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terial signals stimulate
communications between bone marrow stromal
cell and endothelial cell

Yachen Xu, Zhi Wu, Xin Dong and Haiyan Li*

It has been widely reported that chemical, structural or mechanical signals of biomaterials can impact cell

behaviors and tissue regeneration, but few studies have investigated the effects of biomaterial signals on

cell–cell interactions although communications between cells are critical for tissue regeneration. Our

recent studies have shown that chemical signals of bioglass (BG) can stimulate communications in bone

marrow stromal cells and endothelial cells, which results in enhanced angiogenesis and osteogenesis.

Considering the facts that, in vivo, different biomaterial signals may simultaneously affect cell–cell

interactions, in this study, we proposed that combining chemical and structural signals of biomaterials

may further improve cell–cell interactions. Results proved that combined structural signals of aligned

electrospun nanofibers and chemical signals of BG ionic products could significantly stimulate

interactions between co-cultured bone marrow stromal cells and endothelial cells through both of

paracrine effects and junctional communications as compared to single type of biomaterial signals.

Further study indicated that both chemical signals of BG and structural signals of electrospun nanofibers

played important role in stimulating paracrine effects while for improving junctional communication,

structural signals of electrospun nanofibers played a more important role than chemical signals of BG,

which resulted in enhanced vascularization and osteogenic differentiation in co-cultures. Therefore,

applying combined biomaterial signals to activate cell–cell interactions is a promising strategy for

enhancing tissue regeneration.
1. Introduction

Numerous studies have reported that biomaterials could impact
cell behaviors and tissue regeneration through either their
chemical signals, such as ionic products, trace elements and
bioactive molecules,1–3 or their structural signals, such as
various designed topography of biomaterials,4,5 or their
mechanical signals, such as stiffness and mechanical forces of
biomaterials.6,7 For example, chemical signals of bioglass (BG),
mainly ionic products, have been widely reported to be able to
promote osteogenic differentiation of bone marrow stromal
cells (BMSCs) and angiogenic differentiation of endothelial
cells (ECs).8,9 In addition, a number of studies have demon-
strated that the morphology and alignment of electrospun
nanobers have profound effects on morphology and behaviors
of BMSCs and ECs, which can stimulate osteogenesis and
angiogenesis.10–12 However, most studies only investigated the
effects of single type of biomaterial signals on behaviors of
single type of cells.
edical Engineering, Shanghai Jiao Tong

200030, China. E-mail: haiyan.li@sjtu.
Recently, more and more researchers start to realize the fact
that tissue regeneration normally involves different types of
cells and there are interactions between these different types of
cells, which can enhance tissue regeneration.13–15 For example,
it has been reported that interactions between BMSCs and ECs
can promote vascularization and osteogenesis.16,17 In addition
to the effects of biomaterial signals on behaviors of single type
of cells, our previous studies demonstrated that chemical signal
of biomaterials could inuence the communications between
different cells, which eventually resulted in promoted tissue
regeneration.1,13,14 For an instance, we found that silicate
bioactive materials could enhance the cell–cell communica-
tions between BMSCs and ECs through stimulating paracrine
effects between these two types of cells.14 Chemical signals from
ionic products of silicate biomaterials upregulated the vascular
endothelial growth factor (VEGF) expression from co-cultured
BMSCs. Then, the secreted VEGF activated its receptor KDR in
co-cultured ECs and downstream angiogenic factors, which
subsequently promoted vascularization. Meanwhile, the acti-
vated KDR stimulated the expression of bone morphogenetic
protein 2 (BMP-2) in co-cultured ECs, and eventually stimulated
the process of osteogenesis. This study suggested that chemical
signals of biomaterials could stimulate interactions between
This journal is © The Royal Society of Chemistry 2017
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different types of cells, which nally enhance tissue
regeneration.

However, so far, there are only studies on the effects of
chemical signals of biomaterial on cell–cell communication. The
effects of structural signals and mechanical signals of biomate-
rials on cell–cell communication have not been carried out
although the effects of these two types of biomaterial signals on
behaviors of single type of cells have been widely reported.18–20 In
addition, inspired by nature, researchers realized that, during
tissue repair or regeneration process, different signals of
biomaterials actually affect cell behaviors and tissue regeneration
simultaneously. Thus, studying the effects of combined different
biomaterial signals on cell–cell behaviors and tissue regeneration
is also critical for designing biomaterials with optimized prop-
erties in addition to the effects of single type of biomaterial
signals on cell–cell communications. The fundamental question
to be answered is if the combined biomaterial signals have better
stimulatory effects on cell–cell interactions and what specic role
of each type of biomaterial signal plays on affecting cell–cell
interactions when they are applied together.

Therefore, in the present study, we aimed to investigate the
effects of combined biomaterial signals on the communications
between BMSCs and ECs as well as the effects of structural
signals of biomaterial on cell–cell communications. Speci-
cally, a direct contact co-culture of human bonemarrow stromal
cells (HBMSCs) and human umbilical vein endothelial cells
(HUVECs) was used as the co-culture cell model. Aligned elec-
trospun nanobers and BG ionic products were used as struc-
tural and chemical stimulatory signals of biomaterials,
respectively. We focused on investigating the effects of single
and combined biomaterials signals on communications
between HBMSCs and HUVECs through paracrine effects, gap
junction and adherens junction. Our results demonstrated that
combined chemical signals of BG ionic products and structural
signals of electrospun nanobers can stimulate paracrine
effects and junctional communications as compared to single
type of biomaterial signals. Aer the communications between
HBMSCs and HUVECs were stimulated, the vascularization of
co-cultured HUVECs and osteogenic differentiation of co-
cultured HBMSCs were both enhanced.

2. Materials and methods
2.1. Electrospun nanobrous scaffolds

The mixture of poly(D,L-lactide) (PDLLA, Mw ¼ 45 kDa) (Jinan
Daigang Biomaterial, China) and polycaprolactone (PCL, Mw ¼
80 kDa) (Sigma, USA) with a mass ratio of 50/50 was dissolved in
hexauoroisopropanol (HFIP) (Aladdin, China) at the concen-
tration of 4.8% (w/v), and then stirred for 6 h to obtain
a homogeneous solution. The feed rate of the solution was
0.02 mlm�1 by using a syringe pump (Baoding Longer Precision
Pump LSP01-1A, China), and the applied voltage was 8 kV. The
distance between the tip of needle and the collector was 15 cm,
and the collecting time was 1 h. To prepare electrospun scaf-
folds with aligned nanobers, high-speed roller (rotating speed
¼ 2000 rpm) was used as collectors. All the experiments were
conducted at room temperature and the relative humidity was
This journal is © The Royal Society of Chemistry 2017
about 40–60%. All the electrospun scaffolds were vacuum dried
for 24 h to completely remove any residual solvent.

Microstructure of the electrospun scaffolds with aligned
nanobers were observed by a scanning electron microscope
(SEM, S-4800, Hitachi, Japan). Surface wettability of the scaf-
folds were evaluated by measuring the static water contacting
angles using a Kruss GmbH DSA 100 Mk 2 goniometer
(Hamburg, Germany) equipped with a DataPhysics OCA20 CA
system. Electrospun scaffolds were cut into squares with
dimensions of 10 mm � 10 mm and 25 � 25 mm for 24-well
plates and 6-well plates, respectively. The obtained scaffold
squares were sterilized aer being soaked in 75% alcohol for
20 min for further cell culture.

2.2. BG ion extracts

BG powders were provided by Shanghai Institute of Ceramics,
Chinese Academy of Science. BG ion extracts were prepared
according to the methods reported in literatures adapted from
ISO10993-1 procedures.21,22 Briey, 1 g of BG powders was
soaked in 5ml of serum-free endothelial culture medium (ECM)
(Sciencell, USA) and mesenchymal stem cell culture medium
(MSCM) (Cyagen, China), respectively. Aer being incubated for
24 h in a humidied 37 �C/5% CO2 incubator, the supernatant
was then collected and sterilized through a lter (Millipore, 0.22
mm). For further use, BG ion extracts were diluted with total
ECM (endothelial cell basal medium + 5% fetal bovine serum
(FBS) + 1% endothelial cell growth supplement + 1% penicillin–
streptomycin (P/S)) and total MSCM (MSCM + 10% FBS + 1% P/S
+ 1% L-glutamine) at ratios of 1/128, respectively. The concen-
trations of Ca, Si and P in the diluted ion extracts were detected
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES; Optima 3000DV, PerkinElmer, USA).

2.3. Cell isolation and culture

Human umbilical vein endothelial cells (HUVECs) were isolated
from human umbilical cord veins according to the method re-
ported previously,23 and human bone marrow stromal cells
(HBMSCs) were purchased from Cyagen Co. Ltd (Guangzhou,
China). The use of human umbilical cord veins was approved by
the donor, and an Institutional Review Committee of Shanghai
Jiao Tong University, School of Biomedical Engineering
approved all these protocols. Total ECM was used as HUVECs'
culture medium, while total MSCM was used as HBMSCs'
culturemedium. The culturemediumwas replaced every 3 days,
and only early passages (passages 2–7) of the HUVECs and
HBMSCs were used in this study.

2.4. Effects of combined biomaterial signals on HBMSC–
HUVEC co-cultures

The BG ion extracts diluted at 1/128 (recorded as 1/128BG) and
electrospun scaffolds with aligned nanobers were used to
determine the effects of BG's chemical signals and nanobers'
structural signals on HUVECs and HBMSCs. Total ECM and
total MSCM without BG ion extracts were used as control
medium for HUVECs and HBMSCs, respectively. Cells seeded
on coverslips were regarded as non-structure groups.
RSC Adv., 2017, 7, 5306–5314 | 5307
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The HBMSC–HUVEC direct contact co-culture model was
established according to previous study.14 HBMSCs were rst
seeded on coverslips and electrospun scaffolds with aligned
nanobers at a density of 8 � 104 cells per well in 24-well plates
and 2 � 105 cells per well in 6-well plates, respectively. Aer
cultured with control medium for 12 h, HUVECs were seeded on
HBMSCs at a density of 1.2 � 105 cells per well in 24-well plates
and 3 � 105 cells per well in 6-well plates, respectively. Mean-
while, the culture medium was replaced by BG ion extracts
diluted with mixed total MSCM and total ECM (v/v ¼ 1/1) at 1/
128. The mixed medium of total MSCM and total ECM (v/v ¼
1/1) was considered as control medium.

2.5. Quantitative real-time polymerase chain reaction (Q-RT-
PCR)

Aer being cultured for 3 days, cells in 6-well plates were
washed using cold phosphate buffered saline (PBS) and
HUVECs were separated from HBMSCs in co-cultures. To
separate HUVECs from HBMSCs, co-cultured cells in 6-well
plates were washed with PBS and collected by trypsinization,
and then magnetic beads coupled with an antibody against
CD31 (Invitrogen, USA) and Magnetic Separation Rack (Invi-
trogen, USA) were used according to the method established by
Guillotin et al.24 The separated HUVECs and HBMSCs were
named co-HUVEC and co-HBMSC, respectively.

For RNA extraction, an E. Z. N. A total RNA kit I (OMEGA, Bio-
tek, USA) was used according to the instructions. The concen-
tration of RNA was measured by a Nanodrop 1000 reader
(Thermo Scientic, USA) and cDNA was synthesized using
a ReverTra Ace-a kit (Toyobo, Japan) according to the instruc-
tions. cDNA was diluted at 1 : 20 with sterilized deionized water.
And then 4.2 ml of diluted cDNA was mixed with 5.8 ml of SYBR-
Green (ToYOBO, Japan) and primers (Sangon Biotech, China).
Primers of connexin 43 (Cx43), neural-cadherin (N-cad),
vascular endothelial cadherin (VE-cad), VEGF, VEGF receptor
2 (KDR), endothelial nitric oxide synthase (eNOS), alkaline
phosphatase (ALP) and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) were used at a nal concentration of 400 nM.
GAPDH was used as a housekeeping gene. The sequences for
primers are listed in Table 1. The mixture was nally loaded in
a 384-well plate and analyzed by 7900 Real-time PCR system
(Applied Biosystems, USA), which performed 40 cycles (95 �C for
15 s, 60 �C for 15 s, 72 �C for 45 s) followed by a 1 min dena-
turation at 95 �C. Each reaction was performed in triplicate, and
data were analyzed by DDCt method. The data were then
normalized to GAPDH gene expression of each condition and
compared to the corresponding gene expression in control
samples.

2.6. Live/dead staining

To evaluate cell viability to BG and electrospun nanobrous
scaffolds, a live/dead viability cytotoxicity kit (Invitrogen, USA)
was applied to co-cultures aer being cultured for 3 days
according to the supplier's procedure. The living co-cultured
cells arranged on the surfaces of coverslips and electrospun
scaffolds with aligned nanobers were observed and
5308 | RSC Adv., 2017, 7, 5306–5314
photographed using a CCD camera (Leica DFC 420C) equipped
with a uorescence microscope (Leica DM2500 M).
2.7. Immunouorescence staining

Immunouorescence staining of vonWillebrand factor (vWF) was
applied on co-cultures to observe the distribution of HUVECs and
tubule formation. Immunouorescence staining of Cx43, N-cad,
VE-cad and KDR were applied on co-cultures to detect the loca-
tion and expression of Cx43, N-cad, VE-cad and KDR.

Aer being co-cultured for 3 days, the cells co-cultured on
electrospun scaffolds with aligned nanobers and coverslips in 24-
well plates were washed twice with PBS and xed with 4% (w/v)
paraformaldehyde (PFA) (Dingguo Chemical Reagent Co. Ltd,
China) at room temperature for 15 min. And then, the co-cultured
cells were permeabilized with methanol for 5 min and blocked
with PBS containing 1% (w/v) bovine serum albumin (BSA) for 1 h
at 37 �C. Next, primary antibody solution containing rabbit anti-
vWF, rabbit anti-Cx43, mouse anti-N-cad, mouse anti VE-cad or
mouse anti-KDR antibody was added to the co-cultures and incu-
bated at 37 �C for 2 h, all these antibodies were purchased from
Abcam Co, Ltd (USA) and diluted in PBS–0.5% BSA at 1 : 100. Aer
being incubated overnight at 4 �C, the co-cultures were washed
twice with PBS and Alexa 488 goat anti-mouse IgG (Invitrogen,
USA) or Alexa 488 goat anti-rabbit IgG (Invitrogen, USA) secondary
antibody (diluted in PBS–0.5%BSA at 1/1000) was used to incubate
the cells at 37 �C for 1 h. Finally, 1 mg ml�1 4-6-diamidino-2-
phenylindole (DAPI) (Invitrogen, USA) was added to co-cultures
for 10 min at room temperature to reveal nuclei. Aer staining,
the electrospun scaffolds or coverslips with cells were removed and
mounted on slides. The stained co-cultures were observed with
a confocal microscope (Leica TCS SP5, Germany) and images were
taken by a CCD camera (Leica DFC 420C, Germany).
2.8. ALP staining assay

To observe the osteogenic differentiation of mono-cultured and
co-cultured cells, ALP staining was applied aer being cultured for
3 days. Cells were washed twice with PBS and xed by 4% PFA for
15min at room temperature. And then the cells were incubated in
the Naphthol Fastblue ready-to-use solution (Naphthol/Fastblue,
166 ml/4 ml, Sigma) in dark at 37 �C for 40 min according to the
manufacturer's instruction. Aer incubation, cells were washed
with PBS and photographed by digital camera.
2.9. NO staining assay

To determine the NO synthesis in direct contact co-cultures,
diaminouorescein-2 (DAF-2) (Sekisui Medical, USA) was
using as a uorescent indicator to reveal the NO staining.
Briey, DAF-2 was dissolved in dimethyl sulfoxide to obtain
1 mM stock solutions. Aer being co-cultured for 3 days, the
cells were washed twice with PBS and incubated at 37 �C for 1 h
in PBS containing 10 mM DAF-2. Aer staining, the co-cultures
were observed and photographed by a uorescence micro-
scope (Leica DMI 3000B, Germany) equipped a CCD camera
(Leica DFC 420C, Germany).
This journal is © The Royal Society of Chemistry 2017
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Table 1 Primer sequences used in Q-RT-PCR

Gene Gene bank Primer sequences Tm (�C)

GAPDH NM_002046 F: 50-GATTTGGTCGTATTGGGCG-30 60
R: 50-CTGGAAGATGGTGATGG-30

Connexin 43 NC_000017.11 F: 50-GGA GGG AAG GTG TGG CTG TC-30 62
R: 50-GGC AGG GCT CAG CGC ACC AC-30

N-cadherin NC_000007.14 F: 50-GGT GGA GGA GAA GAA GAC CAG-30 58
R: 50-GGC ATC AGG CTC CAC AGT-30

VE-cadherin NC_000002.12 F: 50-ATGTTCGTGCAGCTGTTTACCA-30 58
R: 50-TCTGTGACACAGTGGCCATAGG-30

VEGF165 AB_021221 F: 50-TGCGGATCAAACCTCACCA-30 58
R: 50-CAGGGATTTTTCTTGTCTTGCT-30

KDR NM_002253 F: 50-GTGATCGGAAATGACACTGGAG-30 60
R: 50-CATGTTGGTCACTAACAGAAGCA-30

eNOS NM_001160111.1 F: 50-TGTCCAACATGCTGCTGGAAATTG-30 55
R: 50-AGGAGGTCTTCTTCCTGGTGATGCC-30

ALP NC_000018.10 F: 50-AGCCCTTCACTGCCATCCTGT-30 58
R: 50-ATTCTCTCGTTCACCGCCCAC-30
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2.10. Statistical analysis

Data were expressed as means � standard deviation. Three
independent experiments were carried out for validity, and at
least three samples per test were taken for statistical analysis.
Statistical signicance between groups was calculated using
two-tailed analysis of variance (ANOVA) and performed with
a Student's t test program. The differences were considered
signicant when p < 0.05 (*, #, % or D) or p < 0.01 (**, ##, %%
or DD).
3. Results
3.1. Characterization of electrospun nanobers and BG ion
extracts

Fig. 1A and B show SEM images of electrospun scaffold with
aligned nanobers. It can be seen that the nanobers are
uniform in diameter, arranged regularly and oriented direc-
tionally. Fig. 1C shows that the electrospun scaffold with
aligned nanobers is hydrophobic, and the water contact angle
is 145.6 � 10.27�. The concentrations of ions in BG ionic
products were detected and are shown in Table 2. There is little
difference between the concentrations of Ca ion in different
medium. However, the concentrations of Si and P ions were
signicantly increased when BG ionic products were added no
Fig. 1 Characterization of electrospun nanofibers. (A) SEM image of ele
image of electrospun scaffold with aligned nanofibers in higher magnifica
electrospun scaffold with aligned nanofibers and the water contact ang

This journal is © The Royal Society of Chemistry 2017
matter in ECM or MSCM. In particular, the concentrations of Si
increased almost 3 times in ECM, as the data detected were 0.41
� 0.04 mg ml�1 in control ECM but 1.14 � 0.07 mg ml�1 in BG
containing ECM. While the concentrations of Si increased more
than 3 times in MSCM, as the data detected were 0.27 � 0.03 mg
ml�1 in control MSCM but 0.94� 0.11 mg ml�1 in BG containing
MSCM.
3.2. Effects of combined biomaterial signals on cell viability
and capillary tube formation in HBMSC–HUVEC co-culture

In order to investigate the effects of combined biomaterial
signals on cell viability and capillary tube formation, live/dead
staining and vWF staining were performed aer HBMSCs and
HUVECs were co-cultured with combined structural signals of
aligned electrospun nanobers and chemical signals of BG
ionic products for 3 days, respectively, and the results are shown
in Fig. 2. The green uorescence in Fig. 2A is derived from living
HBMSCs and HUVECs, while the green uorescence in Fig. 2B is
only derived from HUVECs. As shown in the images of live/dead
staining, both of HBMSCs and HUVECs cultured under
different conditions are attached and grew well. It can be seen
that the cells cultured with combined structural signals of
aligned nanobers and chemical signals of 1/128BG showed the
longest and densest tube formation of HUVECs in co-cultures as
ctrospun scaffold with aligned nanofibers. Scale bar, 100 mm. (B) SEM
tion. Scale bar, 10 mm. (C) Image of water droplet set on the surface of
le of the scaffold.

RSC Adv., 2017, 7, 5306–5314 | 5309
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Table 2 Concentration of ions in different culture media

Ca (mg ml�1) P (mg ml�1) Si (mg ml�1)

ECM + 10% FBS 61.70 � 0.21 21.7 � 0.28 0.41 � 0.04
BG 1/128 in ECM 61.39 � 0.17 23.81 � 0.12a 1.14 � 0.07a

MSCM + 10% FBS 73.39 � 0.57 35.88 � 0.14 0.27 � 0.03
BG 1/128 in MSCM 73.35 � 0.41 37.68 � 0.18b 0.94 � 0.11b

a p < 0.01 compared with data of the same ion in ECM + 5% FBS. b p <
0.01 compared with data of the same ion in MSCM + 10% FBS.
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compared to the single structural or chemical signal. The
structural signals of electrospun nanobers could obviously
inuence cell distribution, as the cells cultured on coverslips
with non-structure formed a random and reticular structure,
while the cells cultured on electrospun scaffolds with aligned
nanobers revealed an obvious stratication, where the lower
cells directionally covered the surface of the scaffolds along the
electrospun nanobers, and the upper cells formed a tube-like
network. The vWF staining further conrmed that the tube-
like network was contributed by HUVECs, indicating the
initial capillary tube formation. In addition to structural signals
of aligned electrospun nanobers, chemical signals of BG also
stimulated the tube-like network formation of HUVECs to some
degree, as the 1/128BG groups showed longer and denser tubes
than 0BG groups.

3.3. Effects of combined biomaterial signals on vascular
growth factor expression in HBMSC–HUVEC co-culture

In order to investigate the effects of combined structural and
chemical signals of biomaterials on the vascularization in co-
cultures through paracrine effects between HBMSCs and
HUVECs, the related expression of angiogenetic genes VEGF,
KDR and eNOS were measured and the results are shown in
Fig. 3. It can be seen from Fig. 3A, as compared to control group,
aligned nanobers with medium containing 1/128 BG resulted
in a 4 time-increase of the expression of VEGF in co-HBMSC. In
contrast, when cells were cultured with different structural
signals but same chemical signals, as compared to control
Fig. 2 Combined biomaterial signals stimulate capillary tube formatio
HBMSCs and HUVECs co-cultured under different conditions. Scale bar,
under different conditions. Scale bar, 200 mm.

5310 | RSC Adv., 2017, 7, 5306–5314
group, electrospun scaffolds with aligned nanobers resulted in
about 2.5 times increase of the VEGF expression in co-HBMSC.
Meanwhile, when cells were cultured with same structural
signals, the chemical signal of 1/128BG stimulated the expres-
sion of VEGF in co-HBMSC for about 2 times. In addition to
VEGF, aligned nanobers with medium containing 1/128 BG
also resulted in 3 times for KDR and 4 times for eNOS expres-
sion in co-HUVEC as compared to control group, respectively
(Fig. 3B and C). In contrast, when cells were cultured with
different structural signals but same chemical signals, as
compared to control group, electrospun scaffolds with aligned
nanobers signicantly increased the expression of KDR and
eNOS in co-HUVEC for about 2.5 times. Meanwhile, when cells
were cultured with same structural signals, 1/128BG signi-
cantly upregulated the expression of KDR and eNOS in co-
HUVEC for about 2 times. Based on the above results, it can
be concluded the combined structural signals of aligned elec-
trospun nanobers and chemical signals of BG ionic products
have an improved stimulatory effect on paracrine effects
between HBMSCs and HUVECs as compared to single structural
signals or chemical signals of biomaterials, which further
stimulated the vascularization in HBMSC–HUVEC co-cultures.
Besides, these results also demonstrated that, not only the
chemical signals of biomaterials but also the structural signals
of biomaterials have stimulatory effects on paracrine effects
between HBMSCs and HUVECs.
3.4. Effects of combined biomaterial signals on osteogenic
differentiation in HBMSC–HUVEC co-culture

In order to nd out the effects of combined biomaterial signals
on osteogenic differentiation in HBMSC–HUVEC co-cultures,
the expression of osteogenic gene ALP was further analyzed,
and the results are shown in Fig. 4. It can be seen that, the
combined structural signals of aligned electrospun nanobers
and chemical signals of BG ionic products signicantly
increased the expression of ALP in co-HBMSC for about 2 times
as compared to control, while the single structural signals and
chemical signals only improved the expression of ALP in co-
n in HBMSC–HUVEC co-cultures. (A) Live/dead staining images of
200 mm. (B) vWF staining images of HBMSCs and HUVECs co-cultured

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Combined biomaterial signals promote vascularization in HBMSC–HUVEC co-cultures. (A–C) Gene expression of VEGF, KDR and eNOS
from mono-cultured cells and separated co-HUVEC and co-HBMSC cultured under different conditions. * represents P < 0.05, and **

represents P < 0.01 when the data were compared with cells cultured on coverslips (control structure) in control medium, n¼ 3. D represents P <
0.05, andDD represents P < 0.01 when the data were comparedwith aligned structure in control medium, n¼ 3. (D and E) Staining images of KDR
and NO in HBMSCs and HUVECs co-cultured under different conditions. Scale bar, 100 mm.
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HBMSC for about 1.2–1.5 times, which indicated an improved
stimulatory effect of combined biomaterial signals on osteo-
genesis in HBMSC–HUVEC co-cultures as compared to single
structural or chemical signals.
Fig. 4 Combined biomaterial signals promote osteogenesis in HBMSC–
cells and separated co-HUVEC and co-HBMSC cultured under different
data were compared with cells cultured on coverslips (control structure)
0.01 when the data were compared with aligned structure in control m
cultured under different conditions. Scale bar, 10 mm.

This journal is © The Royal Society of Chemistry 2017
3.5. Effects of combined biomaterial signals on junctional
communications in HBMSC–HUVEC co-culture

To conrm the effects of combined chemical and structural
signals of biomaterials on cell–cell interactions through
HUVEC co-cultures. (A) Gene expression of ALP from mono-cultured
conditions. * represents P < 0.05, and ** represents P < 0.01 when the
in control medium, n ¼ 3. D represents P < 0.05, and DD represents P <
edium, n ¼ 3. (B) Staining images of ALP in HBMSCs and HUVECs co-

RSC Adv., 2017, 7, 5306–5314 | 5311
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Fig. 5 Combined biomaterial signals improve junctional communications in HBMSC–HUVEC co-cultures. (A–C) Gene expression of Cx43, N-
cad and VE-cad frommono-cultured cells and separated co-HUVEC and co-HBMSC cultured under different conditions. * represents P < 0.05,
and ** represents P < 0.01 when the data were compared with cells cultured on coverslips (control structure) in control medium, n ¼ 3. D
represents P < 0.05, and DD represents P < 0.01 when the data were compared with aligned structure in control medium, n ¼ 3. (D–F)
Immunofluorescence staining images of Cx43, N-cad and VE-cad in HBMSCs and HUVECs co-cultured under different conditions. Scale bar,
100 mm.
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junctional communication, we further analyzed the expression of
a gap junction protein of Cx43 as well as the adherens junction
proteins of N-cad and VE-cad in HBMSC–HUVEC co-cultures.
Fig. 5 shows the expression of Cx43, N-cad and VE-cad in
HBMSC–HUVEC co-cultures. When the cells were stimulated with
combined structural and chemical signals, as compared to the
control group, the expression of Cx43 was upregulated for about
4.5 times in co-HBMSC, while the expression of N-cad was
increased for about 2.5 times in co-HBMSC and about 3 times in
co-HUVEC. The expression of VE-cad was upregulated for about
2.5 times in co-HUVEC. In contrast, when the cells were cultured
with different structural signals but same chemical signals, as
compared to the control group, electrospun scaffolds with aligned
nanobers signicantly upregulated the gene expression of Cx43
for about 3.5 times in co-HBMSC, the gene expression of N-cad
was increased for about 2 times in co-HBMSC and 2.5 times in
co-HUVEC, and the gene expression of VE-cad was upregulated for
about 2 times in co-HUVEC. In addition, when cells were cultured
with same structural signals, 1/128BG medium increased the
expression of Cx43 for about 2.5 times in co-HBMSC as compared
to 0BG, the expression of N-cad was increased for about 1.5 times
in co-HBMSC and about 1.5 times in co-HUVEC. Meanwhile, the
expression of VE-cad was increased for 1.5 times. The results
indicated that the combined structural and chemical signals
possessed a stronger stimulatory effects on junctional cell–cell
communication as compared to the single stimulation of struc-
tural or chemical signal. In addition, as compared to the
5312 | RSC Adv., 2017, 7, 5306–5314
stimulatory effects of structural signals and those of chemical
signals, the structural signals of aligned electrospun nanobers
showed higher stimulatory effects on the junctional cell–cell
communication through Cx43, N-cad and VE-cad.
4. Discussion

In the present study, we used aligned electrospun nanobers
and BG ionic products as structural and chemical stimulatory
signals of biomaterials, respectively, and studied the effects of
the combination of the two signals on cell–cell communications
in a direct contact co-cultures of HBMSCs and HUVECs model.
The results demonstrated that combined structural signals of
aligned electrospun nanobers and chemical signals of BG
ionic products can signicantly stimulate communications
between HBMSCs and HUVECs, which results in improved
vascularization of co-HUVECs and osteogenic differentiation of
co-HBMSCs.

It has been widely reported that paracrine effects, gap junc-
tions and adherens junction play important roles in cell–cell
interactions between BMSCs and ECs.24–26 During communica-
tions between BMSCs and ECs through paracrine effects, the co-
cultured BMSCs normally upregulated the expression of
vascular growth factors to activate the receptors of growth
factors in co-cultured ECs and initiated the vascularization.
Reciprocally, the activated co-cultured ECs released osteogenic
growth factors to stimulate the osteogenic differentiation of co-
This journal is © The Royal Society of Chemistry 2017
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cultured BMSCs.26–28 In this study, the same paracrine effects
between co-HBMSCs and co-HUVECs were found when the cells
were co-cultured with control medium, single type of biomate-
rial signals as well as combined biomaterial signals. As
compared to control group, both of single structural signals of
electrospun nanobers and chemical signals of BG ionic prod-
ucts could stimulate the paracrine effects between HBMSCs and
HUVECs, and the stimulatory effects of chemical signals of BG
were similar to those of structural signals of electrospun
nanober. Interestingly, combined structural signals of elec-
trospun nanobers and chemical signals of BG ionic products
show stronger stimulatory effects on the paracrine effects than
either chemical signals of BG or structural signals of electro-
spun nanobers. We reason that the structural signals of
aligned electrospun nanobers and chemical signals of BG
ionic products may inuence cell–cell communications in
different ways as there is not only paracrine effects but also
junctional communication between the two types of cells.

Gap junction communications have been known to allow
metabolic cooperation between adjacent cells and control cell
behaviors.29,30 Cx43 has been reported as an important gap
junction molecular and there are intracellular channels in Cx43
that provide direct cytoplasmic connections between apposed
cells,29 which allows the passage of ions and small molecules.
Adherens junction also plays an important role in the
communication between BMSCs and ECs,31–33 among which N-
cad and VE-cad are major ones that can adhere cells together
and stimulate functional differentiation of cells.34–36 Cx43 is
expressed in both BMSCs and ECs and these two types of cells
can talk to each other through the gap junctional channel
constituted by Cx43, which results in stimulation of osteoblastic
differentiation.24,37,38 In addition, co-cultures of BMSCs and ECs
could increase the expression of N-cad and VE-cad, which can
subsequently upregulate the early osteoblastic differentiation of
BMSCs and stimulate vascularization of ECs.31,33 In this study,
both structural signals of aligned electrospun nanobers and
chemical signals of BG ionic products showed stimulatory
effects on gap junctional and adherens junctional communi-
cations. Interestingly, in contrast to the similar effects of two
types of biomaterial signals on paracrine effects between
HBMSCs and HUVECs, structural signals of aligned electrospun
nanobers played much higher stimulatory effects on gap
junction and adherens junctions than chemical signals of BG
ionic products, which indicated that structural signals stimu-
lated cell–cell communications mainly through junctional
pathways. When these two signals were combined, the stimu-
latory effects were signicantly improved. We reason that it is
aligned electrospun nanobers which makes cells attach and
grow directionally, and the oriented regularity in distribution of
cells subsequently brings out more contacts between different
cells, which nally results in enhanced junctional communi-
cations. Different from the contact dependence of junctional
communications, paracrine effect is achieved through diffus-
ible factors, which does not require direct contact between cells.
Therefore, chemical signals of BG ionic products and structural
signals of electrospun nanobers has its specic role in cell–cell
communications. The chemical signals of BG ionic products
This journal is © The Royal Society of Chemistry 2017
mainly stimulate cell–cell communications through diffusible
factors, as the ions released from BG can participate the cell
metabolism directly,39 while the structural signals of aligned
electrospun nanobers mainly stimulate cell–cell interactions
through junctional communications, as the aligned nanobers
can remodel the skeletons and nuclei of cells and guide cells
along the direction of nanobers,40,41 which results in enhanced
cell–cell contacts and adhesion and subsequently improved the
junctional communications.

5. Conclusion

In the current study, we proved that the combined signals of
structural signals of aligned electrospun nanobers and
chemical signals of BG ionic products could signicantly
enhance interactions between HBMSCs and HUVECs as
compared to single structural signals of aligned electrospun
nanobers or chemical signals of BG ionic products. Both
paracrine effects and junctional communications of gap junc-
tion of Cx43 as well as adherens junctions of N-cad and VE-cad
were stimulated by the combined signals, which results in
enhanced vascularization and osteogenic differentiation. In
addition, for different communication ways, different bioma-
terial signals show different stimulatory effects. The chemical
signals of BG ionic products have similar stimulatory effects as
structural signals of electrospun nanobers for paracrine
effects while structural signals of electrospun nanobers shows
higher stimulatory effects for junctional communications as
compared to chemical signals of BG ionic products. These
results suggest that it is feasible to stimulate cell–cell interac-
tions with different stimulatory biomaterial signals. Further-
more, combining of co-cultures of different cells and combined
signals of different biomaterials may be a potential complex for
enhancing tissue regeneration.
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