc homeostasis, which reduces
biosynthesis of extracellular matrix (ECM) components and
triggers the IVDD [9, 10]. Therefore, cell-based therapy and

regenerative medicine aiming at restraining or even reverting
the loss of disc cell number and function have attracted much
attention in the ﬁeld of IVD regeneration [11]. Currently, a
number of therapeutic modalities, such as growth factor
supply, gene therapy and the delivery of functional cells, have
been developed in order to rescue the disc cells [12–15]. Of
these, the delivery of functional cells is, possibly, a promising
therapeutic strategy. Many diﬀerent kinds of functional cells
from diﬀerent areas of the body, i.e., nucleus pulposus cells
(NPCs), bone marrow mesenchymal stem cells (BMSCs),
adipose stem cells (ASCs), muscle-derived stem cells, synovial stem cells, induced pluripotent stem cells, olfactory
neural stem cells, hematopoietic stem cells, and embryonic
stem cells, can be successfully transplanted into the IVD with
a hope to repair or regenerate the IVD [16]. Owing to wide
availability and multilineage diﬀerentiation potential, the
stem cells (SCs) have been extensively used and have shown
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a promising result in animal models and clinical trials
[17, 18]. However, some obstacles are always hindering the
further application of SCs in disc regeneration. These problems include puncture injury during SC extraction from the
tissues and formation of osteophytes in the degenerated disc
due to the leakage of SCs [19, 20]. Moreover, the microenvironment of IVD is characterized by excessive mechanical
loading, high osmolarity, limited nutrition, acidic pH, and
low oxygen tension [21–23]. Such microenvironment might
impair the viability, proliferation, and ECM biosynthesis
abilities of transplanted SCs leading to a limited repair potential [21–23]. Thus, it is desperately necessary to identify novel
cell sources for IVD regeneration.
Many tissues have been identiﬁed to contain adult tissuespeciﬁc SCs, also known as endogenous SCs [24–26]. These
endogenous SCs are capable of balancing the homeostasis
of the tissues by regulating their own proliferation and diﬀerentiation. Therefore, endogenous stem/progenitor cells are
regarded as a promising cell source for regenerating tissues
because of the potential of overcoming the obstacles related
to cell transplantation [24]. The IVD is the largest avascular
structure in the body, which has been previously thought to
have a little or poor self-repair capacity in adult mammals
[27]. Nevertheless, many previous studies have indicated that
the resident SCs exist both in normal and degenerated IVD
and are referred to as IVD-derived stem/progenitor cells
(IVDSCs) [28–31]. These cells can be isolated from diﬀerent
compartments of IVD, including nucleus pulposus (NP),
annulus ﬁbrosus (AF), and cartilage endplate (CEP) and
can express most of the phenotype markers that deﬁne MSCs
[29, 32–36]. Furthermore, it is also proven that there exists
SC niche (SCN) within the IVD, which is conﬁned around
the perichondrium region adjacent to the epiphyseal plate
(EP) and outer zone of the AF [6, 27]. Thus, promoting
self-repair via mobilizing the endogenous SCs might be a
prospective approach for stem cell-based therapy and the
IVD regeneration. However, as a novel cell subset in IVD,
our knowledge about IVDSCs remains largely limited.
Therefore, authors aim to perform a review to systematically discuss (1) the isolation, surface markers, classiﬁcation,
and biological characteristics of IVDSCs; (2) the aging- and
degeneration-related changes of IVDSCs and the inﬂuences
of IVD microenvironment on IVDSCs; and (3) the potential
for IVDSCs to promote regeneration of degenerated IVDSCs.
The authors believe that this review exclusively addresses the
current understanding of IVDSCs and provides a novel
approach for the IVD regeneration.

2. Identification of IVDSCs
In 2007, Risbud et al. identiﬁed a cluster of cells in human
degenerated IVD that express the surface markers of SCs
and could perform adipogenic, osteogenic, and chondrogenic
diﬀerentiation [28]. Similarly, other studies also detected the
cells presenting similar characteristics in all components
of human IVD including the AF, NP, CEP, and putative
SCN [6, 30, 32, 36]. These cells could be classiﬁed into
MSCs according to the criteria established by the International Society for Cellular Therapy (ISCT) (for example,
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the plastic-adherent growth; the expression of CD105,
CD73, and CD90 and the lack of expression of CD45,
CD34, CD14 or CD11b, CD79alpha or CD19, and HLADR surface molecules; and multilineage diﬀerentiation ability
in vitro) [30, 32, 37, 38]. From these reports, we can conclude
that the endogenous SCs, also called IVDSCs, deﬁnitely exist
within IVD. It has been isolated, not only from the human
being but also from many other species including murine,
rhesus macaque, porcine, and rabbit [6, 31, 39–42].

3. Classification of IVDSCs
The normal IVD is composed of three distinct components: the central gelatinous NP, the outer AF, and the
upper and lower CEP [43]. Based on the diﬀerent anatomical regions of IVD, the IVDSCs are usually divided into
three subsets, which are referred to as NP-derived stem
cells (NPSCs), AF-derived stem cells (AFSCs), and CEPderived stem cells (CESCs), respectively [28, 30, 36, 38].
Recently, some researchers propose the existence of SCN, a
dynamic microenvironment consisting of the ECM and
neighboring cells with the ability to regulate local SCs, within
IVD [20, 27, 44]. Through a series of in vivo labeling procedures, the SCN is recognized as the perichondrium region
adjacent to the EP and outer zone of the AF (Figure 1)
[6, 20, 27]. Moreover, cells extracted from the SCN also
meet the criteria deﬁning MSCs [20]. Therefore, SCNderived stem cells (SCNSCs) might be another classiﬁcation of the IVDSCs [37].
However, classifying the IVDSCs into absolutely diﬀerent
four groups might not be completely reasonable when taking
the sources of IVDSCs into account. Many researches have
demonstrated that the SCs in SCN could migrate into the
AF, NP, and CEP along certain routes [27, 44]. Our previous
experiments also conﬁrmed that the SCs in SCN could
migrate into the inner part of IVD during the process
of compression-induced IVD degeneration. Furthermore,
results from Xiong et al. illustrated that the CESCs could
migrate from CEP to NP tissue, and the migration could be
inhibited by macrophage migration inhibitory factor [45].
In addition, the SCs might be inﬁltrated from growing vessels
during disc degeneration, and adjacent bone marrow might
also be the source in IVD [14, 46]. Despite the location of
SCs in the diﬀerent region, the SCNSCs, AFSCs, NPSCs,
and CESCs possibly contain a proportion of cells having
the same origin and biological characteristics. Hence, the
SCs distributed in diﬀerent anatomical regions of IVD are
both independent and relevant. In Figure 1, we displayed
the hypothetical distribution of IVDSCs according to diﬀerent anatomic regions.

4. Isolation of IVDSCs
To date, many techniques have been developed to isolate
stem/progenitor cells from diﬀerent parts of the IVD.
Generally speaking, most extraction methods are designed
based on the distinct characteristics of SCs such as rapid
proliferation rate, colony formation capacity, and unique
surface markers [31, 38, 47, 48].
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Figure 1: Schematic overview of the location of diﬀerent kinds of IVDSCs. The stem cells located in IVD and the adjacent vertebras are
indicated with dots. Elliptical broken line indicates the area of stem cell niche. The arrows indicate the possible migration pathways of
SCNSCs. BMSC: bone marrow-derived stem cells; SCNSC: stem cell niche-derived stem cells; CESC: cartilage end plate-derived stem cells;
NPSC: nucleus pulposus-derived stem cells; AFSC: annulus ﬁbrosus-derived stem cells; CEPC: cartilage end plate cells. AFC: annulus
ﬁbrosus cells.

The SCs are characterized by their self-renew and rapidproliferation capacity, which make them superior to other
cells located in IVD in plastic-adherent and proliferation
speed. Based on the above theory, diﬀerential adhesion
method was developed to successfully isolate cells meeting
the criteria of MSCs [47, 49, 50]. The main step of this method
is to discard culture medium together with suspension cells
and fragments when cell suspensions are seeded about 24 h
later, and the remaining adherent cells are regarded as SCs
without any further isolation [49]. Using this method,
researchers have successfully isolated NPSCs from human
and other species [11, 39, 47, 50, 51].
Colony formation is another important property of SCs.
The cells with stem/progenitor cell characteristics survive at
50 cells/cm2, while other types of cells die due to loss of
cell-cell contacts or undergo dissolution because of the low
proliferation velocity [52]. Thus, colony formation assay
might be another way to separate IVDSCs. Using this
method, also named as limiting dilution method, Liu et al.
extracted AFSCs from rabbit AF tissue, and they found an
initial seeding density of 200 cells/cm2 to be optimal for the
formation of colonies [33]. Similarly, rat NPSCs were also
successfully isolated using this method [48]. For this method,

the cell seeding density is the most critical because inappropriate cell density would cause the diﬃculty of colony formation or the failure of the SC extraction.
Some special culture medium is also utilized to isolate the
IVDSCs. Agarose suspension culture is a chondrocyte selective culture system, in which chondrocytes are the only cell
type to survive apart from tumor cells [48]. Employing the
agarose culture system, the NPSC, AFSC, and CESC were
all successfully isolated [32, 36, 38, 45, 53]. Methylcellulose
semisolid medium, a culture system established to identify
tissue-speciﬁc stem/progenitor cells from various organs, is
also applied to extract the IVDSCs, and the NPSCs had been
extracted through this method [31, 54]. In addition, some
researchers including our group successfully extracted
IVDSCs by using standard MSC expansion medium [55, 56].
Except for the above methods, the explant culture
technique and ﬂuorescence-activated cell sorter (FACS)
cell sorting have also been developed to isolate IVDSCs
[23, 31]. And some researchers even isolated IVDSCs directly
by cell culture without any special treatment [30, 43, 57].
Besides that, some important points must be taken into
consideration during the isolation of IVDSCs. Firstly, the
blood cells must be thoroughly removed to avoid the
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Table 1: Surface markers of IVDSCs.

Species

Cell type

Positive markers

Negative markers

References

Human
Human
Rat
Human
Human
Mini pig
Rat

NPSC
NPSC
NPSC
NPSC
NPSC
NPSC
NPSC

CD73, CD90, and CD105
CD73, CD90, and CD105
CD44, CD90, and CD105
CD29, CD44, and CD105
Tie2,GD2, Flt1, and CD271
CD29, CD90, and CD44
CD73, CD90, and CD105

[47]
[43, 55]
[50]
[34]
[31]
[42]
[40]

Human

NPSC

CD29, CD44, CD73, CD90, and CD105

Human

NPSC

CD90, CD73, CD105, CD106, and CD166

Human
Rhesus
macaque

NPSC

CD24, CD73, CD90, and CD105

CD34, CD45
CD34, CD45, and HLA-DR
CD34, CD45
CD14, CD34, CD45, and HLA-DR
CD24
—
CD34, CD45
CD29, CD44, CD73, CD90,
and CD105
CD14, CD19, CD24, CD34, CD45,
and HLA-DR,
CD29, CD45

NPSC

CD44, CD90, CD146, CD166, and HLA-DR

CD90, CD271

[39]

Human

AFSC, NPSC

CD49a, CD63, CD73, CD90, CD105,
CD166, p75 NTR, and CD133/1

CD34

[28]

Rhesus
macaque

AFSC

CD44, CD90, CD146, CD166, and HLA-DR

CD29, CD106, and CD271

[39]

Human

AFSC

CD31, CD34, CD45, CD106, CD117,
and CD133

[35]

Human

AFSC, NPSC, and CESC

CD29, CD49e, CD51, CD73, CD90,
CD105, CD166, CD184, nestin, and
neuron-speciﬁc enolase
CD73, CD90, and CD105

Human

CESC

CD73, CD90, and CD105

Human

CESC

CD73, CD90, CD105, and Stro-1

Human

CESC

Rat
Human

SCNSC
IVDSC

CD44, CD73, CD90, CD105, CD133,
CD166, and Stro-1
CD29, CD90, and CD44
CD90, CD105, and Stro-1

contamination of SCs. Then, when isolating IVDSCs from
human samples, the age and degeneration grade of patients
must be taken into account, which might inﬂuence the
quantity and quality of the IVDSCs [31]. So, the technique
such as FACS cell sorting should be carried out to purify
the IVDSCs meticulously.

5. Surface Marker of IVDSCs
The currently identiﬁed surface markers for IVDSCs are
shown in Table 1. However, Sakai et al. demonstrated that
some surface markers exist both in NP cells and NPSCs
[31]. Thus, we must realize that the cells expressing these
markers are not necessarily the IVDSCs. Therefore, it is
quite exigent to explore the distinct surface markers of
IVDSCs. From another aspect, the expression of surface
markers is associated with functional status of the IVDSCs.
For example, CD105 is related to cell migration, and the
expression of Tie2 and GD2 indicates the diﬀerentiation of
NPSCs [31, 32]. Additionally, the IVDSCs can express neural stem cell-associated surface markers. Some researchers
have proven that AFSCs could perform neurogenesis

CD19, CD34, CD45, and HLA-DR
CD14, CD19, CD34, CD45,
and HLA-DR
CD14, CD19, CD34, CD45,
and HLA-DR
CD14. CD19, CD34, CD45,
and HLA-DR
CD19, CD34, CD45, and CD11b
—

diﬀerentiation and NPSCs
Schwann-like cells [35, 54].

could

[23]
[29]
[58]

[38]
[45, 59, 60]
[36]
[32]
[20]
[61]

diﬀerentiate

into

6. Biological Characteristics of IVDSCs
The biological characteristics of IVDSCs (given that the
concept of SCNSCs is not received so far, we only discuss
the NPSCs, AFSCs, and CESCs in this chapter) have been
comprehensively explored. It has been displayed that all three
kinds of IVDSCs share almost the same morphology and
immunophenotype [30, 32, 34, 35, 38]. For proliferation
capacity, Liang et al. demonstrated that NPSCs and AFSCs
had stronger cell proliferation capacity than that of CESCs
[30]. At the same time, results from Wang et al. exhibited that
there was no signiﬁcant diﬀerence in proliferation ability
among NPSCs, AFSCs, and CESCs [38]. Additionally, for
multilineage diﬀerentiation ability, Liang et al. concluded
that the expression of diﬀerent lineage diﬀerentiationrelated genes of AFSCs was stronger than that of NPSCs
and CESCs [30]. Wang et al. comprehensively compared
the pluripotency of IVDSCs. They found that the osteogenic
and chondrogenic capacities to be superior in CESCs
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followed by AFSCs and NPSCs; similarly, the adipogenic
capacity to be superior in NPSCs followed by CESCs and
AFSCs. However, when cultured in alginate bead, the CESCs
consistently showed superior chondrogenic potential when
comparing with rest of the cell types [38]. It seems that
IVDSCs isolated from diﬀerent anatomical regions have
diﬀerent biological characteristics. This phenomenon might
be ascribed to the special microenvironment of diﬀerent
IVD components [38]. Furthermore, for the discrepancy in
biological properties of IVDSCs among the studies, we speculate that this might be associated with diﬀerent isolation
technique, passaging, and culture protocols [38].
The IVDSCs also contain some special features that
are diﬀerent from other SCs. The CESCs are reported to
have better osteogenic and chondrogenic ability as compared to BMSCs, while the NPSCs that were isolated from
degenerated NP tissue showed much lower adipogenic
diﬀerentiation ability [29, 32]. Wu et al. demonstrated
that compared to umbilical cord mesenchymal stem cells
(UCMSCs), NPSCs isolated from degenerated IVD displayed impaired proliferation capability and diﬀerentiation
potential [23]. Furthermore, when cultured in a disc mimicking microenvironment, the NPSCs are more resistant
to hypoxic and acidic pH microenvironment as compared
to ASCs, making NPSCs preferable cell sources for IVD
regeneration [11, 51].

7. The Aging- and Degeneration-Related
Changes of IVDSCs
It is a proven fact that the disc cells undergo a series of
biologic changes as they become old and degenerated. These
changes include alternation of cell type in NP, decrease in
number of viable cells, and increase in cell senescence [9].
Similarly, aging and degeneration also alter the quantity
and quality of IVDSCs. With the progression of aging and
degeneration, the number of cells expressing stem/progenitor
cell markers in IVD tissues decreases markedly, indicating
the exhaustion of IVDSCs [31, 41]. In Zhao et al.’s report,
the aged NPSCs demonstrated deteriorative capacities of proliferation, colony forming, and multilineage diﬀerentiation
but had more senescent features [40]. For degenerationrelated changes, previous studies have shown that the NPSCs
derived from degenerated NP have impaired ability in colony
formation, chemotactic migration, proliferation, and have
less expression of stem cell markers and stemness genes
[42, 43]. In addition, these NPSCs exhibit notably inferior
chondrogenic diﬀerentiation ability [42]. Owing to these
aging- and degeneration-related changes, the failure of
endogenous repair of IVD is inevitable. Thus, preventing or
even reverting the changes incurred by aging or degeneration
will be of great necessity in recovering or promoting the
endogenous repair of IVD.
The DNA damage, telomere shortening, oxidative stress,
and disturbance of the intracellular homeostasis contribute
to the initiation of IVDD by causing cell senescence and programmed cell death [62–65]. With aging and degeneration,
the degradation of misfolded proteins and clearance of toxic
cellular waste products are constrained, making it diﬃcult to
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maintain the homeostasis and resulting in a presenescence
state [66, 67]. When the presenescence SCs are in quiescence,
their intrinsic homeostasis can still be maintained [68]. However, once the presenescence SCs is activated to exert the
endogenous repair function, it is diﬃcult to maintain normal
physiological activities and then die [69]. Therefore, repair
capability of these subhealthy SCs can be restored by restoration of the cellular homeostasis, where autophagy may play a
signiﬁcant role. Sousa-Victor et al. reversed senescence and
restored the regenerative properties of old muscle satellite
cells in an injury model by promoting autophagy [69].
Sousa-Victor et al. reported that rapamycin, an agonist
of autophagy, had antisenescence eﬀects on AFSCs but
inhibited the diﬀerentiation of AFSCs under multilineage
induction, thus maintaining the stemness [69]. However,
appropriate diﬀerentiation of SCs is also vital to IVD
regeneration. So, precise regulation of the autophagy is
required in order to keep the SCs in the right direction
towards tissue repair.

8. The Influences of IVD Microenvironment
on IVDSCs
The SCs are enclosed in a tissue-speciﬁc microenvironment
that signiﬁcantly inﬂuences their biological and metabolic
vitality. The special microenvironment of the IVD is characterized by low oxygen tension, excessive stress or strain,
hypertonicity, low pH, and poor nutrient supply, which
present challenges to the survival and the function of
implanted or endogenous SCs [70].
One overriding characteristic of disc cells is that they are
resided under conditions of hypoxia due to the lack of blood
supply. Under hypoxia, the NPSCs exhibit better cell proliferation ability than ASCs, and its chondrogenic capacity is
enhanced when compared to normoxic environment [51].
For CESCs, hypoxic precondition might weaken the diﬀerentiation in osteogenic induction, indicating the antimineralization eﬀect of hypoxia [60]. Thus, physiological hypoxia
may be beneﬁcial to exert normal physiological functions of
IVDSCs. However, during the process of degeneration, blood
vessels might invade into IVD through the ﬁssures, which
might increase the oxygen levels and disrupt the physiological hypoxic microenvironment of the IVDSCs [71, 72].
Therefore, restoring the hypoxic microenvironment may
favor IVDSC-based endogenous repair of IVD.
In addition to hypoxia, excessive mechanical loading
is another crucial microenvironmental factor. The discspeciﬁc biomechanical features have been shown to exert
a wide range of impacts on the biological functions of
IVDSCs. In vitro studies have demonstrated that cyclic
tensile stress would induce apoptosis of CESCs via the
BNIP3/Bcl-2 pathway, whereas static compression stress
would induce mitochondrial apoptosis in NPSCs [56, 59].
Besides the induction of cell death, stress stimuli are also
essential for the normal function of SCs [73–75]. For example, it has been proven that the proportion of ECM components synthesized by AFSCs changes with ﬂuid shear stress
[76]. These results indicate the double-edged sword eﬀects
of mechanical loading. Therefore, further studies should
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focus on exploring various methods to protect IVDSCs from
excessive mechanical loading-induced cell death and dysfunction. In the meanwhile, the biomimetic matrix would
also be produced by optimizing mechanical stimulation for
in vitro cultured IVDSCs.
Moreover, hypertonicity, low pH, and poor nutrient supply are also important microenvironmental factors and are
detrimental for implanted or endogenous SCs. The osmotic
pressure of healthy NP, AF, and CEP (450~550 mOsm/L) is
distinctly higher than the normal blood (280~320 mOsm/L)
[77]. Nevertheless, the SC-related researches taking high
osmolarities into consideration are still scarce. Tao et al. pioneered the investigation regarding the inﬂuence of osmotic
pressure on IVDSCs [49]. They found that high osmolarity
could decrease the viability, proliferation, and expression
levels of SOX-9, aggrecan, and collagen II in NPSCs [49].
Regarding the inﬂuences of low pH, Han et al. compared
ASCs with NPSCs which were cultured in an acidic environment [11]. They found NPSCs to be less inhibited in
proliferation and cell viability [11]. Liu et al. further illuminated that in NPSCs, the acid-sensing ion channel
(ASIC) plays an important role in acid-induced apoptosis
and the downregulation in stem cell-related genes and
ECM synthesis [55]. Furthermore, it was also demonstrated
that the nutrition deﬁciency could cause mitochondrial
translocation of BNIP3 in CESCs, leading to caspasedependent apoptosis [78].

9. The Influences of ECM on IVDSCs
With the degeneration of IVD, the cell clustering and cell
death make it more diﬃcult to maintain the balance between
anabolism and catabolism of ECM and further aggravate the
tissue dysfunction [79, 80]. When investigating the IVDSCs
in vitro, importance of ECM in the original tissue is often
ignored. However, the cell-matrix interactions are essential
in modulating not only the morphology and phenotype but
also the function of SCs, and that has been successfully
demonstrated in NP tissue [81, 82]. Perlecan, the common
component of many SCNs, is found to be produced by progenitor cells located in this region [83–85]. In addition, it
plays a positive role in chondrogenic diﬀerentiation of the
mesenchymal progenitor cells in IVD [86, 87]. The changes
in mechanical strength of the ECM in degenerated discs
may be transmitted to the cell membrane and activate the
IVDSCs via perlecan or other components of SCN [88, 89].
Moreover, the Piezo1 ion channel exists in human NP cells
and underlies mechanical force-induced apoptosis via mediating the mitochondrial dysfunction and endoplasmic reticulum stress [90]. Similar mechanosensitive ion channels that
function between ECM and cells are continued to be discovered. Nevertheless, whether there are other mechanisms in
the modulation of stem cells’ fate, and how the IVDSCs react
with the alternation in mechanics, requires further studies.
Tissue engineering relies on suitable seed cells and
scaﬀold materials. The biomechanical properties of scaﬀold
materials aﬀect the function of IVDSCs and determine the
eﬃciency of IVD regeneration [91–94]. The natural molecules that make up the ECM of the IVD are a good choice
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of scaﬀold material. The laminin that exists in normal NP
tissue, but is absent in degenerated NP tissue, attracts the
attention of researchers [95–97]. Nerurkar et al. have
presented a novel strategy using anisotropic nanoﬁbrous
laminates seeded with MSCs to replicate the form and
function of the AF [98]. In addition, in vitro inﬂuences
of laminins on the proliferation and chondrogenesis of
SCs have also been demonstrated [99, 100]. Moreover, the
SCs also produce laminins which in turn enhance the regeneration ability [101, 102]. Another important component of
ECM in IVD is collagen II, which promote the diﬀerentiation
of SCs, especially the chondrogenic diﬀerentiation in a
concentration-dependent manner [103]. When cultured in
a high concentration of collagen II, the ASCs express a high
level of collagen II, aggrecan, SOX9, and low levels of collagen I, which is associated with cross-talk mechanisms
between MAPK/ERK and Smad3 pathways [103, 104]. The
small leucine-rich proteoglycans (SLRPs) are reported to be
the key molecules in modulating the physiological and
pathological process of SCs by binding to collagens, growth
factors, and other matrix components in the niche of tendon
[105] and articular cartilage [106], as well as IVD [107]. The
SLRPs might act as a unique niche component regulating the
activities of IVDSCs through hypoxia-inducible factor (HIF),
thus allowing the survival of these cells under low oxygen
tension [39]. In conclusion, the components of the ECM in
IVD play a signiﬁcant role in activation, self-renew, and
diﬀerentiation of IVDSCs. However, the positive eﬀects of
these natural molecules on promoting IVD regeneration rely
on optimistic space and time, which remains to be further
elucidated [82, 108, 109].

10. The Potential of IVDSCs for
IVD Regeneration
Endogenous neural stem cells react to stroke and spinal cord
injury by generating a signiﬁcant number of new neural cells
[110]. In the brain, neural stem/progenitor cells might play a
supportive role in the cortex to promote neuronal survival
and glial cell expansion after traumatic brain injury [111].
Even more encouraging, using a surgical method preserving
the endogenous lens epithelial stem/progenitor cells, Lin
et al. successfully achieved the regeneration of functional lens
in rabbits and macaques, as well as in human infants with
cataracts [112]. Thus, motivating the IVDSCs to promote
endogenous repair of IVD seems to be a prospective method
for IVD regeneration. It has been proven that SCNSCs
migrate toward and into IVD tissue following the intercellular space direction of the lamellae [44]. Huang et al. also proposed that stimulating endogenous SCs with simvastatin
might retard the progression of IVDD [113]. Chen et al. further proved that transplantation of NPSCs has superior
regenerative eﬃcacy than transplantation of NP cells for
treating IVDD in rabbit models [47]. However, current
researches about the regenerative potential of IVDSCs are
still scarce. Additionally, some endogenous factors might
inhibit the migration of IVDSCs. For example, Xiong et al.
have demonstrated that macrophage migration inhibitory
factor secreted by NP cells could inhibit the migration of
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CESCs [45]. Therefore, further studies are desperately needed
to explore the approaches of promoting the endogenous
repair of IVD.

11. Conclusion
The IVD itself has endogenous stem/progenitor cells, which
satisfy the criteria deﬁning the MSCs. Compared to other
SCs, the IVDSCs might be an excellent cell source for IVD
regeneration due to the following advantages: (1) the IVDSCs
are generally extracted from surgical specimens derived from
patients with disc herniation. Thus, IVDSCs are more accessible and could avoid the damage caused by isolating other
kinds of SCs, such as BMSCs. (2) IVDSCs are superior to
other SCs in tolerating the harsh microenvironment of IVD.
However, there are some limitations in understanding of
IVDSCs. First, current researches about IVDSCs are scarce.
Therefore, we only have limited knowledge about the biological characteristics of IVDSCs. Then, surface markers of
IVDSCs are still controversial and more speciﬁc markers
are needed to identify IVDSCs in vivo and in vitro. Furthermore, how to isolate purer IVDSCs simply and economically is still waiting for exploration. Finally, how to
protect IVDSCs from aging, degeneration, and harsh microenvironment is not fully elucidated. In conclusion, the
IVDSCs might play a pivotal role in the regeneration of
IVD, but more studies are necessary.
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Purpose. Mechanical loading plays a vital role in the progression of intervertebral disc (IVD) degeneration, but little is known about
the eﬀect of compression loading on human nucleus pulposus-derived mesenchymal stem cells (NP-MSCs). Thus, this study is
aimed at investigating the eﬀect of compression on the biological behavior of NP-MSCs in vitro. Methods. Human NP-MSCs
were isolated from patients undergoing lumbar discectomy for IVD degeneration and were identiﬁed by immunophenotypes
and multilineage diﬀerentiation. Then, cells were cultured in the compression apparatus at 1.0 MPa for diﬀerent times (0 h, 24 h,
36 h, and 48 h). The viability-, diﬀerentiation-, and diﬀerentiation-related genes (Runx2, APP, and Col2) and colony formation-,
migration-, and stem cell-related proteins (Sox2 and Oct4) were evaluated. Results. The results showed that the isolated cells
fulﬁlled the criteria of MSC stated by the International Society for Cellular Therapy (ISCT). And our results also indicated that
compression loading signiﬁcantly inhibited cell viability, diﬀerentiation, colony formation, and migration. Furthermore, gene
expression suggested that compression loading could downregulate the expression of stem cell-related proteins and lead to
NP-MSC stemness losses. Conclusions. Our results suggested that the biological behavior of NP-MSCs could be inhibited by
compression loading and therefore enhanced our understanding on the compression-induced endogenous repair failure of
NP-MSCs during IVDD.

1. Introduction
Intervertebral disc (IVD) degeneration is among the most
important contributors to low back pain, leading to patient
disability and heavy ﬁnancial burdens globally [1, 2]. Currently, conservative and surgical operations are the main
treatments for IVD degeneration. However, these treatments
are not long-lasting and eﬀective for the limitation that they
cannot reverse the structural and mechanical function of
IVD tissues [3]. Stem cell-based therapies have shown an
exciting perspective for IVD repair recently [4]. In diﬀerent
animal models of disc degeneration, which are established
by annular puncture or nucleus aspiration, transplantation
of exogenous mesenchymal stem cells (MSCs) has improved
the evaluation scores of radiographs, magnetic resonance
images (MRI), and histological analysis [5–7]. In a pilot study

[8], ten patients suﬀering from chronic back pain and positively diagnosed with lumbar disc degeneration were treated
by injecting autologous expanded bone marrow MSCs into
the nucleus pulposus (NP) area. The results indicated the
feasibility, safety, and clinical eﬃcacy of the treatment.
Apart from exogenous stem cell transplantation, endogenous stem cell stimulation and recruitment are also essential
ways to repair IVD degeneration and play a key role in
endogenous repair [9]. Evidence has been found in latest
researches that nucleus pulposus mesenchymal stem cells
(NP-MSCs) exist naturally in the IVD [10, 11] and participate in IVD regeneration [9]. The aim of NP-MSC therapy
is to make NP-MSCs diﬀerentiate into nucleus pulposuslike cells and stimulate disc cells maintaining IVD homeostasis. Although activating the endogenous NP-MSCs could be
an attractive strategy for endogenous repair, it is hard to
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maintain the number of viable and functional NP-MSCs
under an adverse microenvironment in IVD [12]. It was
reported that the viability and proliferation rate of NPMSCs were signiﬁcantly inhibited under hypoxia [13], and
acidic conditions could decrease the extracellular matrix
(ECM) synthesis and stem cell-related gene expression of
NP-MSCs [14]. Mechanical loadings [15], including compression, shear, torsion, and ﬂexion, are another essential
factors that inﬂuence the fate of NP-MSCs.
The IVD functions as a shock absorber, and external
forces on the spine lead to intense stresses that act on the
IVD. From a mechanical point of view, disc cells and progenitor cells embedded in the diﬀerent areas are exposed to wide
ranges of mechanical loadings [16]. Inappropriate or excessive compressive force stimulus applied to intervertebral
discs (IVDs) is an important contributing factor in the progress of disc degeneration. We have reported that apoptosis
and necroptosis could be induced by compression at a magnitude of 1 MPa in rat NP cells previously [17, 18]. However,
to our best knowledge, there have been no studies focusing
on the eﬀect of compression loading on human NP-MSCs
so far. Therefore, the present study is aimed at exploring
the eﬀect of compression on the biological behavior of
NP-MSCs in vitro.

2. Methods
2.1. Isolation and Culture of NP-MSCs. NP tissues were
donated by ﬁve patients undergoing lumbar discectomy for
lumbar disc hernia, and the ages of those ﬁve patients are
42, 49, 45, 41, and 40, respectively. According to Pﬁrrmann’s
MRI (T2WI) Grading Criteria for Disc Degeneration, all the
patients were in grade III. All procedures in the present
study were approved by the ethics committee of Tongji
Medical College of Huazhong University of Science and
Technology. NP-MSCs were isolated and cultured as previously described [14]. Brieﬂy, NP tissues were ﬁrst carefully
separated by a dissecting microscope and washed by PBS
solution. Secondly, the NP samples were dissected and
digested in 0.2% type II collagenase for 12 h at 37°C with
5% CO2. And then the obtained cells and partially digested
tissues were cultured in MSC complete medium (Cyagen,
USA) at 37°C in a humidiﬁed atmosphere containing 5%
CO2. The media were changed twice a week, and the primary culture was 1 : 3 subcultured when cells reached
80%–90% conﬂuence. NP-MSCs in passage 2 were used in
this study.
2.2. Surface Marker Identiﬁcation of NP-MSCs. The collected
cells were washed and resuspended in PBS and incubated
with the following monoclonal antibodies according to the
recommendations of ISCT [19]: CD105, CD73, CD90,
CD34, CD14, CD19, and HLA-DR. After being incubated
for 30 min at 37°C, the cells were washed with PBS and
then resuspended in 500 μL PBS to adjust the cell concentration at about 106/mL. The labeled cells were examined via
ﬂow cytometry (BD LSR II, Becton Dickinson) following
standard procedures.
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2.3. Multilineage Diﬀerentiation. To assess the multilineage
diﬀerentiation potential of NP-MSCs, the osteogenic,
adipogenic, and chondrogenic diﬀerentiation was induced.
For osteogenic diﬀerentiation, NP-MSCs were seeded in
six-well plates at 2 × 104 cells/cm2 in normal medium and
incubated in osteogenic diﬀerentiation medium (Cyagen,
USA) at 60%–70% conﬂuence. The inducing conditional
medium was changed twice a week. After diﬀerentiating for
14 days, the NP-MSCs were used to extract RNA and stained
with the Alizarin Red solution, respectively.
For adipogenic diﬀerentiation, NP-MSCs were seeded in
six-well plates at 2 × 104 cells/cm2. When the cells grew up to
100% conﬂuence, the medium was changed to adipogenic
diﬀerentiation medium A (Cyagen, USA). Three days later,
the medium was changed to adipogenic diﬀerentiation
medium B (Cyagen, USA). After 24 h, the medium was
replaced back with medium A. The cycle was repeated for 4
times, and the cells were cultured in medium B for additional
7 days. After diﬀerentiating, the NP-MSCs were used to
extract RNA and stained with Oil Red O.
For chondrogenic diﬀerentiation, NP-MSCs were seeded
in six-well plates at 2 × 104 cells/cm2 in normal medium and
incubated in chondrogenic diﬀerentiation medium (Cyagen,
USA) at 60%–70% conﬂuence. The media were changed
every 2 to 3 days. After diﬀerentiating for three weeks, the
NP-MSCs were used to extract RNA and stained with the
Alcian blue.
In addition, to evaluate the eﬀect of compression loading
on the multilineage diﬀerentiation of NP-MSCs, the cells
were cultured in a custom-made compression apparatus for
diﬀerent times (0 h, 24 h, 36 h, and 48 h) at a magnitude of
1 MPa as described previously [17, 20]. And the cells were
then digested with 0.25% trypsin and seeded in six-well plates
for the induced diﬀerentiation above.
2.4. Cell Viability Assay (CCK-8). NP-MSCs were seeded in
96-well plates and cultured in the compression apparatus
for diﬀerent times (0 h, 24 h, 36 h, and 48 h). Cell viability
was measured by CCK-8 (Dojindo, Japan) following the
manufacturer’s protocol. At the appropriate time points,
10 μL CCK-8 solution was added to each well. The plates
were then incubated at 37°C with 5% CO2 for 2 h. The surviving cell counts were determined by absorbance detection at
450 nm with a spectrophotometer (BioTek, USA).
2.5. Colony Formation Assay. To demonstrate the eﬀect of
compression loading on the capacity of colony formation,
the NP-MSCs were treated with compression for diﬀerent
times (0 h, 24 h, 36 h, and 48 h). Then, the cells were collected
and seeded in six-well plates at the density of 200 cells/well.
The medium was changed twice a week. After two weeks,
the cells were ﬁxed with 4% paraformaldehyde. Fifteen
minutes later, the cells were washed with PBS and stained
with 0.1% crystal violet for 15 min. The colonies containing
more than 100 cells were counted.
2.6. Wound Healing Assay. For the wound healing assay, NPMSCs were seeded in six-well plates with MSC complete
medium. When the cells grew to 100% conﬂuence, the
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Figure 1: The isolated cells fulﬁlled the criteria of MSC stated by ISCT. (a) The shape of cells isolated from the degenerated IVDs. (b) The
MSC-associated surface markers (CD34, CD14, CD19, HLA-DR, CD73, CD90, and CD105) were analyzed by ﬂow cytometry. (c) The
induction of osteogenic, chondrogenic, and adipogenic diﬀerentiation of the isolated cells.
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2.7. Transwell Migration Assay. The 24-well plates with 8 μm
pore-size transwell inserts were used to assess the migration
abilities of NP-MSCs. The cells were adjusted to a density
of 105 cells/mL with serum-free DMEM-L, and then 200 μL
cell suspension was added into the upper chamber and
600 μL DMEM-L with 10% FBS was added into the lower
chamber. Subsequently, the cells were treated with compression for diﬀerent times (24 h, 36 h, and 48 h), and the cells
without compression treatment were used as the control. At
the appropriate time points, the nonmigrated NP-MSCs were
removed and the migrated cells were ﬁxed and stained with
crystal violet. The migrated NP-MSCs were counted in ﬁve
randomly selected optical ﬁelds.
2.8. Quantitative Real-Time Polymerase Chain Reaction
(QRT-PCR). Total RNA was extracted from NP-MSCs by
TRIzol reagent (Invitrogen, USA); then, the RNA was
transcribed into cDNA by a reverse transcription kit
(Takara,) following the manufacturer’s protocol. After
reverse transcription, QRT-PCR was performed with the
SYBR Premix Ex Taq II according to the manufacturer’s
instructions (Takara). The 2−△△CT method was used to analyze the data, and the housekeeping gene GAPDH was used
to normalize the level of mRNA. Primer sequences were as
follows: 5′-GTGGACGAGGCAAGAGTTTCA-3′ (forward)
and 5′-GGTGCAGAGTTCAGGGAGGG-3′ (reverse) for
RUNX2, 5′-CCCATCCCCACTTTGTGATT-3′ (forward)
and 5′-ATTCCGCAGGGCAGCAAC-3′ (reverse) for APP,
5′-AGCATTGCCTATCTGGACGAA-3′ (forward) and 5′GTACGTGAACCTGCTATTGCC-3′ (reverse) for COL2A1,
and 5′-AATCCCATCACCATCTTCCAG-3′ (forward) and
5′-GAGCCCCAGCCTTCTCCAT-3′ (reverse) for GAPDH.
2.9. Western Blot Analysis. NP-MSCs were lysed on ice using
standard buﬀer (Beyotime, China), and total protein was
extracted by a protein extraction kit (Beyotime, China). The
cell lysate was centrifuged at 12,000 ×g for 10 min at 4°C.
After protein transfer, the membranes were blocked by
nonfat milk and then incubated overnight at 4°C with a
rat polyclonal antibody against cleaved Sox2, Oct4, and
GADPH (Abcam, 1 : 3000). After washing several times,
the membrane was incubated with secondary antibodies
for 1 h at room temperature. Finally, the immunoreactive
membranes were visualized via the enhanced chemiluminescence (ECL) method following the manufacturer’s instructions (Amersham Biosciences, USA).
2.10. Statistical Analysis. All measurements were performed
at least three times. The data were presented as mean ± standard deviation (SD). Student’s t-tests were used in the analysis of two-group parameters. One-way analysis of variance

⁎⁎
⁎⁎

150
Cell proliferation (100% of control)

wound was created by scraping the monolayer cell with a
pipette tip, and the medium was replaced with serum-free
DMEM-L. Then, the plates were randomly assigned to the
compression group or the control group. The photomicrographs were acquired at diﬀerent time points (0 h, 24 h,
36 h, and 48 h). The migration areas of wound healing were
quantiﬁed using ImageJ software.
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Figure 2: CCK-8 assay showed compression loading inhibiting
the viability of NP-MSCs (values are presented as means ± SD,
∗∗
p < 0 01 versus control).

(ANOVA) test was used in comparisons of multiple sets of
data. p < 0 05 were considered statistically signiﬁcant.

3. Results
3.1. Identiﬁcation of NP-MSCs. The cells isolated from the
degenerated IVDs presented with long spindle-shaped adherent growth and grew in a spiral formation (Figure 1(a)). The
MSC-associated surface markers were analyzed by ﬂow
cytometry. As shown in Figure 1(b), the isolated cells had
high expression levels of markers (CD105, CD73, and
CD90) that are normally positive in MSCs and had low
expression of markers (CD34, CD14, CD19, and HLA-DR)
that are usually negative in MSCs. For osteogenic diﬀerentiation, the cells formed highly visible calcium deposits after
being induced in osteogenic media for two weeks. In addition, oil droplets were accumulated in the cells and stained
with Oil Red O during the adipogenic diﬀerentiation. After
being induced in chondrogenic media, the cells exhibited
strong production of sulfated proteoglycans (Figure 1(c)).
The results above showed that the isolated cells fulﬁlled the
criteria of MSC stated by ISCT. Thus, we isolated NP-MSCs,
and the cells in passage 2 were used in this study.
3.2. Compression Loading Inhibited the Viability. To evaluate
the eﬀect of the compression loading on the viability of
NP-MSCs, a CCK-8 assay was performed. As observed in
Figure 2, the viability of the NP-MSCs was inhibited by compression and the inhibiting eﬀect was signiﬁcantly increased
as compression time was prolonged except for the time
of 24 h, which has shown an increased cell viability. A
possible explanation of this phenomenon is that moderate
compression may increase the cell viability, but this improvement cannot contribute to the stemness ability of intervertebral disc stem cells (Figure 2, values are presented as
means ± SD, ∗ p < 0 05 and ∗∗ p < 0 01 versus control).
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Figure 3: Compression inhibited the multilineage diﬀerentiation potential of NP-MSCs. (a) The induction of osteogenic diﬀerentiation under
the increased compression time from 0 h to 48 h. (b) The induction of adipogenic diﬀerentiation under the increased compression time from
0 h to 48 h. (c) The induction of chondrogenic diﬀerentiation under the increased compression time from 0 h to 48 h. (d) The expressions of
osteogenesis genes (Runx2), adipocyte-speciﬁc genes (APP), and chondrocyte-speciﬁc genes (Col2) under the increased compression time
from 0 h to 48 h (values are presented as means ± SD, ∗∗ p < 0 01 versus control).

3.3. Compression Inhibited the Multilineage Diﬀerentiation
Potential of NP-MSCs. To determine the eﬀect of the compression loading on the multilineage diﬀerentiation potential
of NP-MSCs, the osteogenic, adipogenic, and chondrogenic
diﬀerentiation was induced and the mRNA expressions of
Runx2, APP, and Col2 for the osteogenic, adipogenic, and
chondrogenic diﬀerentiation, respectively, were analyzed.
The results showed that the multilineage diﬀerentiation
was suppressed in accordance with the increased compression time from 0 h to 48 h. For osteogenic diﬀerentiation,

the mineralized nodules and the expressions of osteogenesis
genes (Runx2) signiﬁcantly decreased in the NP-MSCs with
compression treatment (Figures 3(a) and 3(d)). For adipogenic
diﬀerentiation, the accumulated lipid vacuoles decreased and
the expression of adipocyte-speciﬁc genes (APP) signiﬁcantly
downregulated (Figures 3(b) and 3(d)). For chondrogenic differentiation, the proteoglycans and the expressions of
chondrocyte-speciﬁc genes (Col2) obviously decreased
(Figures 3(c) and 3(d)). (Figure 3, values are presented as
means ± SD, ∗ p < 0 05 and ∗∗ p < 0 01 versus control).
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Figure 4: Compression inhibited the capacity of colony formation (values are presented as means ± SD,
versus control).

3.4. Compression Inhibited the Capacity of Colony Formation.
The colony-forming ability is a vital factor to evaluate the
stemness of NP-MSCs. In the control group, the colonyforming rate was 46%. But in the compression group, the
results demonstrated that the colony-forming rate was
inhibited by 43.33%, 38.27%, 19.4%, and 14.33% compared
to the control at diﬀerent time points from 24 h to 48 h
(Figure 4, values are presented as means ± SD, ∗ p < 0 05
and ∗∗ p < 0 01 versus control).
3.5. Compression Inhibited the Migration Ability. Nondirectional migration ability and directional migration ability
were assessed by wound healing assay and transwell
migration assay, respectively. As shown in Figure 5, the
migration areas and the migrated NP-MSCs were increased
over time. However, the migration areas and the migrated
NP-MSCs signiﬁcantly decreased compared to those at
diﬀerent time points from 24 h to 48 h (Figure 5, values
are presented as means ± SD, ∗ p < 0 05 and ∗∗ p < 0 01
versus control).
3.6. Compression Decreased the Expression of Stem CellRelated Genes (Sox2 and Oct4). The genes, including Sox2
and Oct4, were considered the speciﬁc genes that maintained the stemness of MSCs. The expression of proteins

∗

p < 0 05 and

∗∗

p < 0 01

(Sox2 and Oct4) was signiﬁcantly decreased. Protein levels
of Sox2 and Oct4 from treated cell lysates were analyzed
by Western blotting and normalized against GAPDH levels
(Figure 6, values are presented as means ± SD, ∗ p < 0 05
and ∗∗ p < 0 01 versus control).

4. Discussion
Endogenous stem cell repair for IVD degeneration provides a
novel strategy to reverse the structure and mechanical function of IVD tissues, and it has excited a great interest to scientists in the past decade. In 2007, Risbud et al. [21]
isolated and identiﬁed the skeletal progenitor cells from
degenerate human disc in vitro, which could express a series
of speciﬁc surface markers of MSCs and commit to multilineage diﬀerentiation. In 2009, Henriksson et al. [22] applied the
labeling technique in vivo and demonstrated the existence of
slow-cycling cells and stem cell niche in the IVD region. After
that, many groups isolated and identiﬁed MSCs from the
nucleus pulposus, annulus ﬁbrosus, and cartilage endplate
[10, 11, 23–30]. In the present study, the cells isolated from
NP had the following characteristics: (1) the cells presented
with long spindle-shaped adherent growth and grew in a spiral formation; (2) the cells were positive for CD105, CD73,
and CD90 and negative for CD34, CD14, CD19, and HLA-
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Figure 5: Compression inhibited the migration ability. (a, c) The assessment of nondirectional migration ability by wound healing assay with
or without compression from 0 h to 48 h. (b, d) The assessment of directional migration ability by transwell migration assay under
compression from 0 h to 48 h (values are presented as mean ± SD, ∗∗ p < 0 01 versus control).
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Figure 6: Compression decreased the expression of stem cell-related genes (Sox2 and Oct4). The expression of Sox2 and Oct4 was analyzed
by Western blotting and normalized against GAPDH levels (values are presented as mean ± SD, ∗∗ p < 0 01 versus control).

DR; and (3) the cells had the multilineage diﬀerentiation
potential. These characteristics met the criteria stated by the
ISCT for MSC.
In the progress of endogenous tissue regeneration, a single stem cell produces two daughter cells: one maintains the
stemness to renew itself while the other diﬀerentiates to a
speciﬁc cell to conduct endogenous repair [31]. In terms of
endogenous NP-MSC repair for IVD degeneration, one part
of NP-MSCs retains the stem cell identity, and another part
of NP-MSCs diﬀerentiates into nucleus pulposus-like cells
and stimulus disc cells to repair the degenerative disc.
Therefore, sustaining the number of viable and functional
NP-MSCs is vital for maintaining the IVD homeostasis [9].
However, the IVD is avascular and NP-MSCs in the discs
have to bear various stresses, including acidity, hypoxia,
nutrient deﬁciency, and hypertonicity and mechanical loads
[12]. Although mechanical stress plays an essential role in
the progression of IVD degeneration, there have been no
studies reporting the eﬀect of compression loading on human
NP-MSCs so far. Thus, the current study applied a custommade compression apparatus for the ﬁrst time to study the
eﬀect of compression loading on the biological behavior of
NP-MSCs in vitro.
The results showed that the viability of the NP-MSCs was
inhibited by compression except for the time of 24 h, which
has shown an increased cell viability. A possible explanation
of this phenomenon is that moderate compression may
increase the cell viability, but this improvement cannot
contribute to the stemness ability of intervertebral disc stem
cells. Stem cells may be a special type of intervertebral disc
cells which can react to a short time of compression;
however, the diﬀerentiation ability, migration ability, and

the expression of stem protein have shown a damage when
the cells were exposed to the compression of 24 h. We have
to say it is interesting and a little strange, but we all know that
cell viability cannot be the representative sign of other abilities so this phenomenon needs further research. What is
more, the multilineage diﬀerentiation potential was also
inhibited by compression. But Dai et al. and Kim et al.
reported that dynamic compression promoted the proliferation and diﬀerentiation of exogenous mesenchymal stem
cells [32, 33]. We considered that the conﬂicting results
mainly came from the diﬀerent modes of compression
exerted on cells and the distinct cell types used in the study.
In the present study, 1.0 MPa and continuous compression
was applied, and NP-MSCs isolated from degenerative NP
tissue were used. However, in the study of Dai et al. and
Kim et al., lower (17 kPa, 0.2 MPa) and intermittent compression was applied, and viable exogenous MSCs isolated
from adipose tissue or bone marrow were used. It was
reported that the intradiscal pressure value in a healthy
human is around 0.1 MPa in a prone position, 0.5 MPa
in a standing position, 1.1 MPa in a ﬂexed position, and
even 2.3 MPa in a standing position carrying a weight
[15, 34]. Moreover, multiple stress peaks appear under
aging and degeneration environment in the IVD [15].
Therefore, our study simulated the eﬀect of excessive compression in degenerative discs on NP-MSCs and emphasized
the research of the endogenous repair failure during IVDD.
MSCs can generate colonies when plated at low densities
and can also migrate to sites of injury. It has been shown that
the colony-forming ability and migration ability are the
important biological characteristics of MSCs [35, 36]. The
results revealed that compression loading inhibited the
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colony-forming ability and migration ability. Stem cellrelated genes and proteins (Sox2 and Oct4) also play a vital
role in maintaining MSC properties [37, 38]. In keeping with
our results above, compression loading suppressed the
expression of Sox2 and Oct4. All results in this study suggested that inappropriate or excessive compression loading
inhibited the biological behavior of NP-MSCs and might be
one of the mechanisms of endogenous repair failure for
IVD degeneration. Before the IVD tissue-derived MSCs were
isolated, many attentions were concentrated on the fate of
disc cells and the repair mainly centered around how to supply the disc cells with exogenous cells, growth factors, or biomaterial [16, 39, 40]. Little is known about endogenous stem
cells and endogenous repair. The present study investigated
the eﬀect of compression on the biological behavior of NPMSCs in vitro and tried to enhance our understanding on
the endogenous repair failure for IVD degeneration. Moreover, it provided a novel method to repair IVD degeneration
by activating the endogenous NP-MSCs.
In conclusion, ﬁndings from our study demonstrated that
the biological behavior of NP-MSCs could be inhibited by
compression loading, and it might be one of the mechanisms
of endogenous repair failure for IVD degeneration. Further
studies discussing the eﬀect of compression on NP-MSCs
in vivo and the underlying speciﬁc mechanism may be
helpful to understand the endogenous repair failure of
NP-MSCs during IVD degeneration.
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Bone marrow-derived mesenchymal stem cells (BMSCs) are widely used in tissue engineering for regenerative medicine due to their
multipotent diﬀerentiation potential. However, their poor migration ability limits repair eﬀects. Icariin (ICA), a major component
of the Chinese medical herb Herba Epimedii, has been reported to accelerate the proliferation, osteogenic, and chondrogenic
diﬀerentiation of BMSCs. However, it remains unknown whether ICA can enhance BMSC migration, and the possible
underlying mechanisms need to be elucidated. In this study, we found that ICA signiﬁcantly increased the migration capacity of
BMSCs, with an optimal concentration of 1 μmol/L. Moreover, we found that ICA stimulated actin stress ﬁber formation in
BMSCs. Our work revealed that activation of the MAPK signaling pathway was required for ICA-induced migration and actin
stress ﬁber formation. In vivo, ICA promoted the recruitment of BMSCs to the cartilage defect region. Taken together, these
results show that ICA promotes BMSC migration in vivo and in vitro by inducing actin stress ﬁber formation via the MAPK
signaling pathway. Thus, combined administration of ICA with BMSCs has great potential in cartilage defect therapy.

1. Introduction
Osteoarthritis (OA), known as degenerative arthritis or joint
disease, may lead to the loss of cartilage [1, 2]. Lack of
vessels, nerves, and local progenitor cells leads to diﬃculty
in repairing cartilage. With the development of cell therapies, cell-based repair, which includes treatments with chondrocytes and bone marrow-derived mesenchymal stem cells
(BMSCs), has recently attracted considerable attention from
researchers. Although autologous chondrocyte implantation
for the cartilage treatment is a practical solution, the limited
sources and dediﬀerentiation of chondrocytes cultured
in vitro restrict its application [3, 4]. In contrast, BMSCs
are easy to obtain, have abundant sources, and exhibit strong
reproductive activity. BMSCs can be directed to diﬀerentiate
into many types of cells damaged by disease under certain
conditions. Moreover, BMSCs can secrete active components
that promote wound healing [5, 6]. However, BMSCs must

successfully migrate to the wound to participate in repair
processes. The low recruitment of BMSCs to target tissue
deters their repair eﬀect [7, 8]. Based on all these characteristics, enhancing the migration ability of BMSCs may be a
promising research direction for treating cartilage defects.
Cell-based repair involves migration of stem cells from
the sites where they colonize to the wound. The process of
migration is regulated by several distinct but interacting
signaling pathways. Among these, the mitogen-activated
protein kinase (MAPK) signaling pathway has been widely
researched [9, 10] and has been conﬁrmed to regulate microtubules and actin ﬁlaments; the latter of which can produce
pushing (protrusive) forces or pulling (contractile) forces
that are particularly important for whole-cell migration
[11–13]. These ﬁndings provide new directions for the
medicine screening.
Herba Epimedii (HEP) is a widely used traditional
Chinese herb in the treatment of OA [14]. Icariin (ICA),
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the major pharmacologically active component of HEP, was
proven to be an eﬃcient accelerator of cartilage tissue engineering. ICA can accelerate the formation of cartilage matrix
and chondroid tissue [15, 16]. Moreover, it has been found
that ICA exerts multiple eﬀects on BMSCs by activating
MAPK signal pathway, including its ability to promote the
proliferation and osteogenic, chondrogenic, and adipogenic
diﬀerentiation [17–19]. Nonetheless, whether ICA has the
potential to promote the migration of BMSCs and whether
the possible underlying mechanism occurs via the MAPK
signaling pathway remain unclear.
In this study, we assessed the eﬀect of ICA on BMSC
migration and its underlying mechanisms. In addition,
BMSCs were injected via the ear vein of rabbits with knee
articular cartilage defects to investigate the eﬀect of ICA on
BMSC migration in vivo.

2. Materials and Methods
2.1. Materials. Three-month-old female New Zealand rabbits
(2 ± 0.5 kg) were purchased from the Center of Experimental
Animals at Guangzhou University of Chinese Medicine. All
animals were treated according to the animal guidelines of
Guangzhou University of Chinese Medicine. Experimental
measurements were carried out in the Laboratory of Orthopaedics and Traumatology of Chinese Medicine of the Lingnan Medical Research Center at Guangzhou University of
Chinese Medicine.
2.2. Cell Culture. BMSCs were isolated and cultured from the
bone marrow of 3-month-old female New Zealand rabbits.
The cells were cultured in alpha minimum essential medium
(MEM) containing 10% fetal bovine serum and 1%
penicillin-streptomycin in an incubator at 5% CO2 at 37°C.
The culture ﬂask was washed with phosphate-buﬀered saline
(PBS) to remove nonadherent cells after 72 h. When grown to
80–90% conﬂuence, the BMSCs were trypsinized and passaged, and the medium was replaced every 2 days.
To determine whether the isolated BMSCs possess multipotent diﬀerentiation ability in vitro, BMSCs at passage 3
were grown in osteogenic medium consisting of alpha
MEM containing 10% fetal bovine serum, 1% penicillinstreptomycin, 0.2% ascorbate, 1% β-glycerophosphate, and
0.01% dexamethasone or chondrogenic medium containing
0.01% dexamethasone, 0.3% ascorbate, 1% insulintransferrin-selenium (ITS) + supplement, 0.1% sodium pyruvate, 0.1% proline, and 1% TGF-β3 for 14 days. The medium
was replaced every three days. The cells were then washed
with PBS and then ﬁxed with 4% paraformaldehyde for
10 min. Osteogenic cells were stained with alkaline phosphatase and alizarin red. Chondrogenic cells were stained with
alcian blue. Photographs were taken using an inverted microscope with a camera.
2.3. Cell Counting Kit-8 (CCK-8) Assay. Cell proliferation was
measured using the CCK-8 assay. BMSCs at passage 4 were
seeded in 96-well plates at a density of 5 × 103 cells with four
replicates for each group. The groups were as follows: 0 μM
ICA, 0.01 μM ICA, 0.1 μM ICA, 1 μM ICA, 10 μM ICA, and
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100 μM ICA. Cell proliferation was measured at 12, 24, 36,
48, 72, and 76 h after incubation. The CCK-8 solution was
changed after the diﬀerent intervals of incubation. Then,
the plates were then incubated at 37°C for an additional
40 min. The optical density was determined at 520 nm using
a microplate reader.
2.4. Scratch Wound-Healing Assay. BMSCs at passage 4 were
seeded in 6-well plates at a density of 2 × 105 cells per well.
When the cells grew to 95% conﬂuence, the medium was
aspirated out of the well, and cells were serum-starved for
12 h. A scratch wound was created with a micropipette tip,
and the cells were washed twice with PBS to remove cellular
debris and ﬂoating cells, followed by incubation with vehicle.
The control group was treated with culture medium, and the
experimental groups were treated with diﬀerent doses of
ICA. The remaining wound area was observed and photographed using an inverted microscope with a camera at 0,
12, and 24 h.
2.5. Transwell Migration Assay. BMSCs were subjected to
serum deprivation for 12 h before being cultured on a polycarbonate porous membrane insert with 8 μm pores (Corning Costar, Shanghai, China). The cell density was adjusted
to 1 × 106 cells/mL with alpha MEM containing fetal bovine
serum. The cells were divided into the following groups: (1)
control group (0 μM ICA in both the upper and lower chambers); (2) 0.1 μM ICA group (upper chamber: 0 μM ICA,
lower chamber: 0.1 μM ICA); (3) 1 μM ICA group (upper
chamber: 0 μM ICA, lower chamber: 1 μM ICA); and (4)
10 μM group (upper chamber: 0 μM ICA, lower chamber:
10 μM ICA). One hundred microliters of cell suspension
were added to the upper chamber, and alpha MEM was
added to the lower chamber. The cells were allowed to
migrate for 24 h; after which, the polycarbonate membrane
was removed, ﬁxed with 70% ethanol for 30 min, and stained
with 0.1% crystal violet for 30 min. BMSCs were counted
under a ﬂuorescence microscope.
2.6. Rhodamine-Phalloidin Staining. BMSCs were grown in
24-well plates with glass coverslips at a density of 100 cells
per well. BMSCs in the control group were treated with alpha
MEM, while those in the experimental group were incubated
with ICA. After treatment, the cells were washed with PBS,
ﬁxed with 4% paraformaldehyde for 10 min, washed with
PBS, permeabilized with 0.5% Triton X-100 for 5 min, and
incubated with 100 nM rhodamine-phalloidin prepared in
1% bovine serum albumin (BSA). Cells were counterstained
with Prolong Gold AntiFade Reagent with DAPI for 30 seconds after washing with PBS. Photographs were taken with
a confocal laser scanning microscope.
2.7. Western Blotting. After incubation in growth medium or
growth medium containing 1 μM ICA for 30, 60, and
120 min, cells were washed three times with cold PBS and
suspended in 60 μL of cell lysis buﬀer containing protease
inhibitors (Beyotime, China). The suspension was centrifuged at 15,000 rpm for 20 min at 4°C, and the supernatant
was reserved. The concentration of protein in the sample
was measured by a BCA protein quantitation kit, and 10%
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sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) was used to separate aliquots of lysates containing an equal amount of protein (20 μg) followed by transfer
onto polyvinylidene ﬂuoride (PVDF) membranes. The membranes were washed with Tris-buﬀered saline (TBST),
blocked for 1 h at room temperature in TBST containing 5%
dry milk, and incubated overnight with speciﬁc primary antibodies (phospho-p38, phospho-ERK1/2, and phospho-JNK)
at 4°C. Next, the membranes were incubated with secondary
antibodies for 1 h at room temperature. Blots were visualized
using a standard enhanced chemiluminescence system.
2.8. Immunoﬂuorescence Assay. BMSCs at passage 3 were
seeded in 12-well culture plates. When the cells grew to
60% conﬂuence, the medium was aspirated from the plates
and replaced with 10 μM 5′-bromo-2-deoxyuridine (BrdU)
for 48 h. After the media were aspirated, the cells were covered completely with cold 70% ethanol and ﬁxed for 5 min
at room temperature. The cells were then blocked with 5%
normal goat serum and incubated with BrdU antibody overnight at 4°C. After rinsing three times with PBS for 5 min
each, the cells were incubated in ﬂuorochrome-conjugated
secondary antibody diluted in Antibody Dilution Buﬀer for
1 h at room temperature in the dark. In addition, suﬃcient
Prolong Gold AntiFade Reagent with DAPI was applied to
cover cells in the 12-well culture plates. Fluorescence microscopy was employed to observe the rate of BrdU labeling.
2.9. Cartilage Defect Model. Fifteen three-month-old healthy
female New Zealand white rabbits (2.5 ± 0.3 kg) were randomly divided into the normal control group, BMSC
group, and ICA + BMSC group. After anesthesia, the knee
joint was exposed, and a full-thickness cylindrical cartilage
defect of 4 mm in diameter and 3 mm in depth (reaching
the bone marrow exude) was created in the patellar groove
using a standard-size stainless steel biopsy punch. In addition, 4 × 105 U penicillin was intramuscularly injected after
the operation. Two hours after surgery, rabbits in the
experimental group were injected with BMSCs that had
been incubated with ICA for 72 h, and rabbits in the
BMSC group were injected with BMSCs without ICA pretreatment via the ear vein; the normal control group was
injected with PBS. The BMSCs were all labeled with BrdU
before injection. The rabbits were housed in separate
hutches and allowed to move freely.
2.10. Immunohistochemical Staining of BrdU. The regenerated tissues of all groups were collected 4 weeks after surgery.
The sample was ﬁxed in 4% paraformaldehyde for 48 h, decalciﬁed in 10% EDTA for 4 weeks until a needle could impale
the tissues, paraﬃn embedded, and sectioned. After the sections were dewaxed and rehydrated, the slides were submersed in 1× citrate unmasking solution and heated in a
microwave until boiling, after which they were maintained
for 10 min at a subboiling temperature (95–98°C). After cooling on a bench top for 30 min and three PBS washes for 5 min
each, the sections were incubated in 3% hydrogen peroxide
for 10 min. The solution was then replaced with BrdU primary antibody for overnight incubation at 4°C. The sections
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were washed again and incubated with secondary antibody.
Then, the sections were washed with PBS and coverslipped.
Photographs were taken using an inverted phase contrast
microscope. Positively stained BMSCs were quantiﬁed in
three random areas of each section.
2.11. Statistical Analysis. Statistical analyses were performed
using the SPSS 24.0 software. The results were presented
as the mean ± standard deviation. Diﬀerences among
groups were tested by one-way analysis of variance
(ANOVA). P < 0 05 was considered to indicate a statistically signiﬁcant diﬀerence.

3. Results
3.1. Identiﬁcation of BMSCs. BMSCs were obtained from rabbits, and their multipotent diﬀerentiation ability was detected
by osteoplastic and chondrogenic diﬀerentiation. BMSCs
developed into osteoblasts and chondrocytes after incubation
with diﬀerentiation solution for 14 days. Osteoplastic cells
were detected by alizarin red and alkaline phosphatase, and
chondrogenic cells were detected by alcian blue staining.
These results showed that many cells remained BMSCs after
three generations of subculture (Figure 1).
3.2. Eﬀect of ICA on the Proliferation of BMSCs. To investigate the eﬀect of ICA on BMSC proliferation, we added
diﬀerent doses of ICA and then measured cell proliferation
by the CCK-8 assay after 12, 24, 36, 48, 72, and 96 h. As
shown in Figure 2, ICA did not noticeably promote BMSC
proliferation. There were no statistically signiﬁcant diﬀerences among the groups (Figure 2).
3.3. ICA Accelerates the Migration of BMSCs. The ability of
ICA to promote BMSC migration was examined through
the wound-healing assay and Transwell migration assay. In
the wound-healing assay, many BMSCs in the groups treated
with 0.1, 1, and 10 μM ICA but few cells in the control group
migrated to the scratch wound at 12 and 24 h after creating
the scratch. Among all these groups, the remaining wound
area in the group treated with 1 μM ICA was the smallest,
and the diﬀerence was statistically signiﬁcant (P < 0 05).
However, BMSC migration in the 100 μM ICA group was
not noticeably promoted compared with that in the control
group (Figures 3(a) and 3(b)). As shown in Figure 3(c), the
number of cells that migrated to the lower chamber in the
0.1 and 1 μM ICA groups was much higher than that in the
control group (P < 0 05). Although there was no signiﬁcant
diﬀerence in BMSC migration between the 1 μM and
0.1 μM ICA groups, more migrating cells were observed after
culture with 1 μM ICA than with 0.1 μM ICA. These results
show that 1 μM ICA stimulates BMSC migration.
3.4. ICA Promotes the Migration of BMSCs Probably by
Stimulating Actin Stress Fiber Formation. The cytoskeleton
is a network of ﬁbers composed of proteins contained
within the cytoplasm in all cells of all domains of life, most
notably in eukaryotic cells. The cytoskeleton of eukaryotes
has three major components: microﬁlaments, microtubules,
and intermediate ﬁlaments. By contrast, intermediate
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Figure 1: Characteristics of rabbit BMSCs. (a) Few BMSCs grew via static adherence cultured in growth medium in the primary phase. (b)
The growth of BMSCs from embryoid body (EB) formation, reaching 80% conﬂuence at day 7. (c) BMSCs at passage 3, reaching conﬂuence
90% after incubation for 48 h. (d) Osteoplastic diﬀerentiation revealed by alizarin red staining after 2 weeks. (e) Osteoplastic diﬀerentiation
revealed by alkaline phosphatase staining after 2 weeks. (f) Chondrogenic diﬀerentiation revealed by alcian blue staining after 2 weeks.

rhodamine-phalloidin was used to stain actin protein. After
ICA treatment (1 μM), the formation of intermediate ﬁlaments was apparently increased compared with that in
the control group (Figure 3(e)).
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48h
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96h
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Figure 2: Eﬀect of ICA on the proliferation of BMSCs. BMSCs were
treated with various concentrations of ICA (0, 0.01, 0.1, 1, 10, and
100 μM) for 12, 24, 36, 48, 72, and 96 h. The proliferation rate of
BMSCs was assessed by the CCK-8 assay.

ﬁlaments consist of actin protein, which is the primary
force-generating machinery in the cell and can produce
pushing forces that can power diverse motility processes.
To study the eﬀect of ICA on actin proteins in BMSCs,

3.5. ICA Upregulates Protein Expression of the MAPK
Signaling Pathway. There are many signaling pathways
involved in BMSC migration, but the MAPK signaling pathway is the most crucial. To examine whether ICA can upregulate the MAPK signaling pathway, cells were treated with
ICA (1 μM) for 30, 60, or 120 min, and the expressions of
p-P38, extracellular regulated kinase (ERK or p42/p44
MAPK), and jun amino-terminal kinases/stress-activated
protein kinase (JNK) were detected by Western blot. We
found that p-P38, ERK, and JNK were increased after ICA
treatment (Figure 4).
3.6. MAPK Signaling Pathway Participates in the Migration
of BMSCs Induced by ICA. To further determine the role of
the MAPK signaling pathway in the migration of BMSCs
induced by ICA, migration was analysed by a scratch
wound-healing assay and rhodamine-phalloidin staining in
the presence of the P38-speciﬁc inhibitor SB202190, the
ERK-speciﬁc inhibitor PD98059, or the JNK-speciﬁc inhibitor SP600125. As shown in Figure 5(a), in the scratch
wound-healing assay, the inhibitor groups exhibited signiﬁcantly reduced ICA-induced migration of BMSCs. Similar
results were also obtained for rhodamine-phalloidin staining.
After treatment with ICA in the presence of the three
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Figure 3: ICA promotes the migration of BMSCs in vitro. (a) Scratch wound-healing assay of BMSCs treated with ICA (0, 0.1, 1, 10, and
100 μM). Phase contrast images were captured after 12 and 24 h. (b) Quantitative analysis of the remaining wound area in Figure 3(a).
Three random ﬁelds of each group were selected, and the remaining area of wound was measured using Image J. (c) Transwell migration
assay of BMSCs treated with ICA (0.1, 1, and 10 μM). The number of BMSCs in the outside bottom chamber was calculated. (d)
Quantitative analysis of the migrated cells. The results are shown as the mean value of 5 random ﬁelds. (e) ICA stimulated actin stress
ﬁber formation of BMSCs. Data are shown as the mean ± SD of three independent experiments. ∗ P < 0 05, ∗∗ P < 0 01 compared with the
group control.
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Figure 4: ICA upregulates the protein expression of the MAPK signaling pathway. BMSCs were treated with ICA for 30, 60, and 120 min.
Total protein extracts were prepared, and the phosphorylation levels of P38, ERK1/2, and JNK were detected by Western blot. The
experiment was repeated at least three times to verify the result. (a) Representative bands of P38, ERK 1/2, and P38. The internal reference
was GAPDH. (b, c, d) Densitometric analysis of immunoblotting of phosphorylated-P38, ERK1/2, and JNK compared by one-way
ANOVA. Data are shown as the mean ± SD of three independent experiments. ∗ P < 0 05 compared with the group control.

inhibitors, BMSCs had less actin stress ﬁber formation
(Figure 5(b)).
3.7. ICA Improves the Homing Rates of BrdU-Labeled BMSCs.
To ensure that most of the BMSCs were labeled by BrdU, an
immunoﬂuorescence assay was performed. BMSCs were cultured with 10 μM BrdU for 72 h. Positive cells were labeled
with red ﬂuorescence in the nucleus, and the percentage of
BrdU-positive cells was 95 ± 2.1% (Figures 6(a) and 6(b)).
The BrdU+ cells in the tissues undergoing repair were
detected by an immunoﬂuorescence assay at 4 weeks after
surgery. As shown in Figure 6(c), there were more BrdUpositive cells in the group that received ICA-treated BMSCs
than in the group that received control BMSCs, suggesting
that the combination of ICA and BMSCs led to improved
migration. Moreover, the distribution of BrdU+ cells in the
group that received ICA-treated BMSCs was more extensive
and uniform than that in the group that received control
BMSCs.

4. Discussion
With the development of cell-based therapies, BMSCs have
attracted the attention of researchers for the treatment of

OA. As the ideal seed cells for tissue engineering, BMSCs play
important roles in the rehabilitation and regeneration of tissue. BMSCs not only have extensive proliferative ability but
also retain multilineage mesenchymal diﬀerentiation potential [3, 20]. However, the restorative eﬀect of BMSCs is determined by their homing rate, and these cells generally showed
limited engraftment upon in vivo implantation due to the
hostile microenvironment within the injured tissue [21, 22].
Therefore, increasing the homing rate of BMSCs should
improve their therapeutic eﬀects. In the present study, we
hypothesized that ICA might promote cell migration. To
determine the optimal concentration of ICA for the induction of BMSC migration, concentrations from 0.01 μM to
100 μM were tested in the CCK-8 assay. We found that ICA
had no positive eﬀect on BMSC proliferation, which conﬂicts
with other reports [23], most likely due to diﬀerences in the
species from which the tested cells were obtained. The
wound-healing assay and Transwell migration assay showed
that 1 μM ICA induced more BMSC migration than other
concentrations of ICA. We further showed that ICA promoted the migration of BMSCs probably by stimulating actin
stress ﬁber formation.
Although the underlying mechanism of BMSC migration
has not yet been clariﬁed, multiple cell signaling pathways
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Figure 5: Eﬀect of MAPK inhibitors on the wound-healing assay and rhodamine-phalloidin staining to determine the role of the MAPK
signaling pathway in ICA-induced migration. (a) Activation of the MAPK signaling pathway was required for ICA-induced BMSC
migration in the scratch wound-healing assay. BMSCs were treated with ICA (1 μM) in the presence of three inhibitors. The wounds were
evaluated at 12 and 24 h after scratching. (b) Statistical data analysis of the remaining wound area. (c) ICA induces actin stress ﬁber
formation by upregulating the MAPK signaling pathway. BMSCs were pretreated with the three inhibitors for 1 h. Then, rhodaminephalloidin staining was performed after treatment with ICA.

have been implicated in the regulation of BMSC migration.
The MAPK signaling pathway plays a key role in the process
of BMSC migration [24]. The MAPK protein family includes
ERK, p38 kinase, and JNK. Extensive evidence has shown
that changes in osmotic stress, heat shock, and proinﬂammatory cytokines can activate the MAPK signaling pathway
[10]. When activated, MAPK signaling can enhance myosin
light-chain kinase (MLCK) activity, which leads to increased
MLC phosphorylation. The phosphorylation of MLC is associated with actin stress ﬁber formation in the cell body [12].
Our in vitro results suggested that ICA enhanced ERK, p38
kinase, and JNK phosphorylations, and inhibition of them
decreased BMSC migration and actin stress ﬁber formation.
These data further veriﬁed the complex pleiotropic mechanisms by which BMSC migration is regulated.
To date, many strategies have been developed to improve
the homing of BMSCs to the injured site [25–27]. First,
BMSCs were genetically engineered to change the genotype
of its progeny to improve their homing ability [28]. Second,
cytokines were used to induce homing receptor expression
in BMSCs to promote their migration [29]. Third, a magnetic

system was designed to guide the superparamagnetic iron
oxide nanoparticle- (SPION-) labeled cells precisely to
the lesion location [30]. However, the safety of the ﬁrst
two methods remains doubtful due to the varying eﬀects
[31, 32], and the weakness of the third method is that
SPION can cause oxidative damage in tissues. Compared
with other strategies, ICA treatment, which by itself was
reported to accelerate the formation of cartilage matrix
and chondroid tissue, could exert positive eﬀects on
BMSCs [19, 23, 33]. In the present study, we successfully
labeled the BMSCs with BrdU. The immunoﬂuorescence
assay of repairing tissues with the participation of the
BrdU-labeled BMSCs showed that ICA could increase the
recruitment of BMSCs into the cartilage defect region.
Moreover, the distribution of BrdU+ cells in the group that
received ICA-treated BMSCs was more extensive and uniform than that in the group that received control BMSCs.
This ﬁnding demonstrates that ICA-treated BMSCs may
become a very promising strategy for the repair of cartilage defects and will increase the possibilities for treatment
of other diseases requiring high homing rates.
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Figure 6: The migration of BrdU-labeled BMSCs in vivo. (a) To observe the migration of BMSCs in vivo, BMSCs were labeled with BrdU. All
cells stained with DAPI were shown in blue, while BrdU-positive cells were labeled with red ﬂuorescence. (b) The labeling eﬃciency of BrdU
was 95 ± 2.1%. (c) BrdU+ cells were detected by an immunoﬂuorescence assay at 4 weeks after surgery. The number of BMSCs treated with
ICA in the repairing tissue is much greater than that in the group injected with control BMSCs. (d) Statistical data analysis of the positive cell
percentage in Figure 6(c). ∗ P < 0 05 compared with the BMSC control.

Although the repairing eﬀect of ICA combined with
BMSCs was not detected, the gross appearance showed
better results. In future studies, the long-term eﬀects of
transplanted ICA-treated BMSCs should be investigated
in more detail.
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Coralline hydroxyapatite/calcium carbonate (CHACC) is a biodegradable and osteoconductive bone graft material with promising
clinical performance. CHACC has been shown to support proliferation and osteogenic diﬀerentiation of human bone marrow
mesenchymal stem cells (MSCs) in vitro and demonstrated to work as a functional scaﬀold for bone formation in vivo.
Umbilical cord matrix is a more accessible and abundant tissue source of MSCs, but its osteogenic capacity in comparison to
human bone marrow when cultured on CHACC has not yet been demonstrated. In this study, we assessed the osteogenic
diﬀerentiation capacity of human MSCs, isolated from bone marrow and umbilical cord matrix and characterised by ﬂow
cytometry, when cultured on 200–300 μm CHACC granules. The 3D cultures were characterised by brightﬁeld and scanning
electron microscopy (SEM). Osteogenic potential was assessed by immunocytochemistry and qPCR for key markers of bone
diﬀerentiation (alkaline phosphatase, runx2, type I collagen, and osteocalcin). By day 1, the MSCs had enveloped the surface of
the CHACC granules to form organoids, and by day 7, cells had proliferated to bridge nearby organoids. Extracellular matrix
deposition and osteogenic diﬀerentiation were demonstrated by MSCs from both tissue sources at day 21. However, MSCs from
bone marrow demonstrated superior osteogenic diﬀerentiation capability compared to those from umbilical cord matrix. In
conclusion, it is possible to culture and induce osteogenic diﬀerentiation of umbilical cord matrix MSCs on CHACC. Further
research is required to optimise the osteogenicity of umbilical cord matrix MSCs to release their full potential as a readily
available, accessible, and abundant tissue source for bone tissue engineering.

1. Introduction
Of the diverse range of scaﬀolds available for use in maxillofacial surgery and dentistry, autografts have been reported to
be the “gold standard” with respect to bone grafting procedures [1]. However, harvesting of autografts, usually from
the iliac crest, requires surgical intervention, which is associated with additional risks of blood loss, infection, and
morbidity, and supply is limited [2, 3]. Other types of grafts
include allografts and xenografts, but these can cause an
immunological reaction and be rejected by the recipient [3];
so, it is vital to identify suitable alternative materials.

Synthetic biomaterials, such as hydroxyapatite, tricalcium phosphate ceramics and cements, and bioglass, are
alternative sources for bone graft substitutes. However, these
synthetic biomaterials do not mimic the architecture, porosity, and organic components of the natural bone and are not
optimal in regard to biodegradation and host tissue integration or practical to implant or inject. Naturally occurring
coral exoskeleton has a porous architecture that is similar
to the human trabecular bone [4]. Since its main composition
is calcium carbonate, a hydrothermal technique was developed
to completely convert the calcium carbonate to be coralline
hydroxyapatite (CHA) ceramics for clinical application [5–8].
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We have previously reported a coralline hydroxyapatite/
calcium carbonate (CHACC) material which shows promising clinical performance when implanted in sizes ranging
from 10–100 × 10 × 10 mm3 [9, 10]. This material not only
has properties such as porosity, surface structure, and osteoconductivity of coralline hydroxyapatite (CHA) as previously
investigated [5–7] but also improves host tissue integration
and can be completely biodegraded during bone remodelling
[9]. Herein, we are focusing on smaller-sized CHACC, 200–
300 μm particles, with the potential to be injected facilitating
administration for maxillofacial and dentistry applications.
To increase the functionality of bone biomaterials by
hopefully contributing towards remodelling and host integration, stem cells are commonly added [11]. In vitro cellular
3D structures [12] created from stem cells resembling living
tissue are known as organoids and have been developed as
models for translational medicine [13] and gene therapy [14].
We have previously shown that human bone marrow
(BM) mesenchymal stem cells (MSCs) can be cultured on
CHACC [9, 10]. Human umbilical cord matrix (UCM) is a
relatively new source of MSCs which has several advantages
over BM including an abundant supply obtained noninvasively; it does not induce donor site morbidity and avoids
ethical restrictions. Moreover, UCM MSCs have a higher
proliferation rate, can be expanded further without loss of
diﬀerentiation potential, and exhibit reduced immunogenicity for clinical use [15]. Osteogenesis of UCM-MSCs has been
observed in both monolayer culture systems [16] and 3D culture systems, for example, on a demineralised bone [17] and
polycaprolactone tricalcium phosphate [18]. Few studies
have compared UCM MSC to BM MSC in 3D culture systems [16, 19].
Therefore, the aim of this study was to (1) conﬁrm that
MSCs could adhere to, proliferate on, and undergo osteogenic diﬀerentiation on 200–300 μm CHACC particles to
form 3D organoids and (2) to evaluate the osteogenic potential of UCM MSCs compared to BM MSCs. MSCs were
isolated from BM and UCM and characterised by ﬂow
cytometry. CHACC was crushed into 200–300 μm particles
onto which MSCs were seeded and cultured in osteogenic
diﬀerentiation medium. The resulting organoids were characterised by brightﬁeld and scanning electron microscopy,
alkaline phosphatase staining, and immunocytochemistry
and PCR for key osteogenic markers.

2. Materials and Methods
2.1. Preparation of Human Bone Marrow. This study was
approved by the South West Wales Research Ethics Committee (12/WA/0029) and all patients gave informed written
consent. Exclusion criteria included preexisting conditions
(e.g., connective tissue disease, diabetes, and malignancy)
or medication (e.g., steroids and cytotoxic agents). BM
aspirates were harvested from the iliac crest of two females
(aged 25 and 29 years) and two males (aged 22 and 36 years)
undergoing surgery to the pelvic ring or acetabulum using a
BM aspiration needle (Mana-Tech Ltd., Burton-on-Trent,
UK). Samples were collected in heparinised aspiration
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needles, transported at room temperature, and processed
within 120 min.
Mononuclear cells (MNC) were isolated from the BM
aspirate using Histopaque-1077 according to the manufacturer’s instructions (Sigma-Aldrich, Poole, UK). Up to
40 × 106 MNCs were seeded into 75 cm2 tissue culture ﬂasks
(CellSTAR, Greiner Bio-One, Stonehouse, UK) in 10 ml
Minimum Essential Eagle Alpha Modiﬁcation media with
10% fetal calf serum (Biosera, Uckﬁeld, UK) and 1%
Antibiotic-Antimycotic (100x, Life Technologies, Paisley,
UK) and incubated for 7 days at 37°C under 5% CO2 in
air. The media were changed every 3-4 days to remove contaminating nonadherent haematopoietic cells, and the
adherent MSCs were cultured until 70% conﬂuent. Cells
were detached using Accutase according to the manufacturer’s instructions (Sigma-Aldrich) and either propagated
at a seeding density of 3 × 105 per 75 cm2 culture ﬂask or
cryopreserved in 10% dimethyl sulfoxide (DMSO) (SigmaAldrich) in 90% FBS in liquid nitrogen for future use.
2.2. Preparation of Human Umbilical Cord Matrix. Human
umbilical cords and placentas were collected from full-term
births after elective caesarean section delivery of four
mothers aged 30–35 and processed within 120 min. This
study was approved by the South West Wales Research
Ethics Committee and all mothers gave informed written
consent. Inclusion criteria included mothers aged 18–50
who were at least 37 weeks pregnant. Exclusion criteria
included preexisting health conditions (e.g., HIV, hepatitis
C, or immunology complications), stillborn babies, or twins.
A 3 cm section of the umbilical cord proximal to the placenta
was dissected and the vasculature was carefully removed. The
remaining matrix was ﬁnely diced using a scalpel. The diced
tissue was placed in 25 cm2 ﬂasks with 0.5 ml FBS. After 24
hours, 1 ml Dulbecco’s modiﬁed Eagle’s medium (DMEM,
Life Technologies, Paisley, UK) supplemented with 10%
FBS and 1% Antibiotic-Antimycotic was added. After 72
hours, an additional 3 ml DMEM was added. Cultures were
subsequently fed twice weekly until 70% conﬂuent at which
point they were harvested and either propagated or cryopreserved as above. Cryopreserved UCM MSCs and BM MSCs
were simultaneously used in the experiments for the assessment on CHACC.
2.3. Characterisation by Flow Cytometry. The following
antibodies were used to phenotype the cells based on the
International Society for Cellular Therapy (ISCT) criteria
[20]: CD14-APC-eFluor780 (clone 61D3), CD34-eFluor450
(clone 4H11), CD73-FITC (clone AD2), CD90-APC (clone
eBio5E10), CD105-PE (clone SN6) (eBioscience, Hatﬁeld,
Ireland, UK), CD19-PE-Cy7 (clone J3-119), and CD45Krome Orange (clone J.33) (Beckman Coulter, High
Wycombe, UK). All antibodies were mouse isotype IgG1, κ.
Unstained cells were used as controls. Gating was performed
on the forward and side scatter (FSC versus SSC) proﬁle to
remove debris and doublets based on scatter. Cells (3 × 105)
in 100 μl FACS buﬀer (Dulbecco’s PBS, Life Technologies;
0.2% BSA and 0.05% sodium azide, Sigma-Aldrich) were
incubated on ice in the dark for 30 min with predetermined
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titrations of antibody. The cells were washed in FACS buﬀer
and resuspended in 200 μl FACS buﬀer for analysis.
The stained cells were analysed within 2 hours using a
BD FACS Aria I ﬂow cytometer with FACS Diva 6.1.3 software (BD Bioscience, Oxford, UK). The instrument was
turned on for at least 1 hour prior to each run to allow the
lasers to warm up, and Cytometer Setup & Tracking Beads
(BD Bioscience) were used to check instrument performance. 10,000 cell events were recorded for each antibody.
Voltages were set on unstained samples [21]. The FCS ﬁles
were analysed in Kaluza 1.2 (Beckman Coulter) and the
median ﬂuorescent intensity (MFI) was displayed on logicle
(biexponential) axes [22]. To convey information as to the
density of events, contour density plots with visualised outliers were chosen as the standard plot [23].
2.4. Preparation of Coralline Hydroxyapatite/Calcium
Carbonate Microscaﬀolds. CHACC (Aﬃliated Hospital,
Hainan Medical College, Haikou, People’s Republic of China)
was crushed with a mortar and pestle and subsequently sieved
through a 300 μm followed by a 200 μm sieve to capture only
200–300 μm particles. The sieved CHACC were then autoclaved for sterilisation. 10 μl of complete organoid medium
(α-MEM supplemented with 10% FBS and 1% AntibioticAntimycotics), and three CHACC particles were placed
into each well of a Terasaki microplate (Greiner Bio-One,
Stonehouse, UK) and incubated for 24 hours at 37°C under
5% CO2 in air.
2.5. Formation and Diﬀerentiation of Organoids. 3000 MSCs
(P3-5) per 10 μl organoid medium were added to the previously prepared scaﬀold particles in the Terasaki microplates
to produce organoids. The next day, the organoids were
transferred to a 100 mm petri dish (Fisher Scientiﬁc, Loughborough, UK) and swirled to allow the particles to come into
contact with each other, enabling a larger scaﬀold conglomerate to be created. The organoids were treated with either
plain organoid medium (control) or organoid medium supplemented with 100 nM dexamethasone, 10 mM β-glycerol
phosphate, and 100 μM 2-phosphate-ascorbic acid to stimulate osteogenic diﬀerentiation.
2.6. Characterisation by Microscopy and Live/Dead Assay.
The organoids were analysed by brightﬁeld and scanning
electron microscopy (SEM). The samples were analysed on
days 1, 7, 14, and 21 during diﬀerentiation. For SEM, the
samples were cut to 1 mm diameter, ﬁxed in 4% glutaraldehyde (Sigma-Aldrich), and then gradually dehydrated
through an ethanol series, using sequentially higher concentrations of ethanol (70%, 80%, 90%, 95%, and 100%) for
10 min each. Finally, samples were further dehydrated in
50% hexamethyldisilazane (Sigma-Aldrich) diluted with ethanol for 10 min, followed by full immersion in absolute hexamethyldisilazane, and left to evaporate overnight in a fume
cupboard. Control scaﬀold particles (no cells) were also incubated for 7 days in organoid medium, at 37°C under 5% CO2
in air, before being ﬁxed and dehydrated. SEM was carried
out using a Hitachi S-4800 II SEM with an accelerating voltage of 1 kV at 110x and 5000x. Samples were mounted onto
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SEM stubs using a double-coated carbon conductive tape
(Acros Organics, supplied by Fisher Scientiﬁc).
Cell viability was also assessed after 14 and 21 days
using Live/Dead assay kit (Life Technologies, Paisley, UK),
in which cells were stained with calcein acetoxymethyl
(0.1 μg/ml) and propidium iodide (1 μg/ml) and viewed by
ﬂuorescence microscopy.
2.7. Assessing Diﬀerentiation by Immunocytochemistry. At 21
days diﬀerentiation, organoids were washed in PBS and orientated within a large droplet of Bright Cryo-M-Bed embedding compound which was snap frozen on dry ice. 10 μm
sections were then cut using a Leica CM1900 and melted
onto slides for staining. Slides were ﬁxed in 10% neutral buﬀered formalin (Sigma-Aldrich), permeabilised in PBS : 0.1%
Triton X-100 (Sigma-Aldrich), and incubated in PBS : 0.5%
bovine serum albumin (BSA) (Sigma-Aldrich) for 30 min to
block nonspeciﬁc binding. The organoids were stained with
preoptimised concentrations of monoclonal mouse primary
antibodies targeting Runx2 (3 μg/ml) (R&D Systems,
Abingdon, UK), osteocalcin (10 μg/ml), or polyclonal rabbit primary antibody targeting type I collagen (10 μg/ml)
(Abcam, Cambridge, UK) overnight in a humidiﬁed environment at +4°C. Unbound primary antibody was removed by
washing in PBS and the slides were incubated for 1 hour in
the dark at room temperature with a secondary NL557conjugated anti-mouse or NL493-conjugated anti-rabbit
antibody (1 : 200) (R&D Systems). Slides were washed in
PBS and stained with 0.1% 4′,6-diamidino-2-phenylindole
(DAPI, Life Technologies) for 1 min at room temperature.
Each sample was washed in PBS and imaged using a confocal
microscope (Zeiss LSM710, Oberkochen, Germany). Negative (no primary antibody) and blank (scaﬀold without cells)
controls were included.
2.8. Alkaline Phosphatase Staining. The slides were ﬁxed in
ice cold 70% ethanol (Fisher Scientiﬁc) for 10 min after
sectioning and washed in PBS, before being immersed in
ALP substrate kit (Vector Laboratories, Peterborough,
UK) according to the manufacturer’s instructions. Slides
were stained in 0.1% DAPI (Life Technologies) for 1 min
at room temperature to stain nuclei and imaged using a
confocal microscope.
2.9. Real-Time PCR Analysis. Key markers of osteogenesis
(Runx2, ALP, and type I collagen) were assessed using realtime PCR. 21 days post diﬀerentiation, RNA was isolated
from the cells using the MasterPure kit (Cambio, Cambridge,
UK) according to the manufacturer’s instructions. In brief,
samples were lysed in 300 μl of tissue and cell lysis solution
at 65°C for 30 min. Protein was precipitated out of solution
using 150 μl of protein precipitation reagent. After centrifugation, the supernatant was collected and incubated for 1
hour at 37 °C with deoxyribonuclease to remove DNA. This
process was then repeated. RNA was collected by precipitation using 2-propanol and centrifugation. 1 μg of RNA was
reverse transcribed into cDNA using RETROscript® Kit (Life
Technologies) in a reaction volume of 20 μl. Real-time PCR
reactions were run at 50°C for 2 min and 95°C for 2 min, as
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Table 1: Primer sequences used in real-time PCR.

Gene
Glyceraldehyde-3-phosphate dehydrogenase
RUNX2
Type I collagen
Alkaline phosphatase

Forward primer (5′-3′)

Reverse primer (5′-3′)

TCA TTG ACC TCA ACT ACA TGG T
CCT AGG CGC ATT TCA GGT GCT T
ATG TTC AGC TTT GTG GAC CTC CGG
GAC CCT TGA CCC CCA CAA T

TCT CGC TCC TGG AAG ATG GTG
CTG AGG TGA CTG GCG GGG TGT
CGC AGG TGA TTG GTG GGA TGT CT
GCT CGT ACT GCA TGT CCC CT

an initial denaturation step, followed by 40 cycles at 95°C for
15 secs to denature and 60°C for 30 secs to anneal using SsoFast EvaGreen Supermix and the 2005 MyiQ real-time PCR
detection system (Bio-Rad Laboratories, Hemel Hempstead,
UK). Ampliﬁcation of each gene included 10 μl of SsoFast
EvaGreen®, 0.6 μl forward primers, 0.6 μl reverse primers,
6.8 μl of nuclease free water, and 2 μl of diluted cDNA
(1 : 10 with nuclease-free water). This was followed by a melt
curve analysis. The cycle threshold (CT) of ampliﬁcation for
each gene of interest (Table 1) was normalised against the
housekeeping gene GAPDH in all samples, and relative gene
expression level was determined by the 2^(GAPDH CT-Test
CT) method.
2.10. Statistical Analysis. All experiments were repeated at
least once until consistent results were obtained. Nonparametric tests were used to analyse statistical data (Statistica
Version 6, StatSoft Ltd., UK). All data are expressed as
mean ± standard error.

3. Results
3.1. Characterisation by Flow Cytometry. UCM and BM MSC
demonstrated the traditional MSC phenotype [20] showing
positive expression for CD73, CD90, and CD105 and negative expression for the haematopoietic markers CD14,
CD19, CD34, and CD45 (Figure 1).
3.2. Morphology Characterised by Bright Field and Scanning
Electron Microscopy. Bright ﬁeld (Figure 2) and SEM images
(Figure 3) were taken on days 1, 7, 14, and 21 of the diﬀerentiation process and compared to a control image taken at day
21 with no addition of osteogenic supplement. Bright ﬁeld
images (Figure 2) showed large gaps in between particles
devoid of UCM MSCs (Figure 2(A4), white arrow) until
day 21. In contrast, BM MSCs (Figure 2(B)) were observed
to proliferate and rapidly occupy the spaces between particles
as early as day 7 and did not change in appearance after this
time point. SEM images (Figure 3) showed over time the surface of the organoids to become smoother due increasing cell
density and deposition of extracellular matrix, which bound
the CHACC particles together forming a larger conglomerate. Smoother surfaces were exhibited using BM MSCs
(Figure 3(B3)) at day 14, whereas UCM MSCs (Figure 3(A4))
did not cover the entire surface until day 21. The addition of
osteogenic supplement was not observed to have any signiﬁcant impact on organoid morphology in relation to the control
images at 21 days.

Cell viability was also assessed after 14 and 21 days using
Calcein acetoxymethyl (0.1 μg/ml) and propidium iodide
(1 μg/ml) and viewed by ﬂuorescence microscopy. Dead cells
were barely observed on CHACC using UCM or BM MSCs,
which demonstrated that the cell viability was not aﬀected
by CHACC microparticles.
3.3. Osteogenesis Characterised by Immunocytochemistry and
Alkaline Phosphatase Staining. UCM and BM MSCs were
observed throughout the organoid by 21 days of diﬀerentiation. Excluding UCM MSCs grown in control α-MEM
that did not label for ALP (Figure 4(a), A1), osteogenically
induced and noninduced organoids were positive for ALP
(Figure 4(a), A2–A4), Runx2 (Figure 4(b), B1–B4), type I collagen, and osteocalcin (Figure 4(c), C1–C4). ALP was
active within the MSC’s cytoplasm. Runx2 was largely
found within the nucleus of MSCs and appeared purple
due to blending with the nuclear stain DAPI. Type I collagen and osteocalcin were found within the extracellular
matrix on the surface of the organoid.
ALP (Figure 4(a), A5), Runx2 (Figure 4(b), B5), and type
I collagen (Figure 4(c), C5) were also assessed by real-time
PCR. Osteogenically induced BM MSCs were shown to
have signiﬁcantly more ALP (Figure 4(a), A5) and Runx2
(Figure 4(b), B5) mRNA than osteogenically induced UCM
MSCs, relative to the housekeeping gene, GAPDH. However,
control BM MSCs were also shown to have signiﬁcantly more
Runx2 mRNA compared to UCM MSC. Nonosteogenically
induced UCM MSCs showed high type I collagen mRNA
and protein expression but low ALP and Runx2.

4. Discussion
Novel biomaterials for bone regeneration are desired as they
do not have inherent disadvantages of autografts (blood loss,
infection and morbidity risks, and limited supply). However,
they need to match the gold standard of autografts in bone
replacement surgery. CHACC has been shown to have excellent properties to function as a bone graft, but it lacks the key
component required for autografts: living cells with osteogenic capacity.
In this study, UCM and BM MSCs were incorporated
with CHACC microparticles to form organoids and their
in vitro osteogenic potential was assessed and compared.
Human UCM MSCs have been proven to diﬀerentiate down
the osteogenic lineage and share common surface markers to
BM MSCs [15]. CHACC is already used as a bone graft.
Therefore, it was expected to provide a 3D structure for
UCM and BM MSC attachment, proliferation, and
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Figure 1: Human UCM and BM MSCs single stained with antibodies against surface markers. MSCs were CD14-CD19-CD34-CD45CD73+CD90+ and CD105+, correlating with an MSC phenotype deﬁned by ISCT. Grey: unstained; black: stained.

diﬀerentiation. Organoids can result in increased cell numbers compared to the cell suspension method [24], and the
hydroxyapatite layer on CHACC should accelerate the diﬀerentiation of cells and consequently mineralisation [24–26].
Although both BM and UCM MSCs were able to attach
to CHACC microparticles, form organoids, proliferate, and
diﬀerentiate down the osteogenic lineage, as expected, the
BM MSCs showed higher levels of osteogenic diﬀerentiation
than UCM MSCs. BM MSCs showed a dramatic increase in
cell proliferation indicating that they entered into the ﬁrst
stage of osteogenic diﬀerentiation [27] before UCM MSCs.

Increased osteogenic diﬀerentiation in BM MSCs was further
evidenced by increased expression of runx2 and ALP and the
labelling of osteocalcin in immunocytochemistry [25]. Other
researchers have also found BM MSCs to have superior osteogenic potential compared to UCM MSCs [28]. Similar to
our study, Schneider et al. found BM MSCs to express more
ALP but less type I collagen than UCM MSCs [29]. Zhang
et al. compared MSCs on 3D scaﬀolds derived from diﬀerent
sources and found BM MSCs to form more bone than
UCM MSC [18]. Reduced osteogenic potential of UCM
MSCs maybe explained by the anatomical origins that they
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Figure 2: Bright ﬁeld images of organoids with UCM (A) and BM
(B) MSCs during the process of osteogenesis. Images were taken
on days 1 (A1, B1), 7 (A2, B2), 14 (A3, B3), and 21 (A4, B4) of the
diﬀerentiation process and compared to a control (α-MEM) image
at day 21 (A5, B5). BM MSCs were observed to proliferate into the
voids created by the numerous coral particles by day 7 and UCM
MSCs by day 7 (white arrows). SP: scaﬀold particle. Scale bars:
250 μm.

Figure 3: SEM images of organoids with UCM (A) and BM (B)
MSCs during the process of osteogenesis. Images were taken on
days 1 (A1, B1), 7 (A2, B2), 14 (A3, B3), and 21 (A4, B4) of the
diﬀerentiation process and compared to a control (α-MEM) image
at day 21 (A5, B5). Over time, the voids within the organoid were
ﬁlled with MSCs and associated extracellular matrix which formed
a smoother surface that covered CHACC surfaces. Signiﬁcant
coverage was exhibited using BM MSCs at day 14 (B3), whereas
UCM MSCs did not cover surfaces until day 21 (A4). Scale bars:
500 μm.

were derived from. Panepucci et al. found higher levels of
genes related to osteogenesis in BM MSCs compared to
umbilical cord vein MSCs [30]. Umbilical cord vein MSCs
expressed genes more related to matrix remodelling via
metalloproteinases and angiogenesis. Consequently, UCM
MSCs could be less committed to osteogenesis but instead
committed to angiogenesis.
Interestingly, Zhang et al. also showed that UCM MSCs
could diﬀerentiate down the osteogenic lineage better than
BM MSCs if they were cultured in monolayer [18]. Based on
this study, future work should investigate diﬀerentiating
UCM MSCs in monolayer ﬁrst and then seed these cells onto
3D scaﬀolds. Although ectopic bone formation using UCM
MSCs has been proven to be inferior compared to BM MSCs
in vivo, the angiogenic nature of UCMs has been utilised to
improve bone regeneration. Todeschi et al. showed that
UCM MSCs implanted orthotopically caused a similar
amount of new bones to form compared to BM MSCs by
recruiting host osteogenic cells [31]. Chen et al. also utilised
the angiogenic nature of umbilical cord mesenchymal stem
cells by coculturing them with human umbilical cord vein

endothelial cells. They found that a similar amount of new
bone formation could be achieved in vivo compared to coculturing human umbilical cord vein endothelial cells with BM
MSCs [32].
There are a number of limitations to this study; immunocytochemistry and real-time PCR only assess a narrow spectrum of markers, meaning MSCs could be diﬀerentiating
down a lineage not being speciﬁcally looked at. Furthermore,
quantitative PCR only gives a snap shot of RNA expression at
the day it is extracted and has a very short half-life of approximately 9 hours [33] meaning expression levels could be
missed. Cell attachment and growth was limited to arbitrary
qualitative assessment via bright ﬁeld and SEM images.
Future work is expected to overcome the inferior osteogenic capacity of UCM MSCs, such as to initiate the osteogenic diﬀerentiation at 2D culture stage, and the osteogenic
gene and protein expression will be assessed at more time
points to show the full spectrum of diﬀerentiation over the
three-week period or longer to assess the full potential of
UCM MSCs. Also, to utilise the angiogenic nature of UCM,
MSCs with CHACC should be explored as well.
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Figure 4: On day 21, control and osteogenically induced organoids were cryosectioned (10 μm) and stained for alkaline phosphatase (ALP)
(a), Runx2 (b), collagen type I, and osteocalcin (c). Real-time PCR was used to assess mRNA levels of ALP (A5), Runx2 (B5), and collagen type
I (C5) in UCM and BM MSCs lysed directly from the control and osteogenically induced scaﬀolds at 21 days. MSCs derived from UCM
expressed good collagen I mRNA and protein production but poor ALP and Runx2 in relation to MSCs derived from BM. n = 4 (∗ p < 0 05).

5. Conclusion
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Background. Acute lymphoblastic leukemia (ALL) is a malignant disease of lymphoid progenitor cells. ALL chemotherapy is
associated with numerous side eﬀects including neutropenia that is routinely prevented by the administration of growth factors
such as granulocyte colony-stimulating factor (G-CSF). To date, the eﬀects of G-CSF treatment on the level of mobilization of
diﬀerent stem and progenitor cells in ALL patients subjected to clinically eﬀective chemotherapy have not been fully elucidated.
Therefore, in this study we aimed to assess the eﬀect of administration of G-CSF to ALL patients on mobilization of other than
hematopoietic stem cell (HSCs) subsets, namely, very small embryonic-like stem cells (VSELs), endothelial progenitor cells
(EPCs), and diﬀerent monocyte subsets. Methods. We used multicolor ﬂow cytometry to quantitate numbers of CD34+ cells,
hematopoietic stem cells (HSCs), VSELs, EPCs, and diﬀerent monocyte subsets in the peripheral blood of ALL patients and
normal age-matched blood donors. Results. We showed that ALL patients following chemotherapy, when compared to healthy
donors, presented with signiﬁcantly lower numbers of CD34+ cells, HSCs, VSELs, and CD14+ monocytes, but not EPCs.
Moreover, we found that G-CSF administration induced eﬀective mobilization of all the abovementioned progenitor and stem
cell subsets with high regenerative and proangiogenic potential. Conclusion. These ﬁndings contribute to better understanding
the beneﬁcial clinical eﬀect of G-CSF administration in ALL patients following successful chemotherapy.

1. Background
Acute lymphoblastic leukemia (ALL) is a malignant disease
of lymphoid progenitor cells, characterized by accumulation

of lymphoblasts in the bone marrow. Standard therapeutic
procedure involves use of chemotherapy to ﬁrst induce
remission and next reduce tumor burden and kill residual
cells in the bone marrow [1]. Chemotherapy is associated

2
with numerous side eﬀects including neutropenia, and
therefore granulocyte colony-stimulating factor (G-CSF) is
routinely used in order to improve neutrophil renewal [2].
However, chemotherapy causes considerable damage to
many other cells, such as diﬀerent progenitor and stem cells
and tissues. Activation of regenerative processes requires
involvement of stem and progenitor cells that could initiate
mechanisms improving cell renewal, development of new
vasculature, and tissue reconstruction. However, chemotherapy used in ALL depletes not only stem cells in the bone
marrow but also stem cells in the vascular niche of the bone
marrow [3, 4]. The bone marrow-associated vascular niche
plays a key role in supporting such hematopoiesis processes
as hematopoietic stem cell (HSC) maintenance, diﬀerentiation, and transendothelial migration. Multiple signaling and
adhesion molecules are involved in vascular niche homeostasis, including Jag-1, Notch, c-kit, SCF, angiopoietin-1
(Ang-1), and Tie-2. Importantly, recent reports indicated
a role of Ang-1/Tie2 signaling in vascular niche regulation
and regeneration [5].
The bone marrow is a reservoir of numerous stem and
progenitor cells, both hematopoietic and nonhematopoietic
(non-HSCs). Adult HSCs were the ﬁrst identiﬁed and
thoroughly characterized group of stem cells in humans
[6]. To date, HSCs are the ones of few stem cell subtypes that
are used routinely in clinical practice worldwide [7]. On the
other side, non-HSCs are comprised of several diﬀerent
populations of stem and progenitor cells including endothelial progenitor cells (EPCs) and very small embryonic-like
stem cells (VSELs) [8–10]. It has been hypothesized that
adult EPCs are delivered from HSCs, while VSELs represent
distinct population of adult pluripotent stem cells [9, 11].
Although bone marrow-delivered VSELs do not exhibit
direct hematopoietic activity, they can acquire hematopoietic
potential under speciﬁc conditions, and thereby they may
support bone marrow renewal [12]. Similarly, release of
VSELs to the circulation can contribute to supporting regenerative processes in distal tissues. In contrast to VSELs, EPCs
are primarily involved in supporting vascularization processes [13, 14]. The role of EPCs in the promotion of angiogenesis and revascularization is usually supported by other
cell types including pericytes and proangiogenic subsets of
monocytes. In addition, proangiogenic monocytes, similarly
to EPCs, were shown to support local stem and progenitor
cell diﬀerentiation in the bone marrow [15, 16].
Granulocyte colony-stimulating factor (G-CSF) was the
ﬁrst cytokine identiﬁed and introduced into medical practice
in order to treat neutropenia and to induce mobilization of
hematopoietic stem cells (HSC) in donors before transplantation. Physiological plasma levels of G-CSF are either very
low or undetectable; however, G-CSF can be produced locally
by many tissues in response to proinﬂammatory signaling
mediated by IL-1b, TNF, and IFN-β, among others [2, 17].
Moreover, locally produced G-CSF aﬀects neutrophil function by increasing their survival in inﬂamed/infected tissue
by apoptosis inhibition. Furthermore, release of G-CSF into
the circulation stimulates neutrophil production and their
release from the bone marrow [18]. On the other hand, the
recent report of our group indicated that repetitive G-CSF
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administration to pediatric patients eﬀectively induced
signiﬁcant mobilization of EPCs and putative proangiogenic
monocytes [19]. Similarly, other reports showed that G-CSF
may be used to improve outcome of patients with cardiovascular events [20]. However, to date, the eﬀect of G-CSF
treatment on VSELs and EPCs mobilization in immunocompromised patients has not been evaluated. Therefore,
we hypothesized that the use of G-CSF in the prevention of
chemotherapy-induced neutropenia in ALL patients may
support regeneration of damaged tissues by mobilization of
stem and progenitor cells. In this report, we aimed to assess
the eﬀect of G-CSF administration on the mobilization of
VSELs, EPCs, and proangiogenic monocyte subsets in ALL
patients with complete remission after chemotherapy. Furthermore, we set out to analyze the eﬀects of G-CSF
administration on chemotactic factors for VSELs, EPCs, and
proangiogenic monocytes, namely, SDF-1 and angiopoietins.

2. Methods
2.1. Patients. 21 patients with diagnosed acute lymphoblastic
leukemia B linage and 12 age-matched normal donors were
enrolled in the study. Patients’ median age at the time of
sample collection was 39 (21–58). Diagnoses were established
according to the 2008 WHO recommendation [21]. Blood
counts, ﬂow cytometry, molecular study, FISH, and cytogenetic analysis were performed, reviewed, and classiﬁed.
Patients were treated at the Department of Haematology,
Medical University of Bialystok from 2013 to 2016, with
induction and 2 consolidation chemotherapy regimens corresponding to the standard therapy based on the Polish
Adult Leukemia Group [22]. All included patients were
in complete remission and had no minimal residual disease
after the induction < 0.1% and consolidation < 0.01% [22].
After induction, the response was evaluated in accordance
with the recommendation by NCCN Guidelines. G-CSF
(Neupogen) was given s.c. at the dose of 5 μg/kg, for 7 days,
as a prophylaxis of neutropenia. The samples were collected
before stimulation and at the 8th day following treatment.
All samples were collected upon the approval of the Ethics
Committee of the Medical University of Bialystok.
2.2. Flow Cytometry. Freshly obtained EDTA-anticoagulated
whole blood specimens were stained by using panel of
mouse anti-human monoclonal antibodies (Table 1), according to stain-and-then-lyse-and-wash protocol as previously
described [19, 23]. Brieﬂy, 100 μL (for monocytes) and
175 μL (for EPC and VSELs) of whole blood were stained
with monoclonal antibodies (Table 1) and incubated for
30 min at room temperature, in the dark. Thereafter, 2 mL
of FACS lysing solution (Becton Dickinson Bioscience)
was added for erythrocyte lysis, followed by 15 min incubation in the dark. Next, cells were washed twice with cold
PBS (phosphate-buﬀered saline, Corning) and ﬁxed with
CellFix (BD Biosciences). For all stainings, appropriate
ﬂuorescence-minus-one (FMO) controls were used for
setting compensation and to assure correct gating. Samples were analyzed with FACSCalibur ﬂow cytometer (BD
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Table 1: Characteristic of used monoclonal antibodies.

Marker

Fluorochrome

Host

Clone

Manufacturer

CD14
CD16
CD34
CD45
CD133
CD235a
CD309

PE
FITC
FITC
PE
APC
FITC
PE

Mouse anti-human
Mouse anti-human
Mouse anti-human
Mouse anti-human
Mouse anti-human
Mouse anti-human
Mouse anti-human

MφP9
B73.1
581
HI30
AC133
GA-R2 (HIR2)
89,106

Becton Dickinson Bioscience
Becton Dickinson Bioscience
Becton Dickinson Bioscience
Becton Dickinson Bioscience
Miltenyi Biotec
Becton Dickinson Bioscience
Becton Dickinson Bioscience

PE: phycoerythrin; FITC: ﬂuorescein isothiocyanate; APC: allophycocyanin.

Biosciences). Obtained data were analyzed using FlowJo ver.
7.6.5 software (Tree Star) as previously described [19, 23].
2.3. Cytokine Assay. SDF-1, angiopoietin-,1 and angiopoietin-2
plasma levels were quantiﬁed by means of commercially
available enzyme-linked immunosorbent assays (ELISA,
DuoSet, R&D) in 96-well plates. Samples were directly
assayed according to manufacturer’s instructions. Protein
levels in the specimens were calculated from a reference
curve generated using appropriate protein standards.
Finally, the plates were analyzed with automated light
absorbance reader (LEDETEC 96 system). The results were
calculated by MicroWin 2000 software.
2.4. Statistics. Statistical analysis was performed by using
GraphPad Prism 6 (GraphPad software). Mann–Whitney U
test was used to compare diﬀerences among groups, while
Wilcoxon test was used to compare changes in course of
G-CSF treatment. Additionally, Spearman correlation coefﬁcient was used to determine correlations between plasma
protein levels and analyzed cell subsets. The diﬀerences
were considered statistically signiﬁcant at p < 0.05. The
results are presented as medians and interquartile range.

3. Results
First, we analyzed the numbers of all progenitor and stem
cells identiﬁed as CD34+ cells as well as HSCs, VSELs,
EPCs, and frequencies of monocyte subsets in ALL patients
after chemotherapy before G-CSF administration, and we
compared these values with age-matched control subjects.
We found decreased numbers of CD34+ progenitor cells
(Figure 1(a)), VSELs (Figure 1(b)), and HSCs (Figure 1(c))
in ALL patients as compared to healthy donors. Interestingly,
we found no diﬀerences in the numbers of EPCs delineated
by CD34+CD133+CD309+ phenotype (Figure 1(d)) between
ALL patients and healthy subjects. Importantly, CD14+ cells
could not be detected in the peripheral blood of 19 ALL
patients after chemotherapy (Figure 1(e)).
Having found decreased numbers of analyzed stem and
progenitor cells in immunocompromised patients, we next
aimed to investigate eﬀects of G-CSF treatment on hematopoietic stem cell mobilization in ALL patients. It should be
noted that mobilization of hematopoietic/progenitor cells
after G-CSF administration is usually delayed, with peak
levels observed within 5–7 days [19]. As expected, we found

signiﬁcant increase in the numbers of CD34+ precursors
and HSCs (from 122.5 (105.3–725.8) to 713.8 (270.9–3829),
Figure 2(a), and from 7.843 (2.22–15.67) to 63.73 (18.21–
117.5), Figure 2(b), resp.) in all analyzed individuals 7 days
after initial treatment. Next, we evaluated the numbers of
VSELs and EPCs (determined by linage-CD235a-CD45CD133+ and CD34+CD133+CD309+ phenotype, resp.).
Interestingly, we observed substantial increase of VSEL numbers after G-CSF administration from 2 (0.683–9.706) to
11.96 (2.85–61.37) (Figure 2(c)). Similarly, the numbers of
EPCs increased from 2 (1.419–13) to 13.75 (4.257–42.63)
(Figure 2(d)). Moreover, we observed substantial increase
in CD14+ cell numbers after G-CSF treatment in all individuals (data not shown). Therefore, we next analyzed the
composition of monocyte subsets after G-CSF therapy. We
observed signiﬁcantly higher frequencies of putative proangiogenic intermediate monocytes (delineated by CD14++
CD16+ phenotype, Figure 3(a)), but not nonclassical
CD14+CD16++ monocytes (Figure 3(b)) in G-CSF-treated
ALL patients as compared to normal donors (16.10 (11.90–
22.10) versus 5.86 (4.54–9.35)). Consequently, frequencies
of classical monocytes were lower in ALL patients following
G-CSF therapy in comparison to healthy subjects (72.30
(64.90–79.90) versus 84.35 (81.43–86.68), Figure 3(c)).
In parallel, we evaluated levels of SDF-1 and two major
angiopoietins, namely, Ang-1 and Ang-2. We observed that
G-CSF administration increased SDF-1 (Figure 4(a)) and
Ang-2 (Figure 4(b)), but not Ang-1 (Figure 4(c)) plasma
levels in all analyzed individuals. Finally, we investigated
whether plasma SGF-1, Ang-1, and Ang-2 levels were correlated to numbers of CD34+ cells, HSC, VSELs, EPCs, and
diﬀerent monocyte subsets. Interestingly, we found that
CD34+ cell numbers correlated positively with Ang-1 and
SDF-1 levels (p = 0 0372, r = 0 5110, and p = 0 0383, r =
0 5545, resp.). Surprisingly, HSC and VSEL numbers correlated positively only with Ang-1 (p = 0 0257, r = 0 5297)
and Ang-2 (p = 0 0208, r = 0 5944) plasma levels, respectively. Furthermore, we found positive correlation between
absolute numbers of CD14++CD16+, but not CD14+CD16+
monocytes and SDF-1 levels (p = 0 0187, r = 0 1000).

4. Discussion
Here, we demonstrated that chemotherapy regimens that are
routinely used in ALL patients decreased the numbers of
circulating CD34+ cells and, more speciﬁcally, HSCs, and
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Figure 1: Summary of ﬂow cytometry analyses of (a) CD34+ progenitor cells (CD34+ cells), (b) very small embryonic-like stem cells (VSELs,
lin-CD235a-CD45-CD133+), (c) hematopoietic stem cells (HSC, VSELs, lin-CD235a-CD45+CD133+), and (d) endothelial progenitor cell
(EPCs, CD34+CD133+CD309+ cells) numbers in normal donors (control) and ALL patients after successful chemotherapy before G-CSF
treatment; Mann–Whitney U test was used; (e) representative ﬂow cytometry dot plots of ALL patients after successful chemotherapy
before G-CSF treatment.

VSELs, but did not aﬀect EPC numbers. Thus, we found that
the administration of G-CSF to immunocompromised adult
patients is capable of inducing mobilization of progenitor
and stem cells with high regenerative potential into the
periphery. Moreover, we showed that G-CSF administration
caused signiﬁcant increases in plasma levels of SDF-1 and
Ang-2, but not Ang-1.
Within the bone marrow, all progenitor cells reside in
separated microenvironmental niches, which control their
proliferation, diﬀerentiation, and release to the circulation
[24]. High-dose chemotherapy used in ALL treatment
directly induces regression of the bone marrow and destroys
its ability to produce and release blood cells, namely, leukocytes, red blood cells, and platelets, as well as diﬀerent subsets
of progenitor cells involved in regeneration process, including EPCs and VSELs. This is also the main cause of neutropenia [25]. It is well established that progenitor cell recovery is
highly dependent on the number of chemotherapy cycles.

Interestingly, peak levels of these cells after chemotherapy
correlated with the rate and extent of platelet recovery [26].
On the other hand, it is believed that regeneration of the bone
marrow vascular niche is crucial for proper reconstruction of
hematopoiesis after chemotherapy. Notably, bone marrow
endothelial cells were shown to support diﬀerentiation of
hematopoietic progenitors and their mobilization to the
periphery [27, 28]. Therefore, EPCs may be one of the ﬁrst
subsets involved in the regeneration of the bone marrow,
and their release into the circulation may improve vascularization of distal tissues damaged by chemotherapy. Similarly,
decreased numbers of VSELs in the peripheral blood of
immunocompromised patients may be a consequence of
their contribution to the restoration of hematopoiesis in the
bone marrow. More importantly, as presented in this study,
the process may be further supported by G-CSF application.
Notably, acquisition of hematopoietic function by VSELs
was reﬂected by changes in the expression of certain
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genes that regulate hematopoietic processes, including PU-1,
c-myb, LMO2, and Ikaros. In a consequence, VSELs diﬀerentiated into CD45+ hematopoietic cells. However, normal
bone marrow-delivered VSELs express numerous markers
characteristic for pluripotent cells, including SSEA-1, Rexo1, Rif-1, Nanog, and Oct-4, and can be diﬀerentiated
in vitro into cells of all three germ layers, namely, ectoderm,
endoderm, and mesoderm [9, 29]. Importantly, VSELs are
mobilized from the bone marrow into the circulation in
response to tissue injury, including myocardial infraction
and ischemia [30, 31]. Therefore, they are believed to support
regeneration process in many degenerative conditions.
Similarly to our results, in experimental mouse model, the
administration of exogenous G-CSF resulted in increased
mobilization and release of VSELs from the bone marrow.
This might be a result of SDF-1 signaling, since VSELs
were shown to express CXCR4 [32]. Surprisingly, in this
study we found no signiﬁcant correlation between the
number of VSELs and SDF-1 plasma levels. Interestingly,
previous observations in inﬂammatory bowel disease showed
that VSELs and EPCs mobilization can occur in SDF-1independent manner [33]. Furthermore, we showed that
increased Ang-2 levels are, somehow, related to increased
VSEL mobilization. However, further studies are needed to
explain this phenomenon.
It was previously reported that EPC mobilization from
the bone marrow to the periphery depends on SDF-1 signaling [34]. Interestingly, however, we found no association
between the SDF-1 levels and numbers of EPCs. Furthermore, all endothelial cells were shown to express angiopoietin receptor (Tie-2) that may be activated by both
angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2). Kopp
and collaborators showed that Ang-1 stimulated Tie-2
expression in the bone marrow vasculature, and thus they
may play a role in the promotion of hematopoiesis. Of the
four already described angiopoietins, Ang-1 and Ang-2 are to
date the best characterized ones [35]. Ang-1 was recognized
as principal activator of Tie-2, while Ang-2 acted as Tie-2
inhibitor that causes destabilization of blood vessels, what
constituted the initial stage of vascularization process [36].
Notably, Tie-2 is expressed not only on EPCs but also on
HSCs and small subset of CD16+ monocytes, namely,
Tie-2-expressing monocytes (TEMs). In fact, intermediate
CD14++CD16+ monocytes represent the predominant population of peripheral blood Tie-2-expressing cells [37].
Furthermore, reparative monocytes with proangiogenic
potential were found to express SDF-1 receptor, namely,
CXCR4 [38]. Importantly, Capoccia and collaborators
showed that G-CSF-mobilized monocytes were able to
induce vascularization at sites of ischemia [17]. In some
contrast to our results, Murdoch and collaborators indicated
that Ang-2 may serve as chemotactic factor for monocytes
with proangiogenic potential [39]. Further studies supported
these ﬁndings showing that Ang-2 signaling markedly
enhanced proangiogenic activity of TEMs [40]. Thus, we
hypothesized that G-CSF treatment in ALL patients after
successful chemotherapy can increase numbers of reparative
and proangiogenic monocytes in SDF-1-dependent manner;
however, their activity may be controlled by increased Ang-2
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signaling. However, further studies are still warranted in
order to assess this mechanisms in more detail.

5. Conclusions
In summary, we showed that G-CSF treatment in immunocompromised patients induced eﬃcient mobilization of stem
and progenitor cells with high regenerative and proangiogenic potential. These ﬁndings could help to better
understand beneﬁcial clinical eﬀects of G-CSF therapy
in immunocompromised patients. Our ﬁndings suggest
that G-CSF treatment can be considered as additional
tool used in patients after chemotherapy in order to support recovery process. However, further studies are still
needed to assess safety of such therapeutic approach in
diﬀerent clinical settings.
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