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rogenic differentiation of human
mesenchymal stems cells on citric acid-modified
chitosan hydrogel for tracheal cartilage
regeneration applications

Hao Chen,†a Hao Wang,†a Biyun Li,†b Bei Feng,ac Xiaomin He,ac Wei Fu,ac

Huihua Yuan *b and Zhiwei Xu*ac

Congenital tracheal stenosis in infants and children is a worldwide clinical problem. Tissue engineering is

a promising method for correcting long segmental tracheal defects. Nonetheless, the lack of desirable

scaffolds always limits the development and applications of tissue engineering in clinical practice. In this

study, a citric-acid-functionalized chitosan (CC) hydrogel was fabricated by a freeze–thaw method.

Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) confirmed that citric acid was

successfully attached to the chitosan hydrogel. Scanning electron microscopy (SEM) images and

compression tests showed that the CC hydrogel had an interconnected porous structure and better wet

mechanical properties. Using morphological and proliferation analyses, cell biocompatibility of the CC

hydrogel was shown by culturing human mesenchymal stem cells (hMSCs) on it. Specific expression of

cartilage-related markers was analyzed by real-time polymerase chain reaction and western blotting. The

expression of chondrocytic markers was strongly upregulated in the culture on the CC hydrogel.

Hematoxylin and eosin staining revealed that the cells had the characteristic shape of chondrocytes and

clustered into the CC hydrogel. Both Alcian blue staining and a sulfated glycosaminoglycan (sGAG) assay

indicated that the CC hydrogel promoted the expression of glycosaminoglycans (GAGs). In a nutshell,

these results suggested that the CC hydrogel enhanced chondrogenic differentiation of hMSCs. Thus,

the newly developed CC hydrogel may be a promising tissue-engineered scaffold for tracheal cartilage

regeneration.
1. Introduction

Congenital tracheal stenosis in infants and children, usually
caused by local tracheal cartilage dysplasia, is one of the most
challenging subjects in the eld of tracheal medicine. Nowa-
days, the common treatment of tracheal stenosis is tracheal
resection and end-to-end anastomosis. In contrast, if the
tracheal defects are long circumferential (>50% of total tracheal
length in adults and �30% in children), clinicians may need to
use tracheal gra reconstruction with suitable biofunctions.1

The use of allogras, autogras, and synthetic materials is
limited due to the lack of healthy donors, the risk of immune
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rejection, and poor biocompatibility, respectively.2 Lately, the
use of tissue-engineered tracheal gras (a cellular or acellular
gra) is a promising method for treatment of tracheal stenosis
because of biological structures and functions similar to those
of a native trachea.3 In this regard, both synthetic and natural
biomaterials have been employed with various results to select
the most appropriate tracheal substitute. Compared with
synthetic biomaterials, natural biomaterials are more accept-
able because of their well-established biocompatibility and
biofunctional properties.4

Chitosan (CTS), a natural cationic polysaccharide, is regar-
ded as the most promising biomaterial for tissue-engineered
scaffolds and tissue repair.2 CTS has been shown to possess
several excellent properties such as nontoxicity, stability,
biodegradability, and biocompatibility, in addition to being
inexpensive compared with other biomaterials.5,6 Furthermore,
CTS hydrogels have been used as cartilage tissue-engineered
scaffolds because of their physical three-dimensional (3D)
network and chemical structure similar to those of glycosami-
noglycans (GAGs) of cartilage.7,8 Nonetheless, a CTS hydrogel
has limited mechanical strength, with compressive modulus in
This journal is © The Royal Society of Chemistry 2018
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the range of 5.2–520 kPa.9–13 Therefore, it is difficult to use a CTS
hydrogel by itself for medical applications, especially as
a tracheal cartilage scaffold material. To enhance mechanical
properties of CTS-based scaffolds, extensive efforts have been
made, such as altering the properties of a CTS solution
(concentration, pH, or a solvent system),14–16 addition of rein-
forcement agents or another synthetic or natural polymer, or
chemical cross-linking treatment.17–24 Nevertheless, most of
these improved CTS scaffolds always have drawbacks, such as
the presence of toxic chemicals25 and/or limited controllability
of structure and properties, which may be undesirable for an
expected application.

Citric acid is a kind of ternary organic carboxylic acid that
is part of in the Krebs cycle and is used in many elds, such as
food, cleaning, and medical products.26 Some studies on
citric acid as a nontoxic cross-linker for CTS have also shown
promising results for woolen fabrics,27 in situ bone regener-
ation,28 and healing of osteochondral defects.29 A citric-acid-
modied CTS lm may promote biomineralization for bone
tissue engineering.30 Thus, citric acid plays a key role in these
CTS-based biomaterials. On the other hand, these CTS-based
biomaterials have not been used in tracheal tissue engi-
neering. This study was aimed at producing a citric-acid-
functionalized CTS (CC) hydrogel by the freeze-thawing
technique, and we used citric acid as a bioactive molecule
to enhance mechanical strength and biocompatibility of CTS
for tracheal tissue engineering. Aer evaluating the
mechanical properties of CC hydrogels and examining their
biological properties, we concluded that CC hydrogels could
be applied to induce human mesenchymal stems cells
(hMSCs) to differentiate into chondrocytes for tracheal
cartilage repair.
2. Experimental section
2.1 Materials

CTS ($95% deacetylated) was acquired from Aladdin
(Shanghai, China). Acetic acid, citric acid, and sodium
hydroxide (NaOH) were all supplied by Sinopharm Chemicals
(Shanghai, China). hMSCs (bone marrow, SCSP-405) were
kindly provided by Stem Cell Bank, Chinese Academy of
Sciences (Shanghai, China). All these chemicals were used as
received without further purication.
2.2 Preparation of the CC hydrogels

First, CTS was dissolved in a 3% (w/v) acetic acid solution
overnight to make CC solutions at the dened concentrations of
2 wt%. Then, 0.3 wt% citric acid was added to the solution.
Next, 10 mL of each solution was poured into a template and
frozen at�20 �C. Aer 12 h, the gels were thawed in 0.5MNaOH
solutions at room temperature to form CC hydrogels. Aer
thawing, the CC hydrogels were immediately washed with
deionized water until pH became neutral. As a control, a 2 wt%
CTS hydrogel without modication was produced via a similar
process.
This journal is © The Royal Society of Chemistry 2018
2.3 Characterization of the CC hydrogels

Fourier transform infrared spectroscopy (FTIR) spectra of citric
acid, CTS, and CC were obtained using a Tensor 27 FTIR spec-
trometer (Bruker, Germany) in the wavelength range of 500–
4000 cm�1 at a scanning resolution of 4 cm�1.

An X-ray diffractometer (D/Max-2550 PC, Rigaku, Japan) was
used to determine the X-ray diffraction (XRD) pattern of citric
acid, CTS, and CC with Cu Ka radiation in the 2q¼ 5–60� range.

The morphology of the CC hydrogel samples was examined
by scanning electron microscopy (SEM, TM-1000 Hitachi) at an
accelerating voltage of 15 kV, and the pore size of the samples
was measured by analysis of the SEM micrographs in ve
different areas in the ImageJ soware. Porosity (3) of the
synthesized cryogels was determined according to the following
equation: 3 ¼ (1 � r/r0) � 100%, where r is the bulk polymer
density, and r0 is the density of the polymer scaffolds.

Compression tests were carried out on CTS and CC hydro-
gels. The height of cylindrical samples was 5 mm, and their
diameter was 13 mm. All the samples were saturated with
phosphate-buffered saline (PBS) and were employed for con-
ducting compression tests. Uniaxial stress was applied directly
to the cylindrical cryogel samples by means of a Materials
Testing System AGS-500ND (Japan) with a 50 N load cell under
displacement control at the rate of 1 mm min�1. Cyclic
compression was measured until axial strain reached 60% with
20 cycles. Recovery measurements were performed in PBS, and
the constructs were allowed to recover for 1 min aer every
cycle.31 Other parameters were consistent with the unconned
compression test parameters.
2.4 Flow-cytometric analysis

First, hMSCs were cultured in Dulbecco's Modied Eagle's
Medium (DMEM) mixed with 10% of fetal bovine serum (FBS)
and 1% of a streptomycin–penicillin antibiotic solution. Then,
hMSCs were trypsinized and resuspended in icy PBS containing
0.1% of sodium azide and 1% of bovine serum albumin (Sigma-
Aldrich). The cells (106) were incubated with antibodies specic
to human cell surface antigens CD73, CD90, CD105, CD34, and
CD45 (BD Biosciences) for 30 min at 4 �C. The samples were
analyzed by ow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA).
2.5 Multipotent differentiation

As previously described, the multilineage differentiation
potential of hMSCs in terms of osteogenesis, adipogenesis, and
chondrogenesis was investigated.32 Briey, hMSCs were
cultured at a density of 5 � 103 cells per cm2 in low-glucose
DMEM with 10% FBS, 10 mM b-glycerophosphate, 50 mg
mL�1

L-ascorbic acid 2-phosphate, 0.1 mM dexamethasone
(Sigma-Aldrich), and antibiotics for osteogenesis. The cells were
xed with 60% isopropanol and stained with Alizarin Red
(Rowley Biochemistry, Danvers, MA, USA) for 21 days. hMSCs
were induced to differentiate at a density of 104 cells per cm2 in
high-glucose DMEM with 10% FBS, 1 mM dexamethasone,
0.5 mM 3-isobutyl-1-methylxanthine, 1 mg mL�1 insulin
RSC Adv., 2018, 8, 16910–16917 | 16911
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Table 1 Primer sequences for quantitative RT-PCR analysisa

Gene name Accession number Primer sequences (50 to 30)

GAPDH NM_002046.3 F: CTCTCTGCTCCTCCTGTTCG
R: TTAAAAGCAGCCCTGGTGAC

SOX9 NM_000346.3 F: TAAAGGCAACTCGTACCCAA
R: ATTCTCCATCATCCTCCACG

COL2 NM_001844.4 F: CCTCTGCGACGACATAATCT
R: CTCCTTTCTGTCCCTTTGGT

AGN NM_013227.2 F: CACGATGCCTTTCACCACGAC
R: TGCGGGTCAACAGTGCCTATC

a Forward and reverse primers are indicated as “F” and “R”, respectively.
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(Sigma-Aldrich), and antibiotics for adipogenesis. The cells
were xed with 4% formaldehyde and stained with Oil Red O
(Sigma-Aldrich) for 21 days. hMSCs (2.5 � 105) were centrifuged
at 600� g for 5 min and induced to differentiate in high-glucose
DMEM with 1% ITS5 Premix (BD Biosciences), 0.9 mM sodium
pyruvate (Sigma), 50 mg mL�1

L-ascorbic acid 2-phosphate,
10�7 M dexamethasone, 40 mg mL�1

L-proline (Fluka Analyt-
ical), and 10 ng mL�1 transforming growth factor beta 1 (TGF-
B1; Peprotech Rocky Hill, NJ, USA) for chondrogenesis. The
cell pellets were harvested on day 21, xed with 4% formalde-
hyde, embedded in paraffin, and sectioned. The slices were
deparaffinized, rehydrated, and stained with Alcian Blue
(Polysciences).

2.6 Cell seeding

CC hydrogels (100 mL of a solution) were prepared in a 24-well
plate. The resultant hydrogels were balanced with a cell culture
medium. hMSCs resuspended in the medium were seeded onto
the CC hydrogels in the presence of DMEM supplemented with
10% of FBS and 1% of the streptomycin–penicillin antibiotic
solution (2.0 � 106 cells per well).

2.7 Cell morphology

Cell morphology was examined by SEM aer 7 days of culture.
Briey, aer the medium in 24-well plates was removed, and the
cells were washed with PBS three times, the cell-scaffold
constructs were xed in 500 mL of 2.5% glutaraldehyde for 4 h
at room temperature. Aer three washes with PBS, the
constructs were further dehydrated in a graded series of alcohol
solutions and dried overnight. Finally, the treated samples were
sputter-coated with gold and platinum for SEM.

2.8 A cell proliferation assay

Cell proliferation was tested by a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay at the pre-
determined culturing time points of 1, 4, and 7 days according
to the manufacturer's instructions. Briey, the cells were
washed with PBS three times, and then 50 mL (5 mg mL�1) of
MTT was added into each well and incubated for 4 h. Aer that,
400 mL of DMSO (Sigma) was added into each well to dissolve
the purple MTT formazan crystals for 15 min on a stirrer.
Finally, the solutions were transferred to a 96-well plate to test
optical density (OD) at 490 nm on a microplate reader (MK3,
Thermo, USA).

2.9 The chondrogenic differentiation of MSCs on a CC
hydrogel

To detect the chondrogenic differentiation of MSCs cultured on
a CC hydrogel, the mRNA expression of hyaline cartilage-
specic markers such as SOX9, type 2 collagen (COL2), and
aggrecan (AGN) was examined by quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) aer 7
days or 21 days of culture. Briey, total RNA was rst isolated
using the TRIzol Reagent (Invitrogen, Carlsbad, CA). Then, rst-
strand cDNA was reverse-transcribed with the High Capacity
16912 | RSC Adv., 2018, 8, 16910–16917
cDNA Reverse Transcription Kit (Applied Biosystems, USA).
Finally, RT-qPCR was performed using the SYBR Green Reagent
Kit (Tiangen, Beijing, China) and an Applied Biosystems 7300
System (Applied Biosystems, USA). All primer sequences are
listed in Table 1. The relative mRNA quantication of each gene
was carried out by the 2�DDCt method, and data were normalized
to control gene GAPDH.

The expression of chondrogenic markers, such as SOX-9,
COL2, and AGN, was also detected by western blot analysis.
hMSCs were lysed in RIPA buffer (Sigma-Aldrich, USA). Next, 20
mg of protein was loaded onto the 10% polyacrylamide gels (Bio-
Rad, USA) for electrophoresis and then transferred to a poly-
vinylidene uoride membrane (Bio-Rad, USA). Western blotting
was performed with the following primary antibodies: an anti-
SOX9 antibody (Abcam Cambridge, UK), anti-collagen Type II
(Millipore Corp., USA), anti-aggrecan (Abcam, Cambridge, UK),
and an anti-GAPDH antibody (Abcam), with a horseradish
peroxidase-conjugated goat anti-mouse IgG antibody (Abcam)
as the secondary antibody. The immuno-detected protein bands
on the membrane were visualized using a ChemiDoc™ MP
System (Bio-Rad, USA).

Twenty-one days later, cell-scaffold constructs were har-
vested for histological analysis. Aer that, the samples were
xed in 4% paraformaldehyde, dehydrated in an alcohol series,
soaked with xylene, and embedded in paraffin. The samples
were then cut into slices of 8 mm on a microtome. The slices
were deparaffinized, rehydrated, and stained for hematoxylin &
eosin (H&E) and Alcian Blue.

Cell-scaffold constructs aer 21 day culture were digested
in a papain (Sigma-Aldrich) solution at 60 �C for 20 h. Total
sulfated glycosaminoglycan (sGAG) was then quantied
through a reaction with 1,9-dimethylmethylene blue by means
of the Blyscan Glycosaminoglycan Assay Kit (Biocolor, UK).
The results were normalized to the total DNA amount, which
was determined separately by the PicoGreen Assay
(Invitrogen).
2.10 Statistical analysis

All the values were expressed as the mean� standard error of at
least three samples. Statistical analysis was performed by
unpaired Student's t test. Data with P < 0.05 were considered
statistically signicant.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra00808f


Fig. 1 FTIR spectra (A) and XRD (B) of citric acid, CTS and CC.
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3. Results and discussion
3.1 FTIR spectroscopy and XRD analysis

Fig. 1A shows the FTIR spectra of citric acid, CTS, and CC. In the
CTS FTIR spectrum, characteristic bands of CTS were observed
at 1658 cm�1 (amide I) and 1585 cm�1 (–NH2 bending),33,34 but
the amide III band at 1310 cm�1 was very weak. For CC, the peak
intensities of –COOH in citric acid and unreacted amino groups
at 1585 cm�1 both decreased. Meanwhile, a new peak at
1549 cm�1 (amide II) appeared, and an amide III band at
�1310 cm�1 increased, indicating formation of an amide bond.
Moreover, the stretching vibration of C]O from the ester bond
(at �1730 cm�1) was not found, which implied that –COOH in
citric acid did not react with –OH in CTS, and it can be proposed
that the fundamental reaction is mostly amidation: a reaction
between the carboxyl in citric acid and the amino groups in CTS
chains.35

The XRDmethod determines a material's crystal structure by
measuring the position and intensity of its crystal diffraction
peaks. XRD patterns of citric acid, CTS, and CC are illustrated in
Fig. 1B. For CTS, this analysis clearly showed that a weak
diffraction peak of 10.9�(020) and an intense diffraction peak of
20.1�(100) are caused by the crystallinity of CTS.36 For CC,
intensity of the peaks at 10.9� and 20.1� decreased due to the
Fig. 2 SEM images of the CTS hydrogel (A) and CC hydrogel (B).

This journal is © The Royal Society of Chemistry 2018
modication with citric acid. A new peak around 15.4� appeared
in the curve of CC. This peak was caused by citric acid in CC.

Collectively, the FTIR and XRD results indicated that CTS
was successfully modied with citric acid. The gelling mecha-
nism implied that the partially unreacted carboxyl groups of CC
reacted with NaOH and formed sodium citrate, which repre-
sents a multivalent anion and immediately induces ionic cross-
linking of CC, thus forming a gel.29,37
3.2 Morphological analysis

For tissue engineering, a highly porous structure with inter-
connectivity that maintains good nutrient ow and metabolic
exchange is necessary for a scaffold to ensure cell proliferation
and growth. The preparation of CTS and CC hydrogels by the
freezing–thawing method is a general technology for prepara-
tion of porous materials using ice formwork. The synthesized
hydrogel had enough structural strength to support its weight,
and a continuous porous gel skeleton could be observed in
a cross-sectional SEM micrograph of the hydrogel. The CTS
hydrogel clearly showed shriveled pore morphology (Fig. 2A)
and lower porosity (80.5% � 0.9%). In contrast, the CC hydro-
gels manifested pore morphology (Fig. 2B) and greater porosity
(89.2% � 1.3%). It is noteworthy that the pore wall of CC was
RSC Adv., 2018, 8, 16910–16917 | 16913
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stronger than that of CTS, thus leading to higher mechanical
strength as well as improved structural integrity. Although there
were noticeable differences in pore morphology and porosity
between CTS and CC hydrogels, all pore sizes were assumed to
be appropriate for chondrocyte growth.38 Therefore, the
freezing–thawing method can be easily used for preparation of
uniform porous scaffold materials for trachea tissue engi-
neering applications.
3.3 Mechanical properties

Hydrogels for regeneration of tracheae should have sufficient
mechanical strength at the site of application to maintain
structural integrity. Unconned compression tests were per-
formed to generate experimental stress–strain data on the CTS
and CC hydrogels, and assays were also performed to calculate
their elastic modulus. CC hydrogels showed elastic behavior up
to �60% compression. Thereaer, the sharp increase in stress
suggested that the stress was transferred from the hydrogels to
the xture. There was an interesting feature of CC hydrogels:
they could be compressed up to 80% of their original length.
The CTS hydrogels showed much worse compression mechan-
ical properties (Fig. 3A). Elastic modulus of CC hydrogels
measured at 30% compression (0.5 � 0.17 MPa) is �9-fold
higher than that of CTS hydrogels (0.05 � 0.02 MPa; Fig. 3B).
Because of cross-linking with citric acid, CC hydrogels man-
ifested mechanical characteristics closer to those of the human
trachea (8.76 to 16.92 MPa).39 The recovery of CTS and CC
Fig. 3 Compressive stress–strain behavior of the CTS and CC hydrogels
The stress–strain curves of the first and last of 20 cycles of 60% compress

16914 | RSC Adv., 2018, 8, 16910–16917
hydrogels aer repetitive axial compression was also measured.
CTC showed an obvious resistance decline and inability to
restore the initial height (Fig. 3C). By contrast, CC hydrogels
fully recovered aer 20 cycles of repetitive 60% axial strain
(Fig. 3D). The above results provide us with a comprehensive
understanding of this new family of biodegradable elastic high-
strength hydrogels. The CC hydrogels hold promise as scaffold
materials for tracheal tissue engineering.
3.4 In vitro cell adhesion and proliferation assays

To show that CC hydrogels have the potential to serve as
a scaffold for tracheal tissue, we initially chose hMSCs cultured
on the CC hydrogels to test the material for cell adhesion and
growth. First, the expression of cell surface antigens was
analyzed by ow cytometry. The results revealed that the cells
positive for mesenchymal makers CD73, CD90, and CD105
reached a proportion up to 99.9%, 99.8%, and 99.6%, respec-
tively; whereas cells negative for a pan leukocyte marker (CD45)
were scarce: 0.7% (Fig. 4A). Furthermore, we induced the cells to
undergo osteo-, chondro-, and adipogenic differentiation to
evaluate their multipotency. Alizarin red, Alcian blue, and Oil
red O staining indicated that the cells were able to differentiate
into osteo-, chondro-, and adipogenic lineages aer 21 days of
induction, respectively (Fig. 4B). Collectively, these character-
ization results suggested that we successfully isolated and
maintained MSCs that were capable of multilineage differenti-
ation. Fig. 5A and B revealed good adherence and growth of
(A), the corresponding compression modulus at 30% deformation (B).
ion are shown for (C) CTS hydrogel, (D) CC hydrogel. **p < 0.01, n ¼ 5.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Characterization of hMSCs surface antigens using flow cytometry (A) and multilineage differentiation (osteo-, chondro-, and adipo-
genesis) of hMSCs induced for 21 days were analyzed by the staining of Alizarin Red, Alcian Blue, and Oil Red O, respectively (B). Scale bar: 200
mm.
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hMSCs on the CTS and CC hydrogel matrix. The CTS-based
hydrogel scaffolds were able to provide an excellent microen-
vironment with interconnected pores for hMSCs to grow,
especially the CC hydrogel, suggesting that the cells might have
recognized the bioactive nature of CC and as a result adhered
well; this nding revealed that the pores of the CC hydrogel
appear to be large enough to allow cells to migrate into the
pores of the hydrogel matrix and to enable effective mass
transport and nutrient supply, which are essential for effective
cell growth.40,41 Moreover, cells on the CC hydrogel showed the
characteristic shape of chondrocytes. Thus, the above results all
indicate that the CC hydrogel provides a native like environ-
ment for chondrocyte growth.

The growth and proliferation of hMSCs in CC hydrogels was
also examined at predetermined time points by the MTT assay.
The biocompatibility of the CC hydrogels was compared with
that of the CTS hydrogel. Moreover, the CC hydrogels
Fig. 5 SEM images of hMSCs cells grown in CTS (A) and CC (B) hydrogel
(*p < 0.5, n ¼ 3).

This journal is © The Royal Society of Chemistry 2018
manifested the capacity for increasing cellular metabolic
activity of hMSCs as time goes on, as shown in Fig. 5C. An
increase in the cell metabolic activity as measured by the MTT
assay indicates good cell adhesion and proliferation in the CC
hydrogels. The cell growth rate in the CC hydrogels suggested
their good potential for lengthy tracheal healing applications to
enable generation of the new tissue.

3.5 The chondrogenic differentiation of MSCs cultured on
scaffolds

To investigate the ability of the CC hydrogel to promote hMSC
chondrogenesis, hMSCs were cultured on the CTS hydrogel as
a control. Several studies have indicated that CTS-based scaf-
folds are effective at preserving the phenotype of chondrocytes
and their ability to synthesize collagen II and GAG.42,43 To
quantify the mRNA expression of cartilage-related markers, we
conducted qRT-PCR to analyze the hMSCs in CTS or CC
at 7 days of the culture. (C) Proliferation of hMSCs on the CC hydrogel.
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Fig. 6 Analysis of the chondrogenic capacity of hMSCs cultured on CTS and CC hydrogel. (A) mRNA transcript levels of cartilage-relatedmarkers
of hMSCs were analyzed using quantitative RT-PCR. (B) Western Blot analysis of chondrogenesis proteins after hMSCs was cultured for 21 days.
(C and D) Histologic analysis of hMSCs cultured on CTS and CC hydrogel for 21 days. Specimen sections were stained with (C) H & E or (D) Alcian
Blue. Scale bar: 50 mm. (E) GAG production in hMSCs cultured with CTS or CC hydrogels was quantified and normalized with the total DNA
amount. **p < 0.01, n ¼ 3.
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hydrogels. The results revealed that the expression levels of
SOX9, COL2, and AGN were all upregulated on CC hydrogels as
compared with the CTS hydrogel on day 7. On day 21, expres-
sion levels in the culture with the CTS hydrogel were remarkably
lower in comparison with CC hydrogels (Fig. 6A). The expres-
sion of these cartilage-specic proteins was also higher in CC
hydrogels than in CTS hydrogels aer 21 days (Fig. 6B). The
analysis of H&E staining showed that cells on day 21 (hMSCs
cultured on CC hydrogels) primarily resided in the region close
to the pore wall of the hydrogels and produced the extracellular
matrix in the spaces within the pores, whereas few cells were
observed in CTS hydrogels (Fig. 6C). Alcian Blue staining
showed that more GAGs were synthesized by hMSCs on CC
hydrogels than on CTS hydrogels (Fig. 6D). Quantication of
sGAG production revealed that the cells produced a greater
amount of sGAG per cell on CC hydrogels than on the CTS
hydrogel (Fig. 6E). These results suggested that CC hydrogels
promoted hyaline chondrogenesis among hMSCs.

As we all know, the goal of tracheal engineering is cartilage
regeneration. Thus, CC hydrogels are a suitable candidate for
16916 | RSC Adv., 2018, 8, 16910–16917
tracheal cartilage repair owing to their excellent physiochemical
and biological properties. These hydrogels may provide excel-
lent porosity for hMSC attachment and facilitate hMSC prolif-
eration and chondrogenic differentiation.
4. Conclusions

A citric-acid-modied CTS (CC) hydrogel prepared by freeze-
thawing was developed and has an elastic nature and high
mechanical strength. The CC hydrogels also have a macro-
porous, interconnected pore morphology that allows for
unhindered ow of nutrients and mass transport through the
scaffold. In addition, biocompatibility and the cell–biomaterial
interactions of the scaffolds were conrmed by means of
hMSCs, which manifested good cell adhesion, proliferation,
and secretion of the extracellular matrix in the CC hydrogel
matrices. Moreover, the CC hydrogels enhanced chondrogenic
differentiation of hMSCs in vitro. From these results, it is
concluded that CC hydrogels have potential applications to
tracheal cartilage regeneration.
This journal is © The Royal Society of Chemistry 2018
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