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hydrogel as an extracellular matrix improves the 
construction of tissue-engineered peripheral nerve

1 Department of Joint Surgery, Orthopedics Hospital of the Second Hospital of Jilin University, Changchun, Jilin Province, China 
2 Centre of Hand & Foot Surgery and Reparative & Reconstructive Surgery, Orthopedics Hospital of the Second Hospital of Jilin University, 
Changchun, Jilin Province, China
3 Department of Orthopedics Surgery, the Third Hospital of Jilin University, Changchun, Jilin Province, China
4 Institute of Orthopedics, the Second Hospital of Jilin University, Changchun, Jilin Province, China
5 Department of Ophthalmology, the Second Hospital of Jilin University, Changchun, Jilin Province, China

Lanfeng Huang and Rui Li contributed 

equally to this paper.

Corresponding author:
Jinsong Zhao, M.D., Ph.D., Department 
of Ophthalmology, the Second Hospital of 
Jilin University, Changchun 130041, Jilin       
Province, China, jinsong@jlu.edu.cn.

doi:10.4103/1673-5374.137590   

http://www.nrronline.org/

Accepted: 2014-04-25

Lanfeng Huang1, Rui Li2, Wanguo Liu3, Jin Dai1, Zhenwu Du4, Xiaonan Wang1, Jianchao Ma1, Jinsong Zhao5

Introduction
Peripheral nerve injuries and defects are common following 
trauma or surgical procedures. The surgical repair of severe 
peripheral nerve injuries represents not only a pressing med-
ical need, but also a difficult clinical challenge. Autologous 
nerve grafting is the current gold standard for bridging ex-
tended gaps in transected nerves (Gu et al., 2011). However, 
this technique has several limitations. For example, the re-
pair is effective only if it is performed within 2 months after 
trauma and only in young patients. Moreover, many patients 
still suffered from permanent neurological deficits or recov-
ered only limited neurological function, and these patients 
frequently experienced irreversible neuropathic pain (Teles 

et al., 2010). 
Tissue-engineered nerve grafts are typically constructed 

by combining a neural scaffold and a variety of cellular and 
molecular components. Schwann cells, or cells with similar 
functions, are typically seeded in such scaffolds. The factor 
used most frequently is neurotrophic factor. Because bone 
marrow mesenchymal stem cells display the characteristics 
of stem cells, including multi-differentiation potential and 
strong proliferation, as well as being convenient to source, 
they are often used tissue engineering approaches (Lin et 
al., 2012; Tan et al., 2013). Bone marrow mesenchymal stem 
cells can also express phenotypic characteristics of neurons 
after specific induction, as demonstrated in several studies 
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on nerve regeneration (Jia et al., 2012; Zheng and Cui, 2012; 
Hsu et al., 2013). 

Neural tissue engineering constructs currently play a role 
in bridging, support, and nutrition after nerve injury (Koji-
ma et al., 2014). In past studies, due to its cytocompatibility 
(Feinberg and Parker, 2010), collagen has served as a tem-
plate in the design of “living” nerve conduits, which may 
promote nerve regeneration by extending across nerve gaps. 
Porous collagen scaffolds also enhance the regeneration of 
injured peripheral nerves (Soller et al., 2012). The use of 
tissue engineering technologies to repair peripheral nerve 
injury is a new treatment strategy. One important difficulty 
in creating such scaffolds for tissue engineering is the ability 
to cultivate sufficient numbers of cells to seed for growth 
in the biomaterial in vitro. Standard collagen formulations 
that are currently used as extracellular matrix can improve 
cell compatibility with different materials, but they do not 
prevent cell loss between seeding and cell adhesion to the 
scaffold. Thermosensitive collagen hydrogels are made from 
natural collagen and inorganic salts. They display many 
characteristics of normal collagen and can be crosslinked to 
form gels with increasing temperature, which may increase 
their cytocompatibility. Thus, the aim of this study was to 
determine whether thermosensitive collagen hydrogels can 
improve tissue-engineered peripheral nerve composites.

Materials and Methods
Bone marrow mesenchymal stem cell culture and 
identification
Bone marrow mesenchymal stem cells were obtained from 
eight Fischer 344 rats (male, 7 weeks of age, specific patho-
gen free, acquired from the Laboratory Animal Centre of 
Jilin University, China). Following anesthesia with a lethal 
dose of diethyl ether and under sterile conditions, the bilat-
eral femurs and tibias were separated, the bone ends were 
cut, and the bone marrow cavities were rinsed with a 5-mL 
syringe filled with Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco, New York, NY, USA). The rinse solution 
was centrifuged at 1,500 r/min at 4°C for 10 minutes, and 
the supernatant was discarded. The pelleted cells were re-
suspended in DMEM containing 10% fetal bovine serum 
(Gibco), 100 U/mL penicillin, and 100 mg/mL streptomycin. 
The cells were then incubated in a T-75 flask in an incubator 
containing 5% CO2 at 37°C with 100% humidity. After 4 
days, the first medium change was performed. Non-adherent 
cells were gently removed by the medium change. From then 
on, the medium was replaced once every 2 days until cells 
reached 80% confluency. The cultures were treated with 
trypsin-ethylenediamine tetraacetic acid solution (0.25% 
trypsin, 0.02% ethylenediamine tetraacetic acid; Sigma, 
St. Louis, MO, USA), and were then harvested and diluted 
to 1:2 per passage for further expansion (Zhang and Lv, 
2013). To identify bone marrow mesenchymal stem cells, 
80% confluent cells were induced towards osteogenesis 
for 3 weeks with osteogenic medium, which was supple-
mented with 0.1 µmol/L dexamethasone, 50 mg/L ascorbic 
acid, and 10 mmol/L beta glycerin sodium phosphate.              

Figure 1 Schematic showing the path of the dynamic cultivation 
device.
α = 70°. Red arrow: Culture medium; blue arrow: the composite.

Figure 4 Histology of the composites after dynamic culture 
(hematoxylin-eosin staining).
The poly-L-lactic acid fibers (blue arrows) were surrounded by a mem-
brane that was formed from the seeded cells and thermosensitive col-
lagen hydrogel, and seeded cells (red arrows) were found in the space 
between poly-L-lactic acid fibers on the interior of the composite. (A) 
Transverse section; (B) longitudinal section. Scale bars: 100 µm.

Figure 7 Relationship between bone marrow mesenchymal stem 
cells and the thermosensitive collagen hydrogel composite (scanning 
electron microscopy).
(A) The cross section of the composite showed that collagen fibers 
(red arrows) filled in the space between the poly-L-lactic acid fibers 
(blue arrows). (B) The longitudinal section of the composite showed 
that seeded cells (red arrows) were adhered onto the collagen and po-
ly-L-lactic acid fibers (blue arrows). Scale bars: 43 µm (A), 30 µm (B).
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Figure 2 Morphological characteristics and differentiation of cultured bone marrow mesenchymal stem cells (inverted phase contrast and 
bright-field microscopy).
(A) The primary bone marrow mesenchymal stem cells cultured for 7 days were spindle-shaped. (B) After osteogenic differentiation in vitro for 
3 weeks, calcium deposits (arrows) were detected in the cytoplasm via alizarin red staining. (C) After lipogenic differentiation, intracellular lipid 
globules (arrows) were visualized via oil red O staining. Scale bars: 50 µm.

Figure 3 Appearance of the thermosensitive collagen hydrogel composites. 
The length of the composites was 10 mm. (A) 30 minutes after pre-culture and (B–D) 3, 5, and 7 days after dynamic culture.

Figure 5 Ultrastructure of the thermosensitive collagen hydrogel composite after 7 days of culture (scanning electron microscopy).
(A) Composite with collagen I as the extracellular matrix: few cells (red arrows) attached to the poly-L-lactic acid fibers (blue arrows), and no 
membrane structure formed surrounding the surface. (B) Composite with thermosensitive collagen hydrogel as the extracellular matrix (dynamic 
culture group): cells on the surface exhibited spindle shape and were arranged along the longitudinal axis. (C) Composite with thermosensitive 
collagen hydrogel as the extracellular matrix (static culture group): cells on the surface were extended into a flat shape. Scale bars: (A) 30 µm; (B, C) 
60 µm.
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Adipogenic induction was also performed for 3 weeks using 
an adipogenic medium that included 0.25 µmol/L dexa-
methasone, 50 µmol/L indomethacin, 0.5 mmol/L 3-isobu-
tyl-methyl xanthine, and 10 mg/L insulin. The effects of the 
osteogenic and adipogenic induction were observed with 
separate alizarin red and oil red O staining (Gambardella et 
al., 2011; James, 2013; Kollmer et al., 2013; El-Mahgoub et 
al., 2014).

Poly-L-lactic acid scaffolds
The diameter of the poly-L-lactic acid scaffold materials 
(Ai-medic Co. Ltd., Tokyo, Japan) was 3.0 mm, woven from 
poly-L-lactic acid fibers with 10 µm diameter. The rupture 
strength was 366 N under a pulling speed of 100 mm/min. 
The surface of the scaffolds was first treated with 70% al-
cohol, which was then replaced with DMEM to make them 
hydrophilic.

Thermosensitive collagen hydrogel preparation
The thermosensitive collagen gel culture kit (Nitta-gelatin 
Co. Ltd., Osaka, Japan) consisted of Cellmatrix Type I-A 
that was prepared from pig collagen type I, NaHCO3-free 
10 × concentrated DMEM, and restructured buffer that 
consisted of 260 mmol/L NaHCO3, 50 mmol/L NaOH, and 
200 mmol/L hydroxyethyl piperazine ethanesulfonic acid. 
The thermosensitive collagen hydrogel was mixed together 
on ice at a constituent ratio of 8 parts Cellmatrix Type I- 
A to 1 part NaHCO3-free concentrated DMEM to 1 part 
restructured buffer. The thermosensitive collagen hydrogel 
remained as a liquid when kept at temperatures below 10°C 
and gelled when the temperature was increased to 37°C in an 
incubator for 30 minutes. In the control group, the thermo-
sensitive collagen hydrogel was replaced with 10 × concen-
trated DMEM diluted 10-fold with collagen type I.

Construction of composite in vitro
Mesenchymal stem cells were suspended in thermosensitive 
collagen hydrogel solution at a cell density of 1 × 106/mL, 
while keeping the solution on ice. A total of 0.2 mL of the 
bone marrow mesenchymal stem cell suspension was inject-
ed slowly into the poly-L-lactic acid scaffolds placed in 96-
well plates with a 24G syringe. The plate was placed in an in-
cubator for gelation at 37°C for 30 minutes. The composites 
were removed and placed in T-25 flasks for dynamic or static 
culture. Scaffolds made from normal type I collagen instead 
of thermosensitive collagen hydrogel served as controls.

Dynamic culture
An oscillating device (Strex, Osaka, Japan) was used to gen-
erate swing through a specific angle (α), which was set as 
70°, and half (35°) occurred above and half below the hori-
zontal plane (Figure 1) at an oscillating frequency of 0.5 Hz. 
The culture flask was fixed on the plate, and the composite 
was allowed to roll within the flask from end to end with the 
gravitational flow of the medium. The medium was changed 
every day. For static culture, the flask was placed horizontally 
without any movement.

Morphology of the tissue-engineered peripheral nerve 
observed by hematoxylin-eosin staining
The composites were fixed in 1% glutaraldehyde in 0.1 mol/L 
PBS for 12 hours, dehydrated in a graded ethanol series, and 
embedded in paraffin. For light microscopy (Olympus, To-
kyo, Japan), serial sections 1 µm thick were cut and stained 
with hematoxylin-eosin.

Ultrastructure of the tissue-engineered peripheral nerve 
observed by scanning electron microscopy
The morphology of the composites was evaluated using 
scanning electron microscopy on the surface and longitu-
dinal and transverse cross-sections. The composites were 
cut along the longitudinal or transverse axis with a scalpel, 
hydrated in sterile PBS, dried in a critical point dryer, sput-
ter-coated with gold, and then observed with a scanning 
electron microscope (Hitachi S-800, Tokyo, Japan) (Scott et 
al., 2011).

Total DNA quantification to assess cell proliferation
To quantify total DNA content, the composites were cut into 
1 mm × 1 mm pieces, and these fragments were treated in 
an Ultrasonic Cell Crusher (Sonics VCX800, Newtown, CT, 
USA). Cell proliferation was quantified by measuring the 
DNA concentration with a DNA/RNA extraction kit (Wako, 
Osaka, Japan) according to the manufacturer’s protocol. The 
lysis solution was centrifuged at 1,000 r/min for 5 minutes, 
and the supernatant was collected for DNA quantification 
by measuring the absorbance at 260 nm with an ultraviolet 
spectrophotometer (Shimadzu, Kyoto, Japan). The DNA 
concentration was normalized to the initial number of bone 
marrow mesenchymal stem cells (Lundborg; Gu et al., 2014).

Statistical analysis
All data were expressed as mean ± SD. Data were analyzed 
using normal distribution tests and tests of homogeneity 
of variance between groups with SPSS 17.0 software (SPSS, 
Chicago, IL, USA). Comparisons between two groups were 
performed using one-way analysis of variance followed by 
Student-Newman-Keuls test. Values of P < 0.05 were consid-
ered statistically significant.

Results
Culture and identification of bone marrow mesenchymal 
stem cells
After seeding bone marrow cells into the flasks, many round 
cells were found adhered to the bottom after 24 hours. The 
adherent, fusiform-shaped bone marrow mesenchymal stem 
cells were isolated from the non-adherent hematopoietic 
cells, which were removed with the medium changes. Small 
cell clusters were found starting at 3 days after culture, and 
the number of clusters increased, they fused, and become 
gradually confluent with cell proliferation over 7–10 days 
(Figure 2A). To demonstrate the differentiation potential of 
the bone marrow mesenchymal stem cells, osteogenic and 
adipogenic inductions were performed over 3 weeks. The re-
sults of osteogenic induction via alizarin red staining showed 
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red calcium deposits in the cytoplasm (Figure 2B), and lip-
id-laden adipocyte phenotype were found after adipogenic 
induction via oil red O staining (Figure 2C).

Morphological changes of the composite material
After pre-culture (30 minutes), the thermosensitive collagen 
hydrogel cell suspension solidified into a gel (Figure 3A). 
During culture, the thermosensitive collagen hydrogel grad-
ually contracted, surrounding the poly-L-lactic acid scaffold 
(Figure 3B–D).

Hematoxylin-eosin staining results of the composite 
showed that the poly-L-lactic acid scaffolds were surrounded 
by a membrane formed by the seeded cells and thermosensi-
tive collagen hydrogel, and the seeded cells were also seen in 
the space between poly-L-lactic acid fibers on the interior of 
the composite at 7 days after culture (Figure 4).

Ultrastructure of tissue-engineered peripheral nerve
Scanning electron microscopy revealed that in the composite 
constructed with collagen type I, few cells attached to the 
poly-L-lactic acid and no membrane structure formed on 
the surface (Figure 5A). In the composite constructed with 
the thermosensitive collagen hydrogel, the cells on the sur-
face were spindle-shaped. They were arranged among the 
longitudinal axis of the composite after dynamic cultivation 
(Figure 5B), and the cells were extended into a flat shape af-
ter static culture (Figure 5C).

After dynamic culture, a membrane structure formed from 
the thermosensitive collagen hydrogel and seeded cells sur-
rounded the composite (Figure 6A). The cells were arranged 
as spindles close together on the surface (Figure 6B), and 
their activity was seen by the large number of villis formed 
on their surfaces (Figure 6C).

Seeded cells had adhered to the collagen and poly-L-lactic 
acid fibers (Figure 7A), and the collagen fibers filled in the 
space around the poly-L-lactic acid fibers (Figure 7B).

Change of cell proliferation in tissue-engineered 
peripheral nerve composite
The total DNA content of the composites formed with the 
thermosensitive collagen hydrogel was significantly higher 
than that in normal collagen I composites at both 30 min-
utes and 24 hours after seeding (P < 0.01; Figure 8A). The 
total DNA content of the composites under dynamic cultiva-
tion was higher than that in the composites under static cul-
ture (P < 0.05). The total DNA content at 7 days after culture 
was higher than the control (0 day) in both of the groups              
(P < 0.05; Figure 8B).

Discussion
Tissue engineering techniques have been recently used to 
construct composite conduits in vitro for promoting the 
functional recovery of peripheral nerve defects (Konofaos 
and Ver Halen, 2013). Biodegradable materials seeded with 
cells that have neural differentiation potential and neuro-
trophic factors are considered to be essential components for 
tissue-engineered nerve regeneration (Marquardt and Saki-

yama-Elbert, 2013; Quigley et al., 2013; Salgado et al., 2013; 
Saracino et al., 2013). A classical method of tissue engineer-
ing was used in the present study, and peripheral nerve-like 
composites were constructed in vitro using a thermosensitive 
collagen hydrogel combined with poly-L-lactic acid scaffolds 
as the extracellular matrix and bone marrow mesenchymal 
stem cells as the cell source. The main objective in this study 
was to determine the effect of the thermosensitive collagen 
hydrogel on the seeding efficiency by morphological ob-
servation and analysis of total DNA content. The seeding 
efficiency was improved from 35% to 85% with the ther-
mosensitive collagen hydrogel, avoiding most cell loss. The 
number of adhered cells may play a very important role in 
the construction of tissue-engineered peripheral nerve (Liu 
et al., 2013; Qi et al., 2013; Zhang and Lv, 2013).

Collagen, as a natural material, has many advantages in 
tissue engineering applications. Combining collagen and 
poly-L-lactic acid (or other biodegradable materials), we can 
obtain a composite with good biocompatibility and mechan-
ical strength (Feinberg and Parker, 2010; Soller et al., 2012; 
Hwang et al., 2013). Many natural macromolecules and 
synthetic polymers/monomers can be made into thermore-
sponsive hydrogels (Hsu et al., 2013). Such materials have 
been extensively used for drug delivery studies (Hoshi et al., 
2000; Feinberg and Parker, 2010; Gong et al., 2013). Collagen 
has also been used to prepare thermoresponsive hydrogels 
for use in three-dimensional cell culture (embedded cell 
culture) and tissue engineering studies (Ding et al., 2012; 
Qi et al., 2013). The thermosensitive collagen hydrogel used 
in this study was derived from collagen type I, which is the 
most widely distributed and important protein in the body. 
Its most representative characteristic is that it undergoes a 
phase separation in response to temperature change, gelling 
above its lower critical solution temperature (Oh et al., 2008; 
Ji et al., 2010; Xu et al., 2011). Thermosensitive collagen hy-
drogel solutions can be the diluted to obtain an injectable 
cell suspension, and the porous network and high water 
content formed upon gelation promotes cell metabolism in 
composites (Johnson et al., 2005; Chung et al., 2011).

The benefits of using the thermosensitive collagen hydro-
gel in this study were that it retained the most seeded cells, 
limited migration of the cells, maintained the seeded cells in 
the scaffolds, reduced cell loss during culture, and avoided 
the need for cells to grow into the scaffolds. Using the ther-
mosensitive collagen hydrogel, we created a composite with 
high cell density at the initial stage of culture, and the com-
posite contracted during culture. The contractile properties 
of the composite may be associated with the concentration 
of collagen and the cell number, as well as with any associ-
ated fibroblasts (Ding et al., 2012; Hwang et al., 2013). To 
achieve composite contraction, a certain number of fibro-
blasts may be needed among the seeded cells, and such cells 
may be useful in constructing tissue-engineered peripheral 
nerves in vitro.

The use of a bioreactor can promote the growth of cells 
in three-dimensional materials and can increase the in vitro 
biological activity of tissue-engineered composite (Sun et al., 
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2008; Valmikinathan et al., 2011). 
Hydromechanical stimulation, generated using an oscillat-

ing device, can provide a better environment for cell surviv-
al, promote adhesion of seeded cells to biological materials, 
and increase the cellular biological activities in the  three-di-
mensional composite structure (Sun et al., 2008). The results 
from this study indicate that compared with static plate 
culture, dynamic plate culture can improve the environment 
for cell adhesion and growth, as shown by the total DNA 
content increase. Cell alignment is thought to play a critical 
role in various cell behaviors and in tissue regeneration (Li 
et al., 2013), and also exists in native nerve tissues. During 

axonal regeneration, neural cells spontaneously orient paral-
lel to aligned Schwann cells in injured peripheral (Guenard 
et al., 1992) and central (Brook et al., 1998) nerves in vivo. 
The transplantation of nerve conduits seeded with aligned 
Schwann cells has also been used to promote nerve regener-
ation (Lietz et al., 2006; Laulicht et al., 2011), which is largely 
caused by the improved rate and extent of neurite elonga-
tion when cultured on aligned Schwann cells (Miller et al., 
2001; Lietz et al., 2006). The morphological observations in 
the present study showed that mesenchymal stem cells were 
arranged in parallel and had formed a membrane structure 
on the surface of the composite by 7 days after culture in the 

Figure 6 Surface characteristics of the thermosensitive collagen hydrogel composite after 7 days of dynamic culture (scanning electron 
microscopy).
(A) Membrane structures formed by the thermosensitive collagen hydrogel and seeded cells surrounded the composite. Blue arrows: Poly-L-lactic 
acid fibers; red arrows: membrane structure. (B) Cells were arranged as spindles close together on the surface. (C) The many cell surface villi indi-
cated cellular activity (blue arrow). Scale bars: (A) 60 µm; (B) 30 µm; (C) 10 µm.

Figure 8 Cell proliferation in the tissue-engineered peripheral nerve composites.
The DNA content of cells was used to identify cell proliferation. The initial cell seeding density was 1 × 106/mL for the various conditions. (A) 
Cell proliferation in peripheral nerve composites constructed with collagen type I and with the thermosensitive collagen hydrogel (TCH). (B) The 
effects of dynamic versus static culture on DNA content in the composites. Data are expressed as mean ± SD. A comparison of the two groups was 
performed using the Student-Newman-Keuls method for analysis of variance if the data had a normal distribution and homogeneous variance.    
*P < 0.01, vs. composite with collagen type I; #P < 0.05, vs. static culture; †P < 0.05, vs. before culture.
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dynamic cultivation system. This organization may be useful 
for peripheral nerve tissue engineering.

Because the main objective in the first stage of this study 
was the construction and morphological examination of a 
tissue-engineered composite in vitro, no neural inducing 
factors such as neurotrophic factors were used on the bone 
marrow mesenchymal stem cells to promote neural cell dif-
ferentiation. No neurologic functional assessments of the 
composites were performed either. These analyses will be 
conducted in the next step of this project. By using a ther-
mosensitive collagen hydrogel as the extracellular matrix, the 
seeded cells remained in the tissue-engineered composite 
with sufficient cell numbers and a uniform distribution, 
avoiding the typical cell loss after seeding. This thermosensi-
tive collagen hydrogel may be widely applicable as an extra-
cellular matrix for the construction of peripheral nerves or 
any other in vitro tissue-engineered composite. The oscillat-
ing culture device provided a dynamic culture environment 
that promoted cell proliferation, alignment, and increased 
cell biological activity.
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