
ORIGINAL ARTICLE

Effects of chitosan-glycerol phosphate hydrogel
on the maintenance and homing of hAd-MSCs
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Abstract
Problems associated with the treatment of liver failure necessitate more research on advanced strategies like cell-based therapy
and tissue engineering. Since cell therapy approaches suffer from some limitations, tissue engineering and material science
converge the sight onto stem cell-biomaterial based therapy. In this study, the human adipose-derived mesenchymal stem cells
(hAd-MSCs), carrying ectopic fluorescent reporter genes, were encapsulated in the chitosan-β-glycerol phosphate hydroxyethyl
cellulose (β-GP-HEC) and transplanted into the right lobe of the intact liver of Wistar rats (as cell-laden scaffolds). In addition,
labeled hAd-MSCswere injected into the liver (as scaffold-free groups). All experimental groups weremonitored after 15, 45, 90,
and 180 days of transplantation. Fluorescence microscopy and histological evaluations were used to monitor the migration and
distribution of cells within the two test groups along with their related controls, during the 6-month follow-up. Moreover, the
ability of cells to migrate to other tissues was detected by quantitative PCR.Macroscopic inspection during this period showed no
evidence of pathological inflammatory responses. Microscopic observations revealed that the injected cells were detectable at the
target organ, for at least 6 months in both scaffold and scaffold-free groups. However, the scaffold-free samples showed signs of
reduction in cellular augmentation over time. The molecular assessment also confirmed that the application of scaffold in vivo
reduced unnecessary cell migration into other organs. In conclusion, the application of cell-seeded β-GP-HEC scaffold not only
improved cell survival but also reduced the rate of cellular escape from the target area of transplantation.
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1 Introduction

Liver abnormalities induced by autoimmune hepatitis, alcohol
abuse, non-alcoholic fatty liver disease, and metabolic disorders
lead to end-stage liver failure and liver cancer, which account for
progressive causes of death worldwide [1, 2]. Liver transplanta-
tion has been considered as an established treatment for end-
stage liver diseases. However, this approach is limited by the
scarcity of liver donors leading to numerous deathswhile patients
are on a waiting list [1, 2]. Multiple other therapies have been
applied to treat patients with end-stage liver diseases by enhanc-
ing liver regeneration [3]. Besides liver transplantation, hepato-
cyte transplantation is a useful strategy to accelerate liver regen-
eration [2]. Liver transplantation requires a surgery with the in-
herent risks of related complications. However, hepatocyte trans-
plantation has some advantages in terms of providing less inva-
sive and less expensive procedures compared with liver trans-
plantation. On the other hand, these cells have displayed less
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functional activity in vitro, which has limited their therapeutic
applications [4]. It was indicated that only a small percentage of
primary hepatocytes migrate into host liver tissue, resulting in
weak therapeutic effects in vivo [5]. According to clinical studies,
cell therapy with mesenchymal stem cells has emerged as an
alternative strategy to hepatocyte transplantation for enhancing
liver regeneration [6].

Mesenchymal stem cells represent a promising source for
regenerative medicine. These cells can be derived from var-
ious tissues, including bone marrow [7], umbilical cord
blood [8], placenta [9], scalp tissue [10], amniotic fluid
[11], and adipose tissue [12]. In particular, adipose tissue-
derived mesenchymal stem cells are recognized as a readily
available adult multipotent stem cell source with an obvious
hepatogenic capability in vitro and in vivo [13].
Transplantation of multipotent hAd-MSCs has drawn wide-
spread attention as a regenerative therapy tool in clinical
applications, mainly due to convenient large-scale harvest
from subcutaneous fat, relieving inflammation, wound
healing, and differentiation potential into multiple lineages,
including adipocytes, chondrocytes, osteocytes, neurons,
and hepatocytes. Thus, hAd-MSCs have been suggested as
an alternative cell source in cell-based therapy to heal the
hepatic injury [14]. Previous studies have successfully used
Ad-MSCs for cell therapy of liver fibrosis in animal models
owing to the efficient production of fibrinolytic enzyme and
cytokines [15]. Despite unique characteristics, the safety and
the mechanism of action are major issues that need to be
elucidated. Thus, both cell fate determination and homing
in vivo have paramount importance after transplantation suc-
ceeds in the clinical translation of stem cell therapy [16]. In
addition, the effective local transplantation of Ad-MSCs to
the target organs and their subsequent proliferation are other
challenges remaining to be resolved [17]. Thus, some lines
of research have focused on how to improve the number of
residing transplanted cells in the liver. Following robust de-
velopments in access to the cell sources, the field of cell
therapy is still suffering from setbacks such as cell delivery
and maintenance. Reports have revealed that using conven-
tional methods to transplant Ad-MSCs into the liver by
splenic injection is followed by a big loss of planted cells
[18]. Researchers are trying to develop suitable biomaterials,
to be used for cellular encapsulation, in order to improve the
efficiency of cell therapy [17]. Some studies have been con-
ducted to design engineered constructs to overcome these
shortcomings and fabricate equivalent functional hepato-
cytes in vitro [19, 20].

In tissue engineering, fabricating scaffolds that maintain
cellular function and viability after implantation in the body
has been suggested as a critical issue [21]. In this context,
some studies have indicated that both synthetic and natural
three-dimensional (3D) scaffolds could provide an environ-
ment, which supports the maintenance and growth of

hepatocytes. However, the selection of suitable biomaterials
or synthetic matrices for hepatic tissue engineering remains a
problem [22].

Chitosan is a linear polysaccharide, which has been broad-
ly applied in tissue engineering, including wound healing, and
drug delivery vehicles [23–26] (Prudden, Migel et al. 1970,
Muzzarelli, Baldassarre et al. 1988, VandeVord, Matthew
et al. 2002, Hoemann, Chenite et al. 2007). Although chitosan
is known for its excellent biocompatibility, it has poor solu-
bility in physiological conditions. In this regard, the applica-
tion of disodium glycerol phosphate (GP) can maintain chito-
san solubility at neutral pH, resulting in thermogelling at body
temperature [27]. In addition, chitosan-GP solution combined
with a hydroxyethyl cellulose (HEC) embedded cell suspen-
sion, has successfully been applied for chondral defects in
rabbits [28]. In this study, we aimed to investigate and com-
pare the fate of hAd-MSCs in two representing groups;
injected cells as a scaffold-free group and encapsulated in
the CH-β-GP-HEC scaffold, which were transplanted in the
rat liver, for up to 6 months. For monitoring the cells in vivo,
hAd-MSCs were labeled with green and red fluorescent pro-
tein reporter genes. The effects of glycerol phosphate hydro-
gel on retaining, survival, and migration of the cells were
assessed using immunofluorescence assay, histological stain-
ing, and qPCR.

2 Materials and methods

2.1 Isolation and culture of human adipose-derived
mesenchymal stem cells

Human Ad-MSCs were derived from liposuction waste tissue
by means of collagenase digestion and differential centrifuga-
tion [29]. After treatment with equal volumes of phosphate-
buffered saline (PBS) containing 100 units/ml penicillin and
100 μg/ml streptomycin antibiotics, the adipose tissue was
transferred into 0.1% collagenase type 1 (Sigma) in Hanks’
balanced salt solution, and incubated for 1 h at 37 °C under
agitation. The collagenase was then inactivated with diluted
Dulbecco’s modified Eagle’s medium with high glucose
(DMEM-HG) (Gibco), supplemented with 10% (v/v) fetal
bovine serum (FBS) (Gibco). The suspension was then cen-
trifuged at 800g for 5 min. The resulting pellet was re-
suspended in DMEM-HG (containing 10% FBS) and trans-
ferred into the tissue culture plates (Nunc) at 1000–3500 cells/
cm2. Cultures were washedwith PBS, 24–48 h after plating, to
remove the unattached cells, fed with fresh medium, and
maintained at 37 °C with 5% CO2. When they reached about
70% confluence, cells were trypsinized (0.25%; Invitrogen)
and plated at a density of 5000 cells/cm2. Cultures were pas-
saged repeatedly after confluence until passage 3.
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2.1.1 Human Ad-MSC transduction with pLEX-JRed/TurboGFP

Human Ad-MSCs were genetically modified by exposure to the
pLEX-JRed/TurboGFP using the lentiviral transduction system.
Lentiviral particles were produced by transfection of HEK-293T
cells with three plasmids: pLEX-JRed/TurboGFP (21μg) (Open
Biosystems), packaging vector psPAX2 (21 μg), and envelope
plasmid pMD.2G (10.5 μg) (Trono Lab). Culture media con-
taining the virus particles were harvested 24, 48, and 72 h post-
transfection, and centrifuged for 5 min at 500g (4 °C) to pellet
the detached cells, and their debris were filtered through a
0.45 μm filter. Subsequently, the virus was quantified using a
p24 ELISA kit (DIA.PRO, Italy) to detect the HIV-p24 core
protein of the vector. For viral transduction of the cells, the
undifferentiated hAd-MSCs at passage 3, were seeded at a con-
centration of 3 × 106 cells per flask (T75) and maintained in a
humidified incubator at 37 °C and 5%CO2. After proper cellular
attachment, theywere subjected to 10ml of the viral supernatant.
The efficiency of the transduction was determined according to
the GFP expression using fluorescent microscopy. At 72 h of
virus infection, the culture was treatedwith puromycin (1μg/ml)
for selection (Sigma-Aldrich). After purification of the labeled
hAd-MSCs, osteogenic and adipogenic differentiation assays
were performed to verify the identity of the labeled hAd-MSCs.

2.1.2 Osteogenic and adipogenic differentiation of hAd-MSCs
in vitro

Human Ad-MSCs, before and after lentivirus transduction,
were cultured in 6-well plates at 100,000 cells/well from pas-
sages 3 and 12, respectively. Osteogenic differentiation was
induced by seeding the cells in the osteogenic medium
consisted of DMEM, supplemented with 10% FBS, 50
μg/ml ascorbate-2-phosphate, 100 nM dexamethasone
(Sigma) and 10 mM β-glycerol phosphate (Sigma) for a pe-
riod of 4 weeks. Osteogenesis was examined by staining for
calcium deposition with alizarin red S. Cells were fixed with
70% (v/v) ethanol for 10 min at room temperature, washed 3
times with PBS, and then incubated with 0.1% (w/v) alizarin
red S solution. For adipogenesis, the cells were cultured in an
adipogenic medium for 3 weeks. Adipogenic medium was
composed of DMEM, supplemented with 10% FBS, 50
μg/ml ascorbate-2-phosphate, 100 nM dexamethasone
(Sigma), and 50 μg/ml indomethacin (Sigma). In order to
assess adipogenesis, cells were stained for intracellular lipid
droplets with oil red O. Cells were fixed with 10% (v/v) for-
malin for 30 min, washed with PBS, and incubated with 0.5%
(w/v) oil red O (Sigma) for 20 min.

2.2 Preparation of injectable CH-β-GP-HEC scaffold

In this study, 150 mg chitosan (CH) powder (Polysciences,
Cat. No. 21161) with a molecular weight (Mw) of 1.5 × 104

kDa was dissolved in 9 ml hydrochloric acid (80 mM) with
shaking. This solution was autoclaved and cooled to 4 °C. A
10X GP (1.5 M) was prepared by dissolving 3.25 g of β-
glycerol phosphate (β-GP) (Sigma, Cat. No. G-9422) in
10 ml deionized water and it was sterilized using a 0.2 μm
filter. Both solutions were chilled on ice for 15 min in order to
inhibit gelation. The ice-cold sterile aqueous solution
of disodium-β-GP was then added to the ice-cold chitosan
solution while stirring to form a clear solution. Then, prior
to injecting, 0.125 g of hydroxyethyl cellulose (HEC)
(Sigma-Aldrich, Cat. No. 09368) was added to the solution.
The final percentages of CH:β-GF:HEC in the final solution
were 1.5%:15%:0.18% (w/v), respectively [30].

2.2.1 Cell encapsulation in the CH-β-GP-HEC scaffold

8 × 106 labeled cells were suspended in 400 μl medium and
then added in a dropwise manner to 7.6 ml of the prepared and
chilled CH-β-GP-HEC, with continuous stirring to form a
homogeneous cellular suspension.

2.3 Animal studies and xenotransplantation of hAd-
MSCs

Male Wistar rats (2 months old) with an average weight of
250 g were used in this study. Animals were kept in the nor-
mal 12 h day–night cycle, at 25 ± 2 °C and 50% humidity, and
fed by lab chow and tap water. All experiments were conduct-
ed in accordance with the guidelines of the Animal Care sec-
tion at the Ferdowsi University of Mashhad, approved by the
University Animal Ethics Committee. EightyWistar rats were
divided into 16 groups (n = 5 in each group): sham groups
(DMEM/ DMEM-Scaffold) and test groups (hAd-MSCs/
hAd-MSCs-Scaffold) and investigated at different time inter-
vals (15, 45, 90 and 180 days). Animals in all groups were
anesthetized by intraperitoneal injection of a mixture of keta-
mine (30mg/kg) and xylazine hydrochloride (4mg/kg). In test
groups, cells were transplanted in the presence and/or absence
of scaffold into the right upper lobe of the liver by laparotomy.
To do so, rats in both sham and test groups were anesthetized
and abdominal hairs were removed under aseptic conditions.
Then, the right upper lobe of the liver was exposed and 2 × 105

cells suspended in 100 μl DMEM or cell-laden chitosan scaf-
folds were injected using a 30-gauge insulin syringe. The in-
cision was then closed with the catgut suture. Rats in the sham
groups, which were divided into scaffold-dependent and scaf-
fold-independent, were injected with scaffold and DMEM,
respectively. Finally, rats in all groups were injected intramus-
cularly with 5000 units of penicillin/kg body weight to avoid
possible infections. All rats were kept in separate cages to
recover.
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2.4 Histological observation and quantification of the
transplanted cells

All groups of rats were re-anesthetized as mentioned above,
and sacrificed by cardiac perfusion at 15, 45, 90, and 180 days
after transplantation. Their left ventricle was cannulated, and
an incision was made in their right atrium, perfused with 4%
(w/v) paraformaldehyde in PBS (pH 7.4) until the outflow
became clear. The liver was incised in the middle and imme-
diately fixed in 4% paraformaldehyde for at least 24 h. The
fixed tissues were then embedded in paraffin and a rotary
microtome (Leitz, Austria) was used to prepare 5 μm horizon-
tal sections of the liver. On the other hand, liver tissues were
snap-frozen with liquid nitrogen below − 180 °C prior to sec-
tioning. Tissue samples were placed in a cryomold (Tissue-
Tek Cryomold, Sakura Finetek, USA Inc) half-filled with
Optimal Cutting Temperature (OCT) compound (Tissue-Tek
OCT, Ted Pella Inc, CA, USA). Following this, the tissue was
completely submerged in OCT. Cryomold containing the tis-
sue sample in OCT was kept in the cryostat (RMC, CRT 900,
Boeckeler Instruments Inc, AZ, USA) at −20 °C and left for
180 s until the OCT compound was completely frozen. Then,
the frozen tissue block was removed from the cryomold and
loaded onto the specimen holder. In order to obtain better
sections, the temperature of both the blade stage and the spec-
imen holder was optimized in the cryostat chamber. The sec-
tions were cut with the cryostat to access the target region and
then series of the tissue sample sections were prepared with 8–
10 μm tickness. Finally, the sections were kept in a desiccator
with a vacuum pump in a cold room overnight. Slides were
examined under a fluorescent microscope (Olympus AH3-
RFCA, Japan) after staining with DAPI nucleic acid stain. In
order to quantify the number of the implanted cells, as an
indicator of their survival rate in the organ, ImageJ software
was used. All labeled cells were monitored in 10 microscopic
slides from each test, and five tests were examined each time.

2.5 DNA extraction and PCR analysis

Genomic DNA (gDNA) was extracted from various organs
including spleen, liver, lung, muscle, brain, eye and testis
using AccuPrep Genomic DNA Extraction Kit (BIONEER).
The extracted gDNAs were subjected to polymerase chain
reaction (PCR) analysis using a primer set (Macrogen,
Korea) for amplification of GFP (220 bp PCR product). The
sequences for forward and reverse primers were (5′-GATG
AAGAGCACCAAAGGC-3′ and 5′-GTAGCTGAAGCTCA
CGTGC-3′), respectively. The thermal cycling condition was
initiated at 94 °C × 5 min for one cycle followed by 40 cycles
of 94 °C × 30 s, 59 °C × 30 s, 72 °C × 30 s; and 72 °C × 10min
for final extension. At the same time, samples from the control
rats were used as negative references and gDNAs from the
transgenic hAd-MSCs as positive controls.

2.5.1 Quantitative real-time PCR analysis

To evaluate cell migration from the injected site, quantitative real-
time PCR, for the GFP reporter gene present in the transduced
cells, was performed on genomic DNAs extracted from spleens.
Real-time PCR was performed using the Bio-Rad CFX-96
thermocycler. In order to generate a standard curve for absolute
quantification of the spleen DNA derived from rats transplanted
with cell-laden scaffolds and scaffold-free groups, serial dilutions
of pLEX-JRed/TurboGFP, ranging from 8.5 × 108 to 8.5 × 102

copies μl−1, were used. The concentration of the GFP encoding
vector, pLEX-JRed/TurboGFP, was measured using a NanoDrop
(Thermo Scientific NanoDrop 2000c), and converted to the copy
concentration using the following formula: DNA (copy) = 6.02 ×
1023 (copiesmol−1) / DNA length (bp) × 660 (gmol−1 bp−1). Each
standard dilution was processed in duplicate for further analysis.
The threshold cycle (Ct) values were plotted against the logarithm
of their initial template copy concentrations. Each standard curve
has resulted from the linear regression of the plotted points. PCR
amplification efficiency from the slope of each curve (E) was
measured according to the following equation: E = 10−1/slope −1.
All real-time PCR reactions were performed in triplicate, and each
reaction mixture was prepared using the SYBR Green PCR
Master Mix (Applied Biosystems) in a total volume of 20
μl:10 μl master mix, 3 μl of each gDNA sample (1 ng/μl),
0.5 μl of each primer (10 pmol/μl), and 6 μl DNase-free water.
The thermal cycling conditions were as follows: initial denatur-
ation for 5min at 95 °C followed by 40 cycles at 95 °C for 40 s, 59
°C for 30 s, and 72 °C for 30 s.

2.6 Statistical analysis

The results are presented as mean ± standard deviation. One-
way analysis of variance (ANOVA) was used to analyze the
survival and migration of the injected hAd-MSCs over time.
Analysis of variance was done by a Tukey post-hoc test.
Statistical significance was considered at P < 0.05. All statis-
tical analyses were carried out in triplicate with SPSS 16.0
(SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Characterization of hAd-MSCs transduced with
dual fluorescent reporters

Human Ad-MSCs were successfully extracted from liposuc-
tion waste tissues, cultured and characterized. These cells
were subjected to gene manipulation for ectopic expression
of reporter genes via transduction with pseudo-lentiviruses
encoding TurboGFP and JRed proteins (Fig. 1A and B). On
the other hand, osteogenic and adipogenic features of hAd-
MSCs, before and after transduction, were confirmed by the
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appearance of the calcium deposits and lipid vacuoles, respec-
tively (Fig. 1C–H), 3 weeks after lineage induction. Cells were
also subjected to flow cytometry analysis for expression of the
MSC markers, and shown to be positive for CD44, CD105,
and CD90, and negative for CD34 and CD45 markers (data
not shown).

3.2 Evaluating the behavior of hAd-MSCs
transplanted into the rat liver

Fluorescent microscopic observation, 15 days after transplan-
tation, indicated a great number of labeled cells at the site of
injection in the right upper lobe of the liver (Fig. 2A–C).
However, tracing these cells at 45, 90, and 180 days after
injection demonstrated their migratory behavior into other or-
gans, which was evidenced by a reduction in the abundance of
labeled cells by time (data not shown). Moreover, the labeled
cells were detectable in other parts of the liver, in particular at
the lower right lobe of the liver as indicated at 15 days after
transplantation (Fig. 2D–F).

3.3 Tracing transplanted hAd-MSCs encapsulated in
the scaffold over a period of 6 months

In order to assess the restrictive effects of CH-β-GP-HEC scaffold
on the behavior of hAd-MSCs after implantation, fluorescent mi-
croscopic observation was carried out. Fifteen days after implan-
tation, as shown in Fig. 3A–C, network-like structures, harboring
labeled cells at the right upper lobe of the liver, were developed.
This indicates the restrictive features of the scaffold in confinement
of the hAd-MSCs frommigration. Although these structures were
not detectable after this time until the end of the tracking period,
i.e., 180 days after implantation, we detected the implanted cells at
the right upper lobe of the liver, in both sporadic (Fig. 3D–F, 45
days after implantation) and cluster manners.

3.4 Human Ad-MSC migration to non-targeted organs
after injection into the liver

To have a precise estimation for the presence of hAd-MSCs in
non-targeted organs, including spleen, muscle, brain, eyes,

Fig. 1 a) Fluorescent microscopic images of labeled human adipose-
derived mesenchymal stem cells expressing TurboGFP (A) and JRed
(B) fluorescent proteins 15 days after transduction with lentiviral particles
carrying the marker genes, under selection medium. b) Differentiation
ability of the isolated and transduced human adipose-derived

mesenchymal stem cells towards osteogenic (upper panel) and
adipogenic (lower panel) lineages. C and F) the undifferentiated cells
stained with alizarin red S and oil red O, D and G) differentiated cells
before the viral transduction, E and H) differentiated cells after the viral
transduction
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lung, and testis, and evaluate the ability of scaffold in confin-
ing the cells within the injected site boundary, PCR of the
GFP marker gene, specific to the exogenously injected cells,
was employed. This analysis proved positive in gDNA sam-
ples extracted from spleen in both groups, with or without a
scaffold, over a period of 6 months after injection (Fig. 4).
Nonetheless, PCR analysis on the GFP marker gene from
gDNA extracted from the lower lobe of the liver, lung, brain,
eyes, muscle, and testis, among non-target organs, confirmed
hAd-MSC migratory behavior happened only in the scaffold-
free groups (Fig. 4b, A).

3.5 Quantitative assessment of the transplanted hAd-
MSCs migrated into the spleen during the 6-month
period

In order to compare the capacity of the CH-β-GP-HEC scaf-
fold to prevent cell migration, the copy number of the GFP
marker gene, as an indicator of the quantitative number of the
labeled cells, was assessed in the spleens of both groups,

which had received the labeled cells in their liver, with or
without a scaffold, by qPCR. As shown in Fig. 4c, at different
time intervals, the labeled cells were traced in the spleens of
the two groups; however, their number was significantly low-
er in the spleens of the scaffold-dependent group compared to
the other group, especially at 90 days after transplantation.
Notably, cells revealed a decline in the GFP copy number
on day 180 in which cells might have migrated to other tis-
sues, or have undergone apoptosis.

4 Discussion

Mesenchymal stem cells have revealed to be a prominent re-
source for cell-based therapy. In particular, adipose tissues are
recognized as a rich source of MSCs from which, cells can
easily be harvested [14]. Human Ad-MSCs are multipotent
cells with the ability to differentiate into all mesodermal line-
ages including chondrocytes, osteoblasts, and adipocytes.
Moreover, their hepatogenic capability has been also shown

Fig. 2 a) The abundance of labeled human adipose-derivedmesenchymal
stem cells at the transplantation site in the right upper lobe of the liver, 15
days after transplantation. A: fluorescent microscopic image of the right
upper lobe of the liver sections representing transplanted cells expressing
green fluorescent protein (GFP), B: represents transplanted cells express-
ing JRed fluorescent protein, C: represents the merged image of DAPI

stained cells expressing GFP and JRed. b) Micrographs indicating hAd-
MSCs at the lower right lobe of the liver at 15 days after transplantation
into the upper lobe. Migratory hAd-MSCs are indicated with arrows; D
and E: represent transplanted cells expressing GFP and JRed fluorescent
proteins, respectively. F: represents a merged image from D and E
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both in vitro and in vivo [31]. Different strategies have been
used for transplantation of hAd-MSCs into the liver for clin-
ical purposes. In this study, we tested the possibility of
transplanting hAd-MSCs, encapsulated in a thermosensitive
chitosan-based scaffold, CH-β-GP-HEC, into the adult rat
liver. Our previous data revealed that this scaffold is biocom-
patible as it could penetrate into the liver tissue without caus-
ing considerable morphological changes. In addition, the
chitosan-based scaffold showed no obvious inflammatory re-
sponse for up to 6 months after transplantation [32]. In the
current study, the potency of the scaffold for maintaining the
transplanted cells in the liver was evaluated. A number of
studies have been carried out on different natural polymers
as scaffolds or carriers for MSCs in vitro and in vivo, such
as alginate [33], hyaluronic acid [34] and chitosan [35].
Moreover, hydrogels are considered as cell-friendly materials,
which support cellular attachment [36]. In this regard, Chen
et al., created an alginate microsphere as a carrier for injection
of hAd-MSCs in a hepatectomized mouse model. They de-
tected viable MSCs around the degraded alginate micro-
spheres in the liver and other organs such as bone marrow
and lungs [17]. Jain et al., summarized the results of the ma-
jority of polymers which have been used for liver tissue engi-
neering, although the performance of these natural polymers
has not been investigated in the liver tissue, directly [37].
Similarly, Xu et al. fabricated a silk fibroin construct seeded

by MSCs for liver regeneration. MSCs-seeded in the silk fi-
broin scaffold exhibited excellent biocompatibility and
hepatogenic differentiation in vitro. Furthermore, the function
of cells seeded in the scaffold was improved when it was
implanted into mice liver, which resulted in angiogenesis
and differentiation [38]. Due to the excellent properties in-
cluding biodegradability, biocompatibility, and cellular at-
tachment, hydrogels are considered a suitable scaffold for tis-
sue engineering among other natural polymers [39]. We also
showed that the thermosensitive chitosan-based scaffold,
CH-β-GP-HEC, was biodegradable upon implantation into
the adult rat liver [32]. In this study, we further aimed to
investigate the CH-β-GP-HEC contribution to confinement
of the transplanted hAd-MSCs in the rat liver, using GFP
and JRed as tracking markers. GFP has been considered a
nontoxic and safe marker with high sensitivity and specificity
in cells analyzed by flow cytometry in living, fixed, and frozen
cells [40]. For this purpose, we developed a vector, expressing
both GFP and JRed as reporters to track the fate of the im-
planted cells. The transduced cells successfully expressed the
reporter proteins as shown in Fig. 1, indicating their full inte-
gration into the host genome. As for their characterization, the
transduced cells behaved similar to control cells in response to
differentiation conditions (Fig. 1) and also expressed similar
cell surface markers. In order to investigate if the prepared
chitosan-based scaffold could support the engraftment of

Fig. 3 a) Fluorescence microscopic images of a cryosection of the right
upper lobe of the liver at 15 days after implantation of labeled human
adipose-derived mesenchymal stem cells encapsulated in the scaffold. A:
represents implanted cells expressing green fluorescent protein (GFP), B:
represents implanted cells expressing JRed fluorescent protein, C: repre-
sents the merged image fromA and B. b) Fluorescent microscopic images

of the right upper lobe of the liver sections at 45 days after hAd-MSC
implantation. D and E: represent implanted cells expressing GFP, and
JRed, respectively. F: represents DAPI stained cells merged with the
other two images from D and E. Position of cells in all images is shown
with arrows
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labeled cells in the liver, xenotransplantation was performed.
A considerable number of GFP and JRed positive cells
transplanted in the upper right lobe of the liver in the
scaffold-free group were seen at 15 days post-transplantation,
while, the fluorescent signal gradually decreased over time. A
probable reason for this observation is themigration of cells from
the upper part of the liver to the lower part (Fig. 2). Further
experiments were performed with cells encapsulated in the scaf-
fold and transplanted into the rat liver. Our study indicated that a
high number of cells accumulated in the upper right lobe as a sign
of the presence of the scaffold at day 15 after implantation (Fig.
3). Although GFP and JRed expressing cells could be traced for
180 days after transplantation, the fluorescence tended to die
gradually. We examined cell migration into other main organs
including spleen, lung, brain, eyes, muscle, and testis. The results
indicated that the labeled cells from the scaffold group could
spread into the spleen. However, cells in the scaffold-free group
showed a broader migration to other mentioned organs (Fig. 4).
Quantitative amplification of GFP showed (Fig. 4c) its higher
copy number in the spleens of scaffold-free groups compared to
those delivered via the scaffold at days 15 and 90 and dropped on

day 180 post-transplantation. While the GFP copy number
dropped significantly at day 180, the GFP labeled cells could still
be traced until this time in the spleen. The current study suggests
that the exogenous hAd-MSCs could survive in the rat liver in
both groups. Particularly, cells encapsulated in the
thermosensitive chitosan-based scaffold displayed less migration
to other organs, thereby opening the possibility to use this strat-
egy for therapeutic purposes. Further studies are required to in-
vestigate the behavior of the cells after transplantation, their mi-
gration, and in situ differentiation in particular.

5 Conclusion

Our results showed that labeled cells encapsulated in the
chitosan-glycerol phosphate hydrogel can be well retained in
the rat liver for at least 180 days in comparison to scaffold-free
cell implantation. Therefore, such combination could serve as
an efficient way for delivery and maintenance of the cells in
the liver for therapeutic purposes, as including the scaffolds in
combination with cells could prevent their migration to other

Fig. 4 a) Assessing the migratory behavior of hAd-MSCs after injection
to the rat liver without (A) and with (B) scaffold, during 6-month follow-
up, based on PCR products for GFP encoding gene. The lanes represent
1) 50 bp DNA ladder, 2) gDNA PCR product, as a positive control, from
the cultured transduced hAd-MSCs in vitro, 3–11) PCR products on
gDNAs extracted from spleens of different rats in the test group during
6 months post-injection, including lanes 3 and 4 (15 days), lanes 5 and 6
(45 days), lanes 7 and 8 (90 days), and lanes 9, 10 and 11 (180 days).
Lanes 12 and 13 correspond to PCR on the spleen DNA of non-
transplanted rats as a negative control and transplanted rats with PBS as
vehicle control, respectively. Lane 13 in lower panel corresponds to PCR
on spleen DNA of rats implanted with PBS + scaffold as vehicle control.
b) GFP PCR products, as a specific marker in the hAd-MSCs, confirm the
migratory behavior of transplanted cells from the liver to non-target

organs (panel A), as well as the capability of the scaffold to prevent
migration (panel B) at 90 days after injection. The lanes represent 1)
50 bp DNA ladder, 2) PCR product on gDNA, as a positive control, from
the cultured transduced hAd-MSCs, 3–10) PCR products on gDNAs
extracted from non-target tissues and organs including lower lobe of the
liver (lane 3), lung (lane 4), brain (lanes 5 and 6), eyes (lane 7), hip muscle
(lane 8), and testis (lanes 9 and 10) at 90 days after injection. Lanes 11 and
12 correspond to PCR products on the spleen DNA of negative control
and vehicle control, respectively. c) The copy number of GFP as an
indicator of hAd-MSCs accumulated in rat spleens during 6 months after
transplantation to the liver with (MSC-Sc) or without a scaffold (MSC),
as examined by absolute real-time PCR based on GFP gene (***P ≤
0.001, *P ≤ 0.05). All error bars indicate the standard deviation (SD)
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tissues. This strategy might be efficient for therapeutic appli-
cations in other organs and for a gradual release of desired
molecules like drugs; however, further studies are required
to confirm this.
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