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Abstract. The present study was performed to create stem 
cell spheroids from human gingiva‑derived stem cells and 
osteoprecursor cells and to evaluate the maintenance of the 
stemness, the viability and osteogenic differentiation of the 
cell spheroids. Gingiva‑derived stem cells were isolated, and a 
total of 6x105 stem cells and osteoprecursor cells were seeded 
into concave micromolds at various ratios. Gingiva‑derived 
stem cells and/or osteoprecursor cells formed spheroids in 
concave microwells. The spheroids demonstrated a smaller 
diameter when the number of osteoprecursor cells seeded 
was lower. The majority of cells in the spheroids were identi-
fied to be live cells and the cell spheroids preserved viability 
throughout the experimental period. The cell spheroids, 
which contained stem cells, were positive for stem‑cell 
markers. Cell spheroids in concave microwells demonstrated 
a statistically significant increase in alkaline phosphatase 
activity as time progressed (P<0.05). A statistically significant 
difference in phosphatase activity was observed in the stem 
cell alone group when compared with the osteoprecursor 
cell group at day 5 (P<0.05). Mineralized extracellular 
deposits were observed in each group after Alizarin Red S  
staining. Within the limits of the present study, cell spheroids 
from gingival cells and osteoprecursor cells maintained shape, 
viability, stemness and osteogenic differentiation potential.

Introduction

There is increasing interest in the potential of stem cells as 
they are promising candidates for the regeneration of tissue 
and treatment of diseases, including diabetes mellitus, arthritis 

and Parkinson's disease  (1,2). Stem cells may be obtained 
from various tissues, including bone marrow and adipose 
tissue (3,4). Stem cells derived from gingiva may be useful 
for research and treatment of diseases as harvesting stem cells 
from the mandible or maxilla may be performed easily under 
local anesthesia (5,6). Human mesenchymal stem cells have 
previously been isolated and characterized from the gingiva 
with minimal complications (7).

Three‑dimensional culture systems have demonstrated the 
importance of intercellular interactions in regulating stem cell 
self‑renewal and differentiation (8,9). Physiologically relevant, 
three‑dimensional in vitro models have served as biological 
and analytical platforms for testing novel treatments and 
drug delivery systems (10,11). Cell‑microsphere constructs 
formed from human adipose‑derived stem cells and gelatin 
microspheres were recently reported to promote stemness, 
differentiation and controlled pro‑angiogenic potential, and 
this three‑dimensional construct demonstrated enhanced 
therapeutic potential (12).

Natural bone healing following fractures is initiated by 
osteoblasts and mesenchymal stem cells, thus a cell combina-
tion may possess potential in tissue‑engineering techniques 
for bone defects (13). Previous studies have used co‑cultures 
in tissue‑engineering applications as these systems more 
effectively model the natural tissues, both physically and 
biologically (14,15). Previous research has demonstrated that 
improved viability and function were obtained by co‑culturing 
islet cells with stem cells in concave microwells (16). However, 
co‑cultures of osteoblasts with other cell types have not been 
well established (14,17). The present study was performed 
to generate stem cell spheroids from human gingiva‑derived 
stem cells and osteoprecursor cells using concave microwells 
and to evaluate the maintenance of stemness and viability. 
To the best of our knowledge, the present report is the first 
to evaluate the maintenance of the stemness and viability of 
multi‑cell spheroids generated from gingiva‑derived stem cells 
and osteoprecursor cells.

Materials and methods

Isolation and culture of gingiva‑derived stem cells. 
Gingiva‑derived stem cells were obtained using a previously 
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reported method (7). Gingival tissues were harvested from 
28 healthy patients during periodontal treatment from April 
2012 to August 2015 at the Department of Periodontics, 
Seoul St Mary's Hospital. College of Medicine, The Catholic 
University of Korea (Seoul, Republic of Korea). The design 
of the present study was reviewed and approved by the 
Institutional Review Board of Seoul St. Mary's Hospital, 
College of Medicine, Catholic University of Korea, (Seoul, 
Korea; KC11SISI0348), and written informed consent was 
obtained from all patients.

Briefly, subsequent to the gingiva samples being obtained, 
gingival tissues were de‑epithelialized, minced into 1‑2‑mm² 
fragments and digested in an α‑modified minimal essential 
medium (α‑MEM; Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) containing dispase (1  mg/ml) and 
collagenase IV (2 mg/ml; both Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). Cells were incubated at 37˚C in a 
humidified incubator with 5% CO2 and 95% O2 for one day. 
Subsequently, non‑adherent cells were washed with phos-
phate‑buffered saline (PBS; WELGENE, Inc., Daegu, South 
Korea) two to three times and replaced with fresh medium. 
Media were changed every 2‑3 days.

Formation of cell spheroids from human gingiva‑derived 
stem cells and osteoprecursor cells. Stem cell spheroids 
were formed in the silicon elastomer‑based concave 
microwells (StemFIT 3D; MicroFIT, Seongnam, Korea) 
600 µm in diameter. A total of 6x105 gingiva‑derived stem 
cells and murine osteoprecursor cells (MC3T3‑E1 cells; 
American Type Culture Collection, Manassas, VA, USA) 
at different ratios were seeded into the micromolds and 
subsequently cultured at 37˚C in α‑minimum essential 
medium (α‑MEM) containing 15% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin, 
100 µg/ml streptomycin, 200 mM L‑glutamine and 10 mM 
ascorbic acid 2‑phosphate (all Sigma‑Aldrich; Merk KGaA) 
to investigate cellular behavior at days 1, 3, 5, and 7. The 
ratios between gingiva‑derived stem cells and osteopre-
cursor cells were as follows: 0:6 (group 1); 2:4 (group 2); 
3:3 (group 3); 4:2 (group 4); and 6:0 (group 5; Fig. 1). Cell 
aggregation and cell spheroid formation were observed and 
images were captured using an inverted microscope (Leica 
DM IRM; Leica Microsystems GmbH, Wetzlar, Germany).

Determination of cell viability. Viability of cell spheroids 
was qualitatively analyzed using a Live/Dead kit (Molecular 
Probes; Thermo Fisher Scientific, Inc.) at days 1, 3, 5 and 7 
after co‑culture initiation. Cell spheroids were washed twice 
with PBS and suspended in 1 ml α‑MEM supplemented with 
2 µl calcein acetoxymethyl ester working solution (50 mM; 
Molecular Probes, Eugene, OR, USA) and 4  µl ethidium 
homodimer‑1 (2 mM; Molecular Probes) for 15 min at room 
temperature. The spheroids stained with calcein acetoxy-
methyl ester and ethidium homodimer‑1 were observed under 
a fluorescence microscope (Axiovert 200; Carl Zeiss AG, 
Oberkochen, Germany). With this assay, viable cells produce 
an intense, uniform, green fluorescence and dead cells demon-
strate a red fluorescence.

Quantitative cell viability analysis was performed using 
a Cell Counting kit‑8 (Dojindo Molecular Technologies, Inc., 

Kumamoto, Japan) at days 1, 3, 5, and 7. 2‑(2‑methoxy‑4‑ni
trophenyl)‑3‑(4‑nitrophenyl)‑5‑(2,4‑disulfophenyl)‑2H‑tet-
razolium, monosodium salt (WST‑8; Dojindo Molecular 
Technologies, Inc.) was added and the spheroids were incu-
bated for 1 h at 37˚C. The spectrophotometric absorbance 
of the samples was measured at 450 nm using a microplate 
reader (BioTek Instruments, Inc., Winooski, VT, USA). This 
assay relies on the ability of mitochondrial dehydrogenases to 
oxidize WST‑8 into a formazan product.

Evaluation of maintenance of stemness. The spheroids were 
retrieved at day 7 after co‑culture initiation. Subsequently, 
the spheroids were incubated for 30 min at 37˚C with human 
SSEA‑4 (Clone MC‑813‑70) conjugated to NHL493 (green) 
and human TRA‑1‑60(R) (Clone TRA‑1‑60) conjugated to 
NL557 (red) antibodies (all 1:50 dilution; SC023; Live Cell 
Imaging Kit; R & D Systems, Inc., Minneapolis, MN, USA). 
The spheroids were visualized under a fluorescence micro-
scope (Axiovert 200; Carl Zeiss AG). These antibodies were 
used as positive markers of human stem cells.

Alkaline phosphatase activity assays. Cell spheroids grown 
in osteogenic induction media (STEMPRO Osteogenesis 
Differentiation kit; Gibco; Thermo Fisher Scientific, Inc.) at 
37˚C were obtained on days 1 and 5. Alkaline phosphatase 
activity assays were conducted using a commercially available 
kit (K412‑500; BioVision, Inc., Milpitas, CA, USA) at days 1 
and 5, according to the manufacturer's instructions. The cells 
were resuspended in assay buffer, sonicated and subsequently 
centrifuged at 13,000 g for 3 min at 4˚C to remove insoluble 
material. Supernatant was mixed with p‑nitrophenylphosphate 
substrate and incubated at 25˚C for 60 min. The optical density 
of the resultant p‑nitrophenol at 405  nm was determined 
spectrophotometrically.

Alizarin Red S staining. At day 7, cell spheroids grown in 
osteogenic induction media were washed twice with PBS, 
fixed with 70% ethanol and rinsed twice with deionized water. 
Cell spheroids were stained with Alizarin Red S for 30 min at 
room temperature. Cell spheroids were observed and images 
were captured under an inverted microscope (Leica DM IRM; 
Leica Microsystems GmbH).

Statistical analysis. Data were presented as the mean ± standard 
deviation of the experiments performed in triplicate. Student's 
t‑tests or a two‑way analysis of variance and Tukey's post hoc 
tests were performed to determine the differences between the 
groups. Statistical analyses were conducted using SPSS soft-
ware for Windows (version 12; SPSS, Inc., Chicago, IL, USA). 

Figure 1. Schematic illustration of the procedure for generation of cell spher-
oids with gingival‑derived stem cells and osteoprecursor cells.
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P<0.05 was considered to indicate a statistically significant 
difference.

Results

Evaluation of cell morphology. Gingiva‑derived stem cells 
and/or osteoprecursor cells formed spheroids in concave 
microwells (Fig. 2). The morphology of the spheroids at days 
3, 5 and 7 was similar to that at day 1. Results demonstrated 
that the diameter of the spheroids was smaller as the number 

of osteoprecursor cells present decreased (Fig. 3). The mean 
spheroid diameters at day 1 were 371.9±27.4, 358.0±11.8, 
305.5±18.1, 291.6±35.3 and 219.2±67.0  µm for groups 1, 
2, 3, 4 and 5, respectively. The mean spheroid diameters at 
day 3 were 367.9±11.3, 356.0±15.8, 281.7±22.3, 208.3±47.8 
and 177.5±43.6 µm for groups 1, 2, 3, 4 and 5, respectively. 
The mean spheroid diameters at day 5 were 386.8±16.8, 
379.8±20.6, 301.5±23.4, 268.8±18.4 and 203.3±30.8  µm 
for groups 1, 2, 3, 4 and 5, respectively. The mean spheroid 
diameters at day 7 were 368.9±15.9, 341.2±62.6, 299.2±35.9, 
262.8±28.3 and 189.4±25.1 µm for groups 1, 2, 3, 4 and 5, 
respectively. No significant change in diameter was noted 
within the experimental time within each group. However, a 
significant decrease in diameter was indicated in groups 3, 4 
and 5 compared with group 1 on each respective day (P<0.05), 
with the exception of group 3 on days 1 and 7.

Determination of cell viability. The viability results of the cell 
spheroids analyzed by Live/Dead kit assay are presented in 
Figs. 4‑7. The majority of cells in the cell spheroids emitted 
green fluorescence throughout the experimental period, and 
the morphology was well maintained up to the end of the 
experiment. At day 7, the majority of cells in the spheroids 
emitted green fluorescence; however, some red fluorescence 
was also noted (Fig. 7).

The cell viability results obtained using a Cell Counting 
kit‑8 after culturing at days 1, 3, 5 and 7 are presented in Fig. 8. 
The relative Cell Counting kit‑8 assay values of groups 2, 3, 
4, and 5 at day 1 were 131.3±9.2, 129.3±4.2, 115.5±5.7, and 
116.4±3.5%, respectively, when group 1 at day 1 was considered  
100% (100.0±7.2%). Significant differences were seen in 

Figure 2. Morphology of stem cell spheroids at days 1, 3, 5 and 7. (A‑D) Morphology of group 1 at days 1, 3, 5 and 7, respectively. (E‑H) Morphology of group 2 
at days 1, 3, 5 and 7, respectively. (I‑L) Morphology of group 3 at days 1, 3, 5 and 7, respectively. (M‑P) Morphology of group 4 at days 1, 3, 5 and 7, respectively. 
(Q‑T) Morphology of group 5 at days 1, 3, 5 and 7, respectively. Magnification, x100; scale bar, 200 µm.

Figure 3. Diameters of the spheroids at days 1, 3, 5 and 7. Data are presented 
as the mean ± standard deviation. *P<0.05 vs. group 1 at day 1; #P<0.05 
vs. group 1 at day 3; §P<0.05 vs. group 1 at day 5; †P<0.05 vs. group 1 at day 7.
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Figure 6. Live/dead cell analysis of cell spheroids at day 5 using calcein acetoxy-
methyl ester and ethidium homodimer‑1. Live/dead cell images of groups (A‑C) 1, 
(D‑F) 2, (G‑I) 3, (J‑L) 4 and (M‑O) 5. Magnification, x200; scale bar, 100 µm.

Figure 7. Live/dead cell analysis of cell spheroids at day 7 using calcein acetoxy-
methyl ester and ethidium homodimer‑1. Live/dead cell images of groups (A‑C) 1, 
(D‑F) 2, (G‑I) 3, (J‑L) 4 and (M‑O) 5. Magnification, x200; scale bar, 100 µm.

Figure 5. Live/dead cell analysis of cell spheroids at day 3 using calcein acetoxy-
methyl ester and ethidium homodimer‑1. Live/dead cell images of groups (A‑C) 1, 
(D‑F) 2, (G‑I) 3, (J‑L) 4 and (M‑O) 5. Magnification, x200; scale bar, 100 µm.

Figure 4. Live/dead cell analysis of cell spheroids at day 1 using calcein acetoxy-
methyl ester and ethidium homodimer‑1. Live/dead cell images of groups (A‑C) 1, 
(D‑F) 2, (G‑I) 3, (J‑L) 4 and (M‑O) 5. Magnification, x200; scale bar, 100 µm.
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groups 2 and 3 at day 1, when compared with group 1 at 
day 1 (P<0.05). The relative values of groups 1, 2, 3, 4 and 5 
at day 3 were 175.4±7.1, 199.1±4.2, 187.4±8.6, 192.8±10.6 and 
202.8±14.6%, respectively, when group 1 at day 1 was considered  
100% (100.0±7.2%). The relative values of groups 1, 2, 3, 
4 and  5 at day 5 were 178.5±11.2, 164.7±7.8, 166.6±3.3, 

164.5±4.6 and 162.5±4.0%, respectively, when group 1 
at day 1 was considered 100% (100.0±7.2%). The relative 
values of groups 1, 2, 3, 4 and 5 at day 7 were 156.8±3.6, 
147.0±6.6, 151.5±3.0, 158.7±4.2 and 141.2±5.8%, respectively, 
when group 1 at day 1 was considered 100% (100.0±7.2%). 
Significant differences were noted between groups 1 and 5 at 
day 7 (P<0.05).

Maintenance of stemness. Cell spheroids were stained with 
NL493‑conjugated SSEA‑4 (green) and NL557‑conjugated 
TRA‑1‑60(R) (red) antibodies at day 7 (Fig. 9). In Group 1, 
spheroids were negative for the stem cell markers SSEA‑4 and 
TRA‑1‑60(R).

Very low levels of fluorescence was seen in group 2 and 
intense green fluorescence was seen in groups 3‑5. The green 
fluorescence was more intense in group 3 compared with that 
in groups 4 and 5. These results suggested that the co‑culture 
cell spheroids contained undifferentiated human stem cells in 
groups 3‑5.

Alkaline phosphatase activity assays. The results of the 
alkaline phosphatase activity assays are presented in Fig. 10. 
Statistically significant differences were observed between 
days 1 and 5 in groups 1, 2, 3 and 4, with a significant increase 
in absorbance level being demonstrated in each of these 
groups on day 5 compared with day 1 (P<0.05). The absor-
bance values at 405 nm at day 5 for groups 1, 2, 3, 4 and 5 were 
0.609±0.031, 0.603±0.004, 0.630±0.024, 0.568±0.022 and 
0.519±0.026, respectively. Additionally, group 1 demonstrated 
a significantly increased absorbance value at day 5 compared 
with group 5 (P<0.05).

Mineralization assay. The results of the mineralization assay 
at day 7 are demonstrated in Fig. 11. Mineralized extracellular 
deposits were observed in each group.

Discussion

In the present study, cell spheroids were formed from human 
gingiva‑derived stem cells and osteoprecursor cells using 
microwells. Results demonstrated that the shape, viability 
and stemness of the spheroids were maintained throughout 
the experimental period. The co‑culture method may be 
applied for various applications due to enhanced functionality 
of the spheroids produced  (9). Previous research has 
co‑cultured primary pancreatic islets with hepatocytes for a 
three‑dimensional model, and both types of cells appeared 
to support each other's functions  (18). Three‑dimensional 
co‑culture of bone marrow‑derived mesenchymal stem cells 
and eccrine sweat‑gland cells in a gelatinous protein mixture 
has been demonstrated to promote the transdifferentiation of 
bone marrow‑derived mesenchymal stem cells into potentially 
functional eccrine sweat‑gland cells (19).

Previous research using co‑cultures of osteoblasts with 
other cell types has demonstrated promising results in bone 
regeneration (20,21). A previous report have also demonstrated 
that osteoblasts and bone marrow‑derived mesenchymal stem 
cells associate via gap junctions and that gap junction‑mediated 
signaling induces histone acetylation that leads to elevated 
transcription of genes encoding alkaline phosphatase and 

Figure 9. Evaluation of the maintenance of stemness with immunocytochem-
ical staining at day 7. Cell spheroids were stained with NL493‑conjugated 
SSEA‑4 (green) and NL557‑conjugated TRA‑1‑60(R) (red) antibodies. 
SSEA‑4 and TRA‑1‑60(R) served as positive markers for stem cells. 
Immunohistochemical images of groups (A‑C) 1, (D‑F) 2, (G‑I) 3, (J‑L) 4 
and (M‑O) 5. Magnification, x200; scale bar, 100 µm. 

Figure 8. Viability of spheroids on days 1, 3, 5 and 7. Data are presented as the 
mean ± standard deviation. *P<0.05 vs. group 1 at day 1; **P<0.05 vs. group 1 
at day 7; §P<0.05 vs. group 2 at day 1; †P<0.05 vs. group 3 at day 1; ‡P<0.05 
vs. group 4 at day 1; #P<0.05 vs. group 5 at day 1.
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bone sialoprotein in bone marrow‑derived mesenchymal 
stem cells  (22). Co‑culture of human adipose‑derived 
stem cells and human osteoblasts using three‑dimensional 
poly [(R)‑3‑hydroxybutyric acid] with bovine‑derived 
hydroxyapatite served as a promising approach to facilitate 
osteogenic differentiation activity through direct cell‑to‑cell 
contact  (21). Three‑dimensional spheroids generated from 
human mesenchymal stem cells and endothelial progenitor 
cells have demonstrated a greater angiogenic effect compared 
with stem cell mono‑culture  (23). Tissue engineering 
techniques for the regeneration of large bone defects require 
sufficient vascularization of the applied constructs to ensure 
a sufficient supply of oxygen and nutrients, and the concept of 
co‑culture strategies may be applied to promote angiogenesis 
for cell‑based, tissue‑engineered bone grafts (24).

The present study demonstrated that viability of the 
spheroids was maintained during the experimental period 
using polydimethylsiloxane‑based concave micromolds. A 
cell‑counting kit using a water‑soluble tetrazolium salt test 
was applied for the viability test as it assesses mitochondrial 
dehydrogenase activity and is reported to be more sensitive 
and less toxic to the tested cells when compared with the 
MTT test  (7,25). The results of the present study demon-
strated that cell spheroids formed from a single or two cell 
types preserved viability and may have promoted prolifera-
tion in the three‑dimensional environment. Previous reports 
have indicated that co‑culture spheroids generated by aggre-
gating different combinations of primary human osteoblasts 
and human dermal microvascular endothelial cells exhibit 
excellent properties of preserving viability and promoting 
proliferation and vascularization (26). It may be suggested that 
the co‑culture technique may be used to generate functional 
units for tissue‑engineering purposes.

In conclusion, cell spheroids from gingival cells and 
osteoprecursor cells were able to maintain shape, viability, 
stemness and osteogenic differentiation potential. This method 
may provide a promising strategy for stem‑cell therapy as a 
co‑culture model.

Acknowledgements

The present research was supported by the Basic Science 
Research Program through the National Research Foundation 

Figure 10. Alkaline phosphatase activity of spheroids on days 1 and 5. Data 
are presented as the mean ± standard deviation. *P<0.05 vs. group 1 at day 5; 
#P<0.05 vs. group 1 at day 1; §P<0.05 vs. group 2 at day 1; †P<0.05 vs. group 3 
at day 1; ‡P<0.05 vs. group 4 at day 1; ǁP<0.05 vs. group 5 at day 1.

Figure 11. Alizarin Red S staining of spheroids on day 7. Magnification, 
x100; Scale bar, 200 µm.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  13:  3467-3473,  2017 3473

of Korea (NRF) funded by the Ministry of Science, Information 
and Communication Technology & Future Planning (grant 
no. NRF‑2014R1A1A1003106).

References

  1.	 Sekiya I, Larson BL, Smith JR, Pochampally R, Cui JG and 
Prockop DJ: Expansion of human adult stem cells from bone 
marrow stroma: Conditions that maximize the yields of early 
progenitors and evaluate their quality. Stem Cells 20: 530‑541, 
2002.

  2.	Jeong SH, Lee JE, Jin SH, Ko Y and Park JB: Effects of Asiasari 
radix on the morphology and viability of mesenchymal stem cells 
derived from the gingiva. Mol Med Rep 10: 3315‑3319, 2014.

  3.	Bogdanova A, Berzins U, Nikulshin S, Skrastina D, Ezerta A, 
Legzdina  D and Kozlovska  T: Characterization of human 
adipose‑derived stem cells cultured in autologous serum after 
subsequent passaging and long term cryopreservation. J Stem 
Cells 9: 135‑148, 2014.

  4.	Jeong SH, Lee JE, Kim BB, Ko Y and Park JB: Evaluation of the 
effects of Cimicifugae Rhizoma on the morphology and viability 
of mesenchymal stem cells. Exp Ther Med 10: 629‑634, 2015.

  5.	Tomar GB, Srivastava RK, Gupta N, Barhanpurkar AP, Pote ST, 
Jhaveri HM, Mishra GC and Wani MR: Human gingiva‑derived 
mesenchymal stem cells are superior to bone marrow‑derived 
mesenchymal stem cells for cell therapy in regenerative medi-
cine. Biochem Biophys Res Commun 393: 377‑383, 2010.

  6.	Jeong SH, Kim BB, Lee JE, Ko Y and Park JB: Evaluation of 
the effects of Angelicae dahuricae radix on the morphology 
and viability of mesenchymal stem cells. Mol Med Rep 12: 
1556‑1560, 2015.

  7.	 Jin SH, Lee JE, Yun JH, Kim I, Ko Y and Park JB: Isolation 
and characterization of human mesenchymal stem cells from 
gingival connective tissue. J Periodontal Res 50: 461‑467, 2015.

  8.	Hsiao  C, Tomai  M, Glynn  J and Palecek  SP: Effects of 3D 
microwell culture on initial fate specification in human 
embryonic stem cells. AIChE J 60: 1225‑1235, 2014.

  9.	 Lee  SI, Yeo  SI, Kim  BB, Ko  Y and Park  JB: Formation of 
size‑controllable spheroids using gingiva‑derived stem cells and 
concave microwells: morphology and viability tests. Biomed 
Rep 14: 97‑101, 2015.

10.	 Ivanov DP, Parker TL, Walker DA, Alexander C, Ashford MB, 
Gellert  PR and Garnett  MC: In  vitro co‑culture model of 
medulloblastoma and human neural stem cells for drug delivery 
assessment. J Biotechnol 205: 3‑13, 2015.

11.	 Gamblin  AL, Renaud  A, Charrier  C, Hulin  P, Louarn  G, 
Heymann D, Trichet V and Layrolle P: Osteoblastic and osteo-
clastic differentiation of human mesenchymal stem cells and 
monocytes in a miniaturized three‑dimensional culture with 
mineral granules. Acta Biomater 10: 5139‑5147, 2014.

12.	Kodali A, Lim TC, Leong DT and Tong YW: Cell‑microsphere 
constructs formed with human adipose‑derived stem cells 
and gelatin microspheres promotes stemness, differentiation, 
and controlled pro‑angiogenic potential. Biomed Res Int 14: 
1458‑1468, 2014.

13.	 Glueck M, Gardner O, Czekanska E, Alini M, Stoddart MJ, 
Salzmann  GM and Schmal  H: Induction of osteogenic 
differentiation in human mesenchymal stem cells by crosstalk 
with osteoblasts. Biores Open Access 4: 121‑130, 2015.

14.	 Battiston KG, Cheung JW, Jain D and Santerre JP: Biomaterials 
in co‑culture systems: Towards optimizing tissue integration 
and cell signaling within scaffolds. Biomaterials 35: 4465‑4476, 
2014.

15.	 Amann E, Wolff P, Breel E, van Griensven M and Balmayor ER: 
Hyaluronic acid facilitates chondrogenesis and matrix deposi-
tion of human adipose derived mesenchymal stem cells and 
human chondrocytes co‑cultures. Acta Biomater: Jan 25, 2017 
(Epub ahead of print). doi: 10.1016/j.actbio.2017.01.064.

16.	 Jun Y, Kang AR, Lee JS, Park SJ, Lee DY, Moon SH and Lee SH: 
Microchip‑based engineering of super‑pancreatic islets supported 
by adipose‑derived stem cells. Biomaterials 35: 4815‑4826, 2014.

17.	 Grellier  M, Granja  PL, Fricain  JC, Bidarra  SJ, Renard  M, 
Bareille R, Bourget C, Amédée J and Barbosa MA: The effect 
of the co‑immobilization of human osteoprogenitors and endo-
thelial cells within alginate microspheres on mineralization in a 
bone defect. Biomaterials 30: 3271‑3278, 2009.

18.	 Jun Y, Kang AR, Lee JS, Jeong GS, Ju J, Lee DY and Lee SH: 
3D co‑culturing model of primary pancreatic islets and hepato-
cytes in hybrid spheroid to overcome pancreatic cell shortage. 
Biomaterials 34: 3784‑3794, 2013.

19.	 Li H, Li X, Zhang M, Chen L, Zhang B, Tang S and Fu X: 
Three‑dimensional co‑culture of BM‑MSCs and eccrine 
sweat gland cells in Matrigel promotes transdifferentiation of 
BM‑MSCs. J Mol Histol 46: 431‑438, 2015.

20.	Liu Y, Chan  JK and Teoh SH: Review of vascularised bone 
tissue‑engineering strategies with a focus on co‑culture systems. 
J Tissue Eng Regen Med 9: 85‑105, 2015.

21.	 Rozila  I, Azari  P, Munirah  S, Wan Safwani  WK, Gan  SN, 
Nur Azurah AG, Jahendran J, Pingguan‑Murphy B and Chua KH: 
Differential osteogenic potential of human adipose‑derived stem 
cells co‑cultured with human osteoblasts on polymeric micro-
fiber scaffolds. J Biomed Mater Res A 104: 377‑387, 2016.

22.	Mikami Y, Yamamoto K, Akiyama Y, Kobayashi M, Watanabe E, 
Watanabe N, Asano M, Shimizu N and Komiyama K: Osteogenic 
gene transcription is regulated via gap junction‑mediated cell‑cell 
communication. Stem Cells Dev 24: 214‑227, 2015.

23.	Hsu SH, Ho TT, Huang NC, Yao CL, Peng LH and Dai NT: 
Substrate‑dependent modulation of 3D spheroid morphology 
self‑assembled in mesenchymal stem cell‑endothelial progenitor 
cell coculture. Biomaterials 35: 7295‑7307, 2014.

24.	Loibl M, Binder A, Herrmann M, Duttenhoefer F, Richards RG, 
Nerlich  M, Alini  M and Verrier  S: Direct cell‑cell contact 
between mesenchymal stem cells and endothelial progenitor 
cells induces a pericyte‑like phenotype in vitro. Biomed Res Int 
2014: 395781, 2014.

25.	Park  JB, Lee G, Yun BG, Kim CH and Ko Y: Comparative 
effects of chlorhexidine and essential oils containing mouth rinse 
on stem cells cultured on a titanium surface. Mol Med Rep 9: 
1249‑1253, 2014.

26.	Walser R, Metzger W, Görg A, Pohlemann T, Menger MD and 
Laschke MW: Generation of co‑culture spheroids as vascu-
larisation units for bone tissue engineering. Eur Cell Mater 26: 
222‑233, 2013.

https://www.spandidos-publications.com/10.3892/etm.2017.4388
https://www.spandidos-publications.com/10.3892/etm.2017.4388

