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a b s t r a c t

Biomaterials are only used as carriers of cells in the conventional tissue engineering. Considering the
multi-cell environment and active cell-biomaterial interactions in tissue regeneration process, in this
study, structural signals of aligned electrospun nanofibers and chemical signals of bioglass (BG) ionic
products in cell culture medium are simultaneously applied to activate fibroblast-endothelial co-
cultured cells in order to obtain an improved skin tissue engineering construct. Results demonstrate that
the combined biomaterial signals synergistically activate fibroblast-endothelial co-culture skin tissue
engineering constructs through promotion of paracrine effects and stimulation of gap junctional commu-
nication between cells, which results in enhanced vascularization and extracellular matrix protein syn-
thesis in the constructs. Structural signals of aligned electrospun nanofibers play an important role in
stimulating both of paracrine and gap junctional communication while chemical signals of BG ionic prod-
ucts mainly enhance paracrine effects. In vivo experiments reveal that the activated skin tissue engineer-
ing constructs significantly enhance wound healing as compared to control. This study indicates the
advantages of synergistic effects between different bioactive signals of biomaterials can be taken to acti-
vate communication between different types of cells for obtaining tissue engineering constructs with
improved functions.

Statement of Significance

Tissue engineering can regenerate or replace tissue or organs through combining cells, biomaterials and
growth factors. Normally, for repairing a specific tissue, only one type of cells, one kind of biomaterials,
and specific growth factors are used to support cell growth. In this study, we proposed a novel tissue
engineering approach by simply using co-cultured cells and combined biomaterial signals. Using a skin
tissue engineering model, we successfully proved that the combined biomaterial signals such as surface
nanostructures and bioactive ions could synergistically stimulate the cell-cell communication in co-
culture system through paracrine effects and gap junction activation, and regulated expression of growth
factors and extracellular matrix proteins, resulting in an activated tissue engineering constructs that sig-
nificantly enhanced skin regeneration.

� 2017 Published by Elsevier Ltd on behalf of Acta Materialia Inc.

1. Introduction

At the beginning of tissue engineering technology, only one
type of cells was used to combine with biomaterials in order to

reconstruct a specific tissue [1,2]. However, it is known that multi-
ple cell types are often involved in most of tissue regeneration pro-
cesses, and previous studies have found that cell-cell interactions
may significantly affect the tissue regeneration process [3,4]. In
addition, another limitation of the conventional tissue engineering
approach is that biomaterial scaffolds are only considered as the
physical carrier of cells and growth factors, but the potential bioac-
tive effects of biomaterials are ignored. In recent years, the role of
biomaterials in tissue engineering has been re-considered, and
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more and more studies have been focusing on the bioactivity of
biomaterials to stimulate cell differentiation, growth factor expres-
sion and tissue regeneration [5–7]. In particular, some recent stud-
ies have demonstrated that both chemical signals such as ions
released from biomaterials and structural signals such as surface
micro/nano structures have the abilities to stimulate stem cell dif-
ferentiation and tissue regeneration [8–11]. Among these studies,
chemical signals of bioglass (BG), mainly ionic products, have been
widely reported to be able to promote matrix synthesis of fibrob-
lasts and angiogenic differentiation of endothelial cells (ECs)
[12,13]. In addition, a number of studies have demonstrated that
electrospun nanofibers prepared by a mixture of biocompatible
polymers, poly (D, L-lactide) (PDLLA) and polycaprolactone (PCL)
have shown excellent mechanical strength and stability in cell cul-
ture medium [14,15]. Furthermore, the morphology and alignment
of PDLLA/PCL electrospun nanofibers, especially aligned arrange-
ment of nanofibers, have profound effects on morphology and
behaviors of ECs and fibroblasts, which can significantly stimulate
angiogenesis and tissue regeneration [16,17]. However, most stud-
ies only investigated the effects of single type of biomaterial sig-
nals on behaviors of single type of cells. Although much attention
has been paid on cell-cell interaction for tissue engineering, and
our previous studies reported the effects of biomaterials as cell car-
riers on cell-cell interactions in tissue engineering [18,19], the
specific roles of different biomaterial signals and the interactions
between different biomaterial signals on cell-cell communications
during the tissue engineering process has rarely been seriously
considered. As angiogenesis is critical for wound healing and inter-
actions between ECs and fibroblasts played important roles in
wound healing, in this study, we chose PDLLA/PCL electrospun
nanofibers combined with BG to investigate the combinatory
effects of the structural and chemical signals on cell-cell interac-
tions of ECs and fibroblasts.

Recent years, significant progress has been made in the devel-
opment of skin tissue engineering, and the tissue-engineered skin
substitutes range from non-cellular polymer scaffolds, such as col-
lagen/chitosan porous scaffolds [20], electrospun poly(lactic acid-
co-glycolic acid) scaffolds [21] to non-cellular biological scaffolds,
such as small intestinal submucosa [22], extracellular matrix [23]
and cellular devices [24]. As for the cellular skin substitutes, cells,
including fibroblasts [25], epidermal cells [26], dermal cells [27]
and stem cells [28], have been either applied with biodegradable
scaffolds or applied as cell sheets without substrates [29].
Although electrospun mats with random nanofibers have been
applied as substrates for skin tissue engineering, the effects of elec-
trospun mats with aligned nanofibers have seldom been used for
skin regeneration. In addition, the previous studies of skin tissue
engineering constructs have rarely discussed the effects of bioac-
tive biomaterials on cell-cell interactions between critical cells
involved in wound healing. Furthermore, combination effects of
different biomaterial stimulatory effects on cell behaviors or cell-
cell interactions involved in wound healing have never been stud-
ied, which is important for designing bioactive tissue engineering
scaffolds to enhance skin regeneration.

Therefore, in the present study, we proposed a novel skin tissue
engineering construct by activating co-cultured cells using combi-
nation of two different biomaterial signals. Our hypothesis is that
the co-cultured cell system activated by combination of chemical
signals such as bioactive ions and structural signals such as aligned
nano-fibrous structure may significantly enhance tissue regenera-
tion as compared with traditional tissue engineering approach.

To prove the concept, a co-culture of human dermal fibroblasts
(HDFs) and human umbilical vein endothelial cells (HUVECs) was
used as the co-culture cell model, and aligned electrospun nanofi-
bers and bioglass ionic products added in cell culture medium
were used as structural and chemical stimulatory signals of bioma-

terials for activating co-cultured cells, respectively. We first proved
the effects of combined biomaterial signals on the communications
between co-cultured HDFs and HUVECs and analyzed the specific
role of each type of signals to elucidate the mechanisms of the acti-
vation. Then, we applied HDFs-HUVECs co-cultured skin tissue
engineering construct activated by combined stimulatory signals
of biomaterials to full-thickness excisions on mouse back and
investigated the angiogenesis and protein synthesis in wound area.
Our results demonstrated that tissue engineering can be signifi-
cantly improved through co-cultured cell systems activated by bio-
materials, and the design of bioactive materials to optimize
synergistic bioactive signals is an effective way to obtain activated
tissue engineering constructs for tissue regeneration and wound
healing applications.

2. Materials and methods

2.1. Electrospun nanofibrous scaffolds

Poly (D, L-lactide) (PDLLA, Mw = 45 kDa) was purchased from
Jinan Daigang Biomaterial Co, Ltd. (Shandong, China). Polycapro-
lactone (PCL, Mw = 80 kDa) was purchased from Sigma Co. N,N-
dimethyl formamide (DMF) and tetrahydrofuran (THF) were pur-
chased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Electrospun nanofibers were prepared according to the literatures
[15,30]. Briefly, the blend of PDLLA and PCL with a certain mass
ratio (w/w = 50/50) was dissolved in a mixture of DMF and THF
(v/v = 4/1), and then stirred for 6 h to obtain a homogeneous and
stable solution with polymer concentration of 4.8% (w/v). The flow
rate of the solution in the syringe (2 mL) was 0.02 mL/m�1 by using
a syringe pump (LSP01-1A, Baoding Longer Precision Pump, China).
A high voltage power supply (Dongwen, China) was used, and the
voltage applied to the needle of the syringe was 8 kV. The distance
between the tip of the needle and the collector was 15 cm, and the
collecting time was fixed for 1 h. To prepare electrospun scaffolds
with random and aligned nanofibers, aluminum foil and high-
speed roller (rotating speed = 2000 rpm) were used as collectors,
respectively [15,30]. All the experiments were conducted at room
temperature and the relative humidity was about 40–60%. All the
electrospun scaffolds were vacuum dried for 24 h to completely
remove any residual solvent.

Morphology and microstructure of the electrospun scaffolds
were observed using a scanning electron microscope (SEM) (S-
4800, Hitachi, Japan). Briefly, the scaffolds were cut into
5 mm � 5 mm and attached to the sample stage by conductive
adhesive, after gold-plating, the samples were observed and pho-
tographed using SEM. Surface wettability of the scaffolds were
evaluated by measuring the static water contacting angles (WCA)
using a Kruss GmbH DSA 100 Mk 2 goniometer (Hamburg, Ger-
many), followed by image processing of sessile drops using a Data-
Physics OCA20 CA system. Water droplets in 3.0 lL were dropped
onto the surfaces of the electrospun scaffolds, and the average
WCA value was obtained by measuring the water droplets set at
5 randomly distributed positions. 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 after being soaked
in 75% alcohol for 20 min for further cell culture.

2.2. BG ion extracts

BG powders (over 200 mesh) were kindly 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 [31,32]. Briefly, 1 g of BG
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