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ABSTRACT: Tonsil-derived mesenchymal stem cells (TMSCs) were
investigated for hepatogenic differentiation in the 3D matrixes of
poly(ethylene glycol)-b-poly(r-alanine) (PEG-L-PA) thermogel. The
diblock polymer formed p-sheet based fibrous nanoassemblies in -
water, and the aqueous polymer solution undergoes sol-to-gel :
transition as the temperature increases in a concentration range of

5.0—8.0 wt %. The cell-encapsulated 3D matrix was prepared by

TMSC/3D Culture
Hepatogenesis

< /|

increasing the temperature of the cell-suspended PEG-L-PA aqueous

solution (6.0 wt %) to 37 °C. The gel modulus at 37 °C was about 1000 Pa, which was similar to that of decellularized liver
tissue. Cell proliferation, changes in cell morphology, hepatogenic biomarker expressions, and hepatocyte-specific biofunctions
were compared for the following 3D culture systems: TMSC-encapsulated thermogels in the absence of hepatogenic growth
factors (protocol M), TMSC-encapsulated thermogels where hepatogenic growth factors were supplied from the medium
(protocol MGF), and TMSC-encapsulated thermogels where hepatogenic growth factors were coencapsulated with TMSCs
during the sol-to-gel transition (protocol GGF). The spherical morphology and size of the encapsulated cells were maintained in
the M system during the 3D culture period of 28 days, whereas the cells changed their morphology and significant aggregation of
cells was observed in the MGF and GGF systems. The hepatocyte-specific biomarker expressions and metabolic functions were
negligible for the M system. However, hepatogenic genes of albumin, cytokeratin 18 (CK-18), and hepatocyte nuclear factor 4a
(HNF 4a) were significantly expressed in both MGF and GGF systems. In addition, production of albumin and a-fetoprotein
was also significantly observed in both MGF and GGF systems. The uptake of cardiogreen and low-density lipoprotein, typical
metabolic functions of hepatocytes, was apparent for MGF and GGF. The above data indicate that the 3D culture system of
PEG-L-PA thermogels provides cytocompatible microenvironments for hepatogenic differentiation of TMSCs. In particular, the
successful results of the GGF system suggest that the PEG-L-PA thermogel can be a promising injectable tissue engineering
system for liver tissue regeneration after optimizing the aqueous formulation of TMSCs, hepatogenic growth factors, and other

biochemicals.
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1. INTRODUCTION

Even though liver diseases are the major cause of morbidity and
mortality, orthotopic liver transplantation is the only
established method for the patients with acute liver failure or
end-stage liver diseases."”> However, lack of donor organs,
surgical complications, immune rejection, and high costs
remain as serious limitations associated with this procedure.
Cell transplantation has emerged as an alternative treatment.>*
In this case, the difficulties related to collecting autologous liver
tissues and maintaining the phenotype of the functional
hepatocytes during cell culture need to be improved for the
development of the cell-based therapy.” Therefore, the
renewable supply of hepatocytes from other sources is a very
important issue.

Stem cells have been highlighted as an alternative source of
hepatocytes.*™® Mesenchymal stem cells (MSCs) have been
investigated for cell-based hepatic therapies because they have
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capability for multilineage differentiation, support the hema-
topoiesis, secrete proregenerative factors, and have immuno-
logical tolerance in the host tissues.””
hepatogenic differentiation of MSCs has been studied on
conventional two-dimensional (2D) cell culture systems which
have intrinsic limitations in mimicking the 3D environments of
living biological systems due to the differences in the cell—
substrate contacts, cell—extracellular matrix interactions, and
mass transports of nutrients and metabolites.">™"* Such cellular
microenvironments play a crucial role in directing the
differentiation of the MSCs and maintaining the biofunctions
of the hepatocytes. Therefore, development of differentiation
protocols and optimizing culture conditions for MSCs in a
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cytocompatible 3D culture system is a very active area of
research.

Recently, tonsil-derived MSCs (TMSCs) were reported as a
new source of MSCs.'>'® TMSCs not only have multilineage
differentiation characteristics and immunosuppressive proper-
ties but also have easy availability from the surgery of tonsillar
tissues.'"> Bone-marrow-derived MSCs (BMSCs) are still
considered as a main source of MSCs; however, their number,
proliferation rate, and differentiating potential have been shown
to decrease with donor age. On the contrary, TMSCs are easily
available from the tissues after tonsillectomy which is practiced
mostly young persons, and thus above age-related complica-
tions are less serious than BMSCs. In particular, the tonsil
tissues have been wasted after the surgery; therefore, the
recovery of the stem cells from the waste tissues is also very
important from the standpoint of recycling of the human
tissues.

Thermogelling polymer aqueous solutions undergo sol-to-gel
transition as the temperature increases. Because of their simple
and biocompatible fabrication procedure to form an implant at
a target site, they have been extensively investigated for drug
delivery, tissue engineering, and other biomedical applica-
tions."’~>* Thermogelling polymer systems do not use an
organic solvent during the fabrication of the scaffold. In
particular, the aqueous solution in a sol state can be filtered
through membrane for sterilization, which significantly
simplifies the fabrication process of the implant.** Instead of
physical surgery, an implant or scaffold is formed by a simple
syringe injection in a sol state, through the sol-to-gel transition
of the system. In this study, we investigated the poly(ethylene
glycol)-b-poly(r-alanine) (PEG-L-PA) thermogel as a potential
3D culture system of TMSCs to induce the differentiation of
the stem cells into hepatocytes. The polypeptide based
thermogel is degraded by mammalian enzymes such as
elastases, and neutral pH is maintained during the degradation;
thus, it provides a compatible environment for biopharmaceut-
icals and cells.”> As a 3D culture system, growth factors and
cells are coencapsulated as one pot. In the current study, we
modulate the gel modulus to that of liver tissue for hepatogenic
differentiation of the TMSCs. TMSCs were encapsulated in the
PEG-L-PA thermogel by using sol-to-gel transition of the cell-
suspended polymer aqueous solution. Three protocols were
compared in this study. First, TMSCs were 3D cultured in the
PEG-L-PA thermogel by using serum-free Iscove’s modified
Dulbecco’s medium (IMDM) (protocol M). The protocol M
was used as a control experiment for this study. Second,
TMSCs were 3D cultured in the PEG-L-PA thermogel by using
a hepatogenic medium containing growth factors such as
hepatocyte growth factor (HGF), basic fibroblast growth factor
(bFGF), epidermal growth factor (EGF), and oncostatin M.
That is, the growth factors were supplied from the medium in a
prescheduled manner as will be described in the materials and
method section in detail (protocol MGF). Third, the total
amount of above growth factors used in the MGF protocol was
incorporated with TMSCs during the sol-to-gel transition of
the PEG-L-PA aqueous solution, and the cells were 3D cultured
by using IMDM. Therefore, the growth factors were supplied
from the gel (protocol GGF). The last protocol, as it is, may be
applied as an injectable tissue engineering of TMSCs for liver
diseases. The gene expressions of albumin, cytokeratin 18 (CK-
18), and hepatocyte nuclear factor 4a (HNF4a) were
compared for the three protocols to investigate the hepatogenic
differentiation of the TMSCs under the above 3D culture

conditions. In addition, hepatocyte-specific functions such as
the production of albumin and a-fetoprotein as well as
metabolic functions such as uptakes of cardiogreen (CG) and
low-density lipoprotein (LDL) by the cells were assayed for the
three protocols.

2. EXPERIMENTAL SECTION

2.1. Materials. a-Amino-w-methoxypoly(ethylene glycol)s (PEGs)
(M, = 1000 Da) (ID Biochem Inc., Korea) and N-carboxyanhydrides
of L-alanine (KPX Life Science, Korea) were used as received.
Chloroform (Daejung, Korea) was treated with magnesium sulfate
before use. A Live/Dead kit (Molecular Probes, USA), IQ SYBR
Green Supermix (Bio-Rad, USA), and polymerase chain reaction
(PCR) primers (Bioneer, Korea) were used as received. Toluene was
dried over sodium before use.

2.2. Synthesis of PEG-L-PA. PEG-L-PA was synthesized by the
ring opening polymerization of the N—carboxyanhgrdrides of L-alanine
in the presence of a-amno-w-methoxy-PEG.*® The a-amino-o-
methoxy-PEG (2.5 g, 2.5 mmol; MW 1000 Da) was dissolved in
anhydrous toluene (50 mL), and the residual water was removed by
azeotropic distillation to a final volume of about 10 mL. Anhydrous
chloroform/N,N-dimethylformide (30 mL, 2/1 v/v) and N-carbox-
yanhydrides of L-alanine (4.2 g, 36.5 mmol) were added to the reaction
mixtures. They were stirred at 40 °C for 24 h under anhydrous
nitrogen conditions. Polymers were purified by repeated dissolution in
chloroform, filtration of an undissolved fraction, followed by
precipitation into diethyl ether, and then evaporation of the residual
solvent under vacuum. The polymer was dialyzed in water using a
membrane with a cutoff molecular weight of 1000 Da and freeze-dried.
The yield was about 65%.

2.3. NMR Spectroscopy. 'H NMR spectra of the PEG-L-PA in
CF;COOD were obtained by using the NMR spectrophotometer (500
MHz NMR spectrometer; Varian, USA) to determine the composition
and number-average molecular number weight (M,) of the polymers.

2.4. Gel Permeation Chromatography. A gel permeation
chromatography system (SP930D, Younglin, Korea) with a refractive
index detector (R1750F, Youglin, Korea) was used to obtain the
molecular weights and molecular weight distributions of the polymers.
An OHpak SB-802.5 HQ column (Shodex) was used. N,N-
Dimethylformamide was used as an eluting solvent. PEGs with
molecular weight in the range of 400—20000 Da were used as
molecular weight standards.

2.5. Differential Scanning Calorimetry. A differential scanning
calorimeter (SINCO DSC N-650) was used to study the melting
temperatures of the polymers in a temperature range of 0—300 °C
with a heating and cooling rate of 5.0 °C/min. Polymer (about S.0
mg) was loaded in a cell, and the thermogram was recorded during the
second heating cycle.

2.6. Cryotransmission Electron Microscopy. Vitrified speci-
mens of polymer aqueous solutions (0.06 wt %) were prepared on 200
mesh copper grids coated with a perforated form film (Ted Pella). A
small drop (10 uL) was applied to the grid at 15 °C and blotted with
filter paper to form a thin liquid film of solution, which was
immediately plunged into liquid ethane at —170 °C. The procedure
was performed automatically in the Vitrobot. The vitrified specimens
were imaged on a FEI Tecnai G2 TEM at 200 kV with a Gatan
cryoholder maintained below —170 °C. Images were recorded on an
Ultrascan 2K X 2K CCD camera. In the microscopes, images were
recorded using the Digital Micrograph software package under low-
dose conditions to minimize damage by the electron beam radiation.

2.7. Dynamic Light Scattering. The scattering intensity of the
aqueous polymer solutions was studied by a dynamic light scattering
instrument (ALV 5000-60x0) as a function of polymer concentration
in a range of 0.001-0.5 wt % at 15 °C. A YAG DPSS-200 laser
(Langen, Germany) operating at 532 nm was used as a light source.
Measurements of the scattered light were made at an angle of 173° to
the incident beam. The apparent size of PEG-L-PA aggregates in water
was studied at 0.06 wt % by a dynamic light scattering instrument at 15
°C. The results of dynamic light scattering were analyzed by the
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regularized CONTIN method. The decay rate distributions were
transformed to an apparent diffusion coeflicient. From the diffusion
coeflicient, the apparent hydrodynamic size of a polymer aggregate
could be obtained by the Stokes—Einstein equation.

2.8. Circular Dichroism Spectroscopy. A circular dichroism
spectrophotometer (J-810, JASCO) was used to study the ellipticity of
the PEG-L-PA aqueous solution as a function of polymer
concentration in a range of 0.01—0.10 wt % at 15 °C.

2.9. FTIR Spectroscopy. The FTIR spectrum (FTIR spectropho-
tometer FTS-800, Varian) of the PEG-L-PA aqueous solution (6.0 wt
% in D,0) was investigated at 15 °C.

2.10. Phase Diagram. The sol—gel transition of the aqueous
polymer solution was investigated by the test tube inverting method.
The aqueous polymer solution (0.5 mL) was placed in a test tube with
an inner diameter of 11 mm. The transition temperature was
determined by the flow (sol)—no flow (gel) criterion by an increment
of 1 °C per step. Each data point is an average of three measurements.

2.11. Dynamic Mechanical Analysis. Changes in modulus of the
aqueous PEG-L-PA solution (6.0 wt %) that underwent sol-to-gel
transition were investigated by dynamic rheometry (Rheometer RS 1;
Thermo Haake, USA). The aqueous polymer solution was placed
between parallel plates of 25 mm in diameter, with a gap of 0.5 mm.
During the dynamic mechanical analysis, the samples were placed
inside a chamber with water-soaked cotton to minimize the water
evaporation. The moduli of the polymer aqueous systems were
recorded under a controlled stress (4.0 dyn/cm?) with a frequency of
1.0 rad/s at 4 °C (sol) and 37 °C (gel).

2.12. 3D Cell Culture. TMSCs were isolated from the tonsils of a
16 year old male donor who had undergone tonsillectomy at the Ewha
Womans University Mokdong Hospital (Seoul, Korea) following the
ethical guidelines of the University. The isolated cells were monolayer
cultured by using Dulbecco’s modified Eagle medium (DMEM,
Hyclone, USA) containing 10% fetal bovine serum (FBS, Hyclone,
USA) and 1% penicillin/streptomycin (Hyclone, USA) under 5% CO,
atmosphere at 37 °C. At 70—80% of confluence, cells were trypsinized.
After confirmation of their characteristics as a MSC by showing the
negative expressions of hematopoietic stem cell biomarkers of CD14,
CD34, and CD4S but positive expressions of mesenchymal stem cell
biomarkers for CD73, CD90, and CDI10S, they were used for
subsequent experiments (Supporting Information, Figure $1).!* Three
protocols were compared in this study.

Protocol M. Passage-six cells were mixed with an aqueous polymer
solution of serum-free Iscove’s modified Dulbecco’s medium (IMDM,
Hyclone, USA) (6.0 wt %, 0.2 mL) with a density of 2.0 X 10° cells/
mL. Temperature of the TMSC-suspended aqueous system increased
to 37 °C to form a cell-embedded 3D matrix. Then the serum-free
IMDM was replaced every 3 days during the 3D culture period of 28
days.

Protocol MGF. Passage-six cells were mixed with an aqueous
polymer solution of serum-free IMDM (6.0 wt %, 0.2 mL) with a
density of 2.0 X 10° cells/mL. Temperature of the TMSC-suspended
aqueous system increased to 37 °C to form a cell-embedded 3D
matrix. Hepatogenic differentiation of TMSCs was performed as
described previously with minor modifications.”” > First, the cells
were serum-deprived for 2 days in IMDM supplemented with 20 ng/
mL epidermal growth factor (EGF, Peprotech, USA) and 10 ng/mL
basic fibroblast growth factor (bFGF, Peprotech, USA). Then the
medium was changed to serum-free IMDM containing 20 ng/mL
hepatocyte growth factor (HGF, Peprotech, USA), 10 ng/mL bFGF,
and 0.61 g/L nicotinamide (Sigma, USA). The medium was replaced
every 3 days for 12 days to generate hepatocytes. For hepatic
maturation, IMDM was subsequently supplemented with 20 ng/mL
oncostatin M (Sigma, USA), 1 M dexamethasone (Sigma, USA), and
50 mg/mL ITS+ (Sigma, USA), and the medium was replaced every 3
days for another 14 days.

Protocol GGF. Total amount of growth factors used in the protocol
MGEF was incorporated into the gel with TMSCs during the sol-to-gel
transition. Then serum-free IMDM was replaced every 3 days for 28
days.

For all three protocols of M, MGF, and GGF, the encapsulated cells
in the PEG-L-PA thermogel were 3D cultured under 5% CO,
atmosphere at 37 °C.

2.13. Cell Proliferation. Proliferation of TMSCs in the PEG-L-PA
thermogel was assessed by the CCK-8 methods (n = 3). CCK-8
solution (1.5 mL, 10% v/v in medium) was added to each well of the
plate. After 3 h of incubation, the absorbance at 450 nm was measured
with an ELISA reader (model 550; Bio-Rad, Hercules, CA, USA),
where the absorbance at 655 nm was used as a baseline. Viability and
morphology of TMSCs in the PEG-L-PA thermogel was determined
using the Live/Dead kit (Molecular Probes, Life Technologies, USA).
Samples were incubated at room temperature for 30 min in a solution
of 40 M ethidium homodimer-1 (EthD-1) and 2.0 M calcein AM in
phosphate buffered saline. Labeled cells were then viewed under an
Olympus IX71 fluorescence microscope, and images were captured
using the Olympus DP2-BSW software. Live cells were stained with
calcein AM (green), whereas dead cells were stained with EthD-1
(red).

2.14. RNA Extraction and Real-Time Reverse Transcription
Polymerase Chain Reaction. The TRI,y reagent (Invitrogen,
Canada) was used to extract the total mRNA from the cell-
encapsulated hydrogels after 0, 7, 14, 21, and 28 days of 3D culture
according to the manufacturer’s protocol. The extracted mRNA pellet
was dissolved in nuclease-free water, and the mRNA concentration was
determined using a Nano Drop (ND-1000) spectrophotometer
(Thermo Scientificc USA). After synthesis of the cDNA from the
isolated mRNA, cDNA samples were stored at —20 °C until needed.
Real-time RT-PCR was performed using the Rever Tra Ace gPCR RT
kit (Toyobo, Japan). The PCR procedure consisted of an initial
denaturation at 95 °C for 3 min, followed by 40 cycles of denaturation
at 95 °C for 15 s and annealing and extension at 65 °C for 30 s. The
PCR products were visualized by the SYBR green. The primers used
for amplification are listed in Table 1. Relative expression level of

Table 1. Primer Sequences and PCR Conditions for Real-
Time RT-PCR*

target gene primer sequence

albumin F: S'-GATGTCTTCCTGGGCA-3’

R: 5-CTTGGGCTTGTGTTTCAC-3’
HNF4a F: §-ATCGTCAAGCCCCTCTCTG-3’

R: - TCTTCCTTTGCCGTGACC-3'
CK-18 F: 5-GAAGGAGACCATGCAAAGCCTG-3'

R: 5-CATGAAGAGCAGCTCCTCCTTG-3'
GAPDH F: 5-ATGGGGAAGGTGAAGGTCG-3'

R: 5-TAAAAGCAGCCCTGGTGACC-3’
“HNF4q, CK-18, and GAPDH indicate hepatocyte nuclear factor 4a,
cytokeratin 18, and glyceraldehyde 3-phosphate dehydrogenase,
respectively. F and R indicate forward and reverse primers,
respectively. Annealing temperature is 57 °C.

target genes was calculated as 27225, where target gene expression was
normalized as AAC, = (gene A — GAPDH); — (gene A —
GAPDH)r,. T, is the data on the day when the experiment started.

2.15. Protein Production. At the designated time points, the
conditioned media of the differentiated TMSCs in each system of M,
MGF, and GGF were collected and frozen at —80 °C until used for
assaying. Albumin and a-fetoprotein ELISA kits (Abcam, U.K.) were
used according to the manufacturer’s protocol. Albumin and a-
fetoprotein production were determined using the ELISA reader (Bio-
Rad, USA) at 450 nm.

2.16. Metabolic Function. The CG uptake was assayed as
previously described.*® CG (Sigma, USA) was dissolved in sterile 0.01
M phosphate buffered saline to produce a fresh CG solution at 5.0
mg/mL and was diluted in IMDM to a final concentration of 1.0 mg/
mL. The 3D cultured TMSCs were incubated for 28 days with the CG
solution for 30 min at 37 °C.

dx.doi.org/10.1021/am504652y | ACS Appl. Mater. Interfaces 2014, 6, 17034—17043



ACS Applied Materials & Interfaces

Research Article

For the LDL uptake assay, the Dil-Ac-LDL staining kit (Invitrogen,
USA) was used in accordance with the manufacture’s protocols. The
3D cultured TMSCs were incubated with 20 pg/mL Dil-Ac-LDL for 3
h at 37 °C. The 3D cultured cells were washed by phosphate buffered
saline three times before the nuclei were counterstained by NucBlue
(Life Technologies, USA).

The images were examined using an Olympus IX71 fluorescence
microscope and were captured using the Olympus DP2-BSW software.

2.17. Statistical Analysis. The data were expressed as the mean +
standard error of the mean (SEM). The differences in the mean values
were evaluated using the one-way ANOVA with Tukey tests.
Differences were considered significant when the p value was less
than 0.05 (marked as #3).

3. RESULTS

PEG-L-PA was synthesized by the ring-opening polymerization
of N-carboxyanhydrides of L-alanine in the presence of a-
amino-@w-methoxy-PEG. The basic characteristics of the
polymer in a bulk state were studied by "H NMR spectroscopy,
gel permeation chromatography, and differential scanning
calorimetry. The molecular weight of the PEG-L-PA was
determined by comparing the methyl peak of vr-alanine
(-NHCH(CH;)CO-) at 1.4—1.9 ppm and the ethylene glycol
(-CH,CH,0-) peak of PEG at 3.8—4.2 ppm in the '"H NMR
spectrum of PEG-L-PA (CF;COOD) (Figure 1la).

CH, O-[ CH,CH,0],,-CH,CH,[NH-COCH(CH,)],
-NH,

Ay g9/ A5 4y = 3n/(4m + 2)

Assuming m being 22.7 for the PEG with a molecular weight of
1000 Da, the degree of polymerization of L-PA determined by
'"H NMR spectra is 11.2. Therefore, the number-average
molecular weight (M,) of each block of the PEG-L-PA is
1000—795. The gel permeation chromatogram of the PEG-L-
PA showed unimodal distribution of the molecular weights with
a polydispersity index (M,,/M,) of 1.2, and the number-average
molecular weight (M,) and weight-average molecular weight
(M,,) determined against PEG standards are 1100 and 1320,
respectively (Figure 1b).

Differential scanning calorimetry thermogram of the bulk
PEG-L-PA exhibited two melting peaks at 15—40 °C (peak at
31 °C) and 180—220 °C (peak at 213 °C), which correspond
to the melting transition of PEG and L-PA, respectively (Figure
1c). The independent melting peaks are the typical behavior of
a block copolymer with immiscible blocks.*!

The self-assembly of the PEG-L-PA in water was investigated
by cryotransmission electron microscopy, dynamic light
scattering, circular dichroism spectroscopy, and FTIR spectros-
copy. The cryotransmission electron microscopy image of
aqueous polymer solution was developed from the 0.06 wt %
PEG-L-PA in water. The nanofibrilar structure with few
hundreds nanometer in length was observed (Figure 2a).

The critical aggregation concentration (CAC) of amphiphilic
molecules has been reported by using various techniques such
as surface tension, conductivity, UV—vis spectroscopy, and
fluorescence measurements.”>>° Dynamic light scattering,
another popular method for the determination of CAC, was
used for the current study.3’6’37 Below the CAC, the intensity of
scattered light of a solution is similar to that obtained from
water. However, above the CAC, the intensity of scattered light
significantly increases due to the presence of aggregates. As the
concentration of the PEG-L-PA increased over 0.001—0.5 wt %,
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Figure 1. Basic characteristics of PEG-L-PA: (a) 'H NMR spectra
(CF;COO0D); (b) gel permeation chromatogram (N,N-dimethylfor-
mamide); (c) differential scanning calorimetric thermogram.

the scattering intensity of the polymer aqueous solution
abruptly increased in the concentration range of 0.01—-0.05
wt %, suggesting that the aggregates began to form in this
concentration range (Figure 2b). CAC was determined to be in
a range of 0.01—0.05 wt %. Dynamic light scattering study of
the aqueous polymer solution was studied at 0.06 wt % which is
above the CAC. The data exhibited the nanoassembled
structures of 30—350 nm in size with a peak average size of
10S nm (Figure 2c). From the dynamic light scattering study
and cryo-TEM images, we can conclude that the block
copolymers of PEG-L-PA form fibrous self-assemblies with a
broad distribution of 30—350 nm in size.

Circular dichroism spectra exhibited a negative Cotton band
centered at 218 nm, suggesting that the PEG-L-PAs formed a
well-defined f-sheet structure in water (Figure 2d).3%% The
cryotransmission electron microscopy and circular dichroism
spectra suggested that the f-sheet-based nanoassemblies with
hundred nanometers in size were responsible for the increase in
scattering intensity in dynamic light scattering study. The fS-
sheet-based self-assemblies were also preserved in a high
concentration range of 6.0 wt % that exhibited sol-to-gel
transition, as shown by the peak at 1626 cm™ in the FTIR
spectra of PEG-L-PA aqueous solution in D,O (Figure 2e).38’39

PEG-L-PA aqueous solutions underwent sol-to-gel transition
as the temperature increased. The gelation mechanism of the
PEG-L-PA has been reported by our group.’® Briefly, the
dehydration of the PEG and aggregation of the f-sheeted nano
assemblies accompanying a partial strengthening of the S-sheet
structure occurs as the temperature increases.
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Figure 2. Self-assembly of PEG-L-PA in water: (a) cryotransmission
electron microscopy image developed from the aqueous PEG-L-PA
solution (0.06 wt %); (b) critical aggregation concentration (CAC)
determined by dynamic light scattering at 15 °C; (c) size distribution
of PEG-L-PA nanoassemblies in water at 0.06 wt %; (d) circular
dichroism spectra of aqueous PEG-L-PA solution as a function of
concentration at 15 °C; (e) FTIR spectra of aqueous PEG-L-PA
solution (6.0 wt % in D,0O) at 15 °C.

The phase diagram of sol-to-gel transition was constructed by
the test tube inverting method based on the flow (sol)—no flow
(gel) criterion when the vial was inverted. The transition
temperature was reproducible because of the large difference
(more than 1000 times) in viscosity or modulus between sol
and gel states. The sol-to-gel transition temperature of the
aqueous polymer solution decreased from 22 (+1.1) to 7
(£1.5) °C as the concentration increased from 5.0 to 8.0 wt %
(Figure 3a). At concentrations below 5.0 wt %, the aqueous
polymer solution increased its viscosity as the temperature
increased. However, the system was still in a flow state when
the vial was inverted; therefore, it was defined as a sol. On the
other hand, at concentrations greater than 8.0 wt %, the
aqueous polymer system was a gel over the investigated
temperature range of 4—50 °C.

The polymer concentration selected for dynamic mechanical
analysis was 6.0 wt %. Dynamic mechanical analysis was carried
out in the sol (4 °C) and gel (37 °C) states. The gel modulus at
37 °C was about 700—1000 Pa, whereas the modulus was less
than 0.5 Pa in a sol state at 4 °C (Figure 3b). On the basis of
the fact that the modulus of the decellularized liver tissue is
about 0.9—1.2 kPa, we selected a gel system with a modulus of
about 1 kPa at 37 °C for the 3D culture of TMSC for
hepatogenic differentiation.*’

Photos in the sol (4 °C) and gel (37 °C) states of the
polymer aqueous solution (6.0 wt %) were also included in
Figure 3b.
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Figure 3. (a) Phase diagram of PEG-L-PA aqueous solutions. The
transition temperature was determined by the test tube inverting
method. (b) Changes in the modulus of PEG-L-PA aqueous solution
(6.0 wt %) as a function of temperature. The photos of a sol state at 4
°C and a gel state at 37 °C are inserted.

The cell renewal and differentiation are affected by cellular
microenvironments such as spatial distributions of hormones
and growth factors as well as cell—matrix interactions. However,
it is difficult to achieve biomimetic microenvironments under
traditional 2D culture systems.'>”***! In this study, PEG-L-PA
thermogels were used as a 3D culture system, and differ-
entiation of TMSCs into hepatocytes was investigated. To
establish the 3D cell culture systems, temperature of the
TMSC-suspended PEG-L-PA aqueous solution increased to the
cell culture temperature of 37 °C. The temperature-sensitive
sol-to-gel transition of the system produced a 3D matrix for
TMSCs. The TMSCs were 3D cultured by the protocols of M,
MGF, and GGEF, as described in the materials and methods
section in detail. PEG-L-PA thermogel systems of M, MGF, and
GGF maintained their overall three-dimensional integrity
without significant mass loss over the cell culture period of
28 days. Proliferation and viability of the encapsulated cells
were evaluated by the CCK-8 method for M, GGF, and MGF
systems. The cell proliferation of the TMSCs as measured by
optical density at 450 nm was similar for the three systems
except for the 28th day, when the optical density was higher (p
< 0.05 by ANOVA analysis) in the MGF system than the M or
the GGF system (Figure 4a). The cells in the M system
maintained their spherical morphology with 10 ym in size over
28 days, whereas the cells in the GGF and MGF systems
showed stretched or aggregated morphologies of the cells with
a size of 20—30 um (Figure 4b and Figure 4c). Under the 2D
culture conditions, the cell morphologies of various MSCs
derived from placenta, adipose tissue, bone marrow, and
umbilical cord blood did not change during the initiation step
of hepatogenic differentiation, except the fibroblastic morphol-
ogy was lost and cells developed a broadened flattened
shape.””* In a 3D hydrogel system, however, spherical
embryoid bodies of aggregates were formed during hepatogenic
differentiation of murine embryonic stem cells (mESCs) and
murine induced pluripotent stem cells (miPSs)."” Our result
also indicated that cell morphology considerably changed and
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Figure 4. (a) Changes in optical density (OD) at 450 nm of the
TMSCs in the PEG-L-PA thermogels analyzed by CCK-8. The data
are the mean = SEM for triplicate experiments. (b) Changes in
morphologies of 3D cultured TMSCs in the PEG-L-PA thermogels.
The scale bar is 50 ym. (c) Enlarged images of the cells. The scale bar
is 10 um. Shown are TMSCs cultured in the in situ formed PEG-L-PA
hydrogel in the absence of hepatogenic growth factors (M), in the
presence of hepatogenic growth factors supplied in the medium
(MGF), and in the presence of hepatogenic growth factors
coencapsulated with the cells in the hydrogel (GGF).

cell aggregates formed in the PEG-L-PA thermogels in the
presence of hepatogenic growth factors.

mRNA expressions for hepatogenesis were also compared for
three protocols of M, MGF, and GGF. The total mRNA
extracts from the cell-encapsulated hydrogels were analyzed for
the hepatogenic biomarkers of albumin, CK-18, and HNF4a
using real-time RT-PCR. Albumin is an early fetal and mature
hepatocyte differentiation biomarker, and CK-18 is the major
intermediate filament protein in the liver.**** HNF4q is a
transcription factor that regulates liver genes, and thus the
presence of HNF4a implies the progression of hepatogenesis
during early embryogenesis."®* All of them are key biomarkers
for hepatogenic differentiation from the stem cells.””*%**3

Compared with the M system, all of the above hepatogenic
biomarkers were highly expressed in both MGF and GGF
systems where the hepatogenic growth factors were supplied.
Practically, there is negligible expression of hepatogenic
biomarkers in the M system, suggesting that the hepatogenic
growth factors are critical for hepatogenic differentiation of the
TMSCs. In particular, mRNAs of albumin and HNF4a were

more significantly expressed in the MGF system than the GGF
system, whereas those of CK-18 were also highly expressed in
both MGF and GGF systems (Figure Sa and Figure Sb). The
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Figure S. (a) mRNA expressions for albumin, (b) CK-18, and (c)
HNF4a of 3D cultured TMSCs in the PEG-L-PA thermogels. The
samples were analyzed by real-time RT-PCR. The data were
normalized by the GAPDH and Oth day data. The data are presented
as the mean + SEM of triplicate experiments (mean + SEM, n = 3;
ANOVA (%) p < 0.0S).

albumin and CK-18 were up-regulated in a time-dependent
manner until the 21st day and was slightly down-regulated on
the 28th day of the MGF protocol. The HNF4a was up-
regulated until the 14th day and was slightly down-regulated
after the 21st day in the MGF system (Figure Sc). On the other
hand, both albumin and HNF4a were up-regulated until the
28th day in the GGF system. Previous studies demonstrated
that expression patterns of hepatogenic biomarkers such as
HNEF3p, a-fetoprotein, transthyretin, HNFla, HNF4q, albu-
min, CK-18, tryptophan 2,3-dioxygenase, and tyrosine amino
transferase were time-dependently up-regulated in 2D and 3D
stem cell culture systems. Some studies showed respective
temporal expression patterns during the hepatogenic differ-
entiation event, suggesting that patterns of the biomarker
expressions for hepatogenic differentiation can be affected by
culture environments (2D or 3D), differentiation factors, and
type of MSCs.*****7° Our 3D culture system of PEG-L-PA
thermogel has proven to be effective in inducing the
hepatogenic differentiation of TMSCs as demonstrated by the
typical hepatogenic biomarker expressions.
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Production of albumin and oa-fetoprotein is the main
characteristic of mature hepatocytes. Therefore, the presence
of the biomarkers can be considered definitive evidence of
hepatogenic differentiation of the stem cells. The above
biomarkers collected from the culture media were compared
for the three protocols of M, MGF, and GGF after 14, 21, 28
days of incubation. Production of albumin and a-fetoprotein
was not detected in the M system, where the TMSCs were 3D
cultured in the absence of hepatogenic growth factors. In the
presence of the hepatogenic growth factors, albumin
production increased in both GGF and MGF systems, with
higher (p < 0.05 by ANOVA analysis) production in the MGF
system than the GGF system over 21—28 days (Figure 6a).
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Figure 6. Protein production for albumin (a) and a-fetoprotein (b) of
the 3D cultured TMSCs in the PEG-L-PA thermogels (mean + SEM,
n = 3; ANOVA (xx) p < 0.05).

Production of a-fetoprotein was also higher (p < 0.0S by
ANOVA) in the MGF system than the GGF system for 14 days
of incubation; however, both MGF and GGF systems exhibited
a similar a-fetoprotein production over 21—28 days (Figure
6b). Previous studies demonstrated that production of albumin
and a-fetoprotein increased with time during differentiation or
maturation periods of stem cell hepatogenesis, and their
production in 3D cell culture systems was similar to or better
than 2D culture system.”®***>>" Our results again indicated the
successful hepatogenesis of TMSCs in the PEG-L-PA
thermogel in the presence of the hepatogenic growth factors
as in the MGF and GGF systems.

In order to determine liver-specific metabolic functions of the
differentiated hepatocytes, uptakes of CG and LDL were
investigated (Figure 7a and Figure 7b). CG is a clinically used
organic anion to examine the hepatic function and is specifically
taken up by hepatocytes, whereas LDL is also taken up and
metabolized by hepatocytes.*>>* The CG and LDL exhibited as
green and red, respectively, only after their uptakes into the
hepatocytes. Nuclei of the cells were stained in blue by 4',6-
diamidino-2-phenylindole (DAPI). The merged images show
an uptake of the CG and LDL into the cells in both GGF and
MGEF systems, whereas the uptake was not observed for the
cells in the M system. These results also indicate that the

a) Nucleus CG _ Merge b) Nucleus LDL

Figure 7. Cellular uptake of (a) CG and (b) LDL by the 3D cultured
TMSCs for 28 days in the PEG-L-PA thermogels. The scale bar is 10

pm.

TMSCs cultured in PEG-L-PA thermogels differentiated into
hepatocytes in the presence of growth factors (MGF and GGF
systems).

4. DISCUSSION

PEG and L-PA are immiscible blocks in a bulk system, and they
form a core—shell structure in water due to the hydrophilic and
hydrophobic nature of the PEG and L-PA, respectively. PEG-L-
PA self-assembled into p-sheets in water, and then they
assembled into nanostructures with more than 100 nm in size.
TMSCs were encapsulated in the 3D culture systems of PEG-L-
PA thermogels by increasing temperature of the cell-suspended
aqueous polymer solutions. The 6.0 wt % of the aqueous
polymer solution was selected to provide the modulus of 1 kPa
at 37 °C, which is the modulus of decellularized normal liver
tissue.** The TMSCs expressed liver-specific mRNAs in the
presence of hepatogenic growth factors, suggesting that the
stem cells successfully differentiated into hepatocytes during the
3D culture. Albumin, a mature hepatocyte differentiation
biomarker, was similarly expressed in both MGF and GGF
systems on the 14th day but significantly more expressed in the
MGEF system than the GGF system on days 21—28. Both CK-
18 (a major intermediate filament protein in the liver) and
HNF4a (a transcription factor that regulates liver genes) were
also more expressed in the MGF system than the GGF system
over 7—21 days; however, it was expressed in a similar extent
on the 28th day in both MGF and GGF systems. Ideally, the
growth factors should be provided according to the cell cycle,
where each growth factor plays roles in each step of cell
differentiation. When the local concentration of the growth
factors is too high at an inappropriate time, it may give negative
effects on the biomarker expressions. The protocol MGF has
more advantages than GGF in this regard because the growth
factors were replaced every 3 days in a prescheduled manner
and different combinations of growth factors were used in the
hepatogenic differentiation stage for the first 12 days and the
hepatic maturation stage for the last 14 days. However, the
growth factors were coencapsulated with the TMSCs in the
GGEF system, and they should diffuse through the hydrogel to
reach nearby cells or diffuse into the medium which was
discarded during the medium replacement. Therefore, the
differences in biomarker expressions between MGF and GGF
systems might be related to the difference in the availability of
the growth factors to the cells.

To confirm the existence of mature hepatocytes, hepatocyte-
specific biofunctions and metabolic functions were assayed. A
significant amount of albumin and a-fetoprotein production
was detected from 3D culture systems of TMSCs in the
presence of hepatogenic growth factors (both MGF and GGF
systems) over days 14—28. In addition, hepatocyte-specific

dx.doi.org/10.1021/am504652y | ACS Appl. Mater. Interfaces 2014, 6, 17034—17043



ACS Applied Materials & Interfaces

Research Article

metabolic functions such as CG and LDL uptakes were also
observed for both MGF and GGF systems.

Albumin secretion as a measure of the hepatogenic
differentiation can be compared among several systems by
normalizing the number of cells. The mouse embryonic stem
cells (ESCs) were cultured for 20 days toward hepatogenic
differentiation in a 3D scaffold of poly(lactic-co-glycolic acid)
nanofiber matrix.** The system secreted albumin 1100 pg mL™
day™' (10° cells)™". The induced pluripotent stem cells (iPSs)
of mice were cultured for hepatogenic differentiation on a
gelatin coated plate for 16 days.”® The albumin secretion was
measured to be 396 pg mL™" day™' (10° cells)~". Murine iPSs
and ESCs were 3D cultured in alginate microporous hydrogels
for 30 days.>" Albumin was secreted about 3000—5000 pg mL ™
day ™" (10° cells)™ for the both systems. A 2D cultured system
secreted a similar amount of albumin for ESCs, whereas about
half of the albumin was secreted for iPSs. In our hepatogenic
differentiation systems of TMSCs by using the PEG-L-PA as a
3D culture system, the cells cultured for 28 days secreted 10—
15 ng mL™" (4 X 10° cells) ™", corresponding to 2500—3750 pg
mL™" day™' (10° cells)™.

mRNA expressions, protein production, and metabolic
functions of 3D cultured TMSCs in the PEG-L-PA thermogels
consistently indicated the successful hepatogenic differentiation
of TMSC:s in the presence of the hepatogenic growth factors.
Biomarkers of albumin, CK-18, and HNF4a were similar or
better for the MGF system than the GGF system under the 3D
in vitro culture conditions. During the in vitro cell culture
period, the growth factors and nutrients can be externally
modulated by replacing the culture medium. When it comes to
in vivo application of the system for injectable tissue
engineering, the growth factors and nutrients cannot be
modulated externally. In this regards, the GGF protocol has
the potential for an injectable tissue engineering application by
injecting an aqueous polymer solution containing both growth
factors and TMSCs to a target site of the liver.

Although hepatogenic differentiation has recently been
achieved in 3D cultures using embryonic stem cells
(ESCs),***%*7%¢ the research associated with hepatogenic
differentiation of MSCs in 3D culture system is rarely
reported.”**® Cytokines and growth factors such as HGF,
EGF, transforming growth factor (TGF), bFGF, insulin,
insulin-like growth factor, and oncostatin M were reported to
affect the hepatogenic differentiation of the stem cells."”*' >
bFGF initiates early liver development in the foregut
endoderm, and HGF stimulates hepatoblast proliferation.'
Oncostatin M is produced by hematopoietic stem cell during
the early stage of embryogenesis and induces fetal hepatogenic
differentiation and maturation.”" Insulin—transferrin—selenium
premix (ITS+) promotes the proliferation and survival of
primary hepatocytes.”" Recent studies demonstrate that activin
A and sequential addition of growth factors and hormones
promoted induced pluripotent stem cells (iPS) into hepato-
cytes in a 3D hydrogel system.*»* In addition, chemical
compounds such as dexamethasone, retinoic acid, sodium
butyrate, nicotinamide, norepinephrine, and dimethyl sulfoxide
are known to induce hepatogenic differentiation.*®*"%%!
Nicotinamide induces the proliferation of hepatocytes and
formation of small hepatocytes colonies.** Dexamethasone
induces the expression of liver-enriched transcription factors
such as HNF4 and the enhancer-binding protein a (EBPa),
which are important transcription factors for hepatocyte
differentiation.*®

17041

Current study proved the feasibility of PEG-L-PA as a 3D
culture system of TMSCs for hepatogenic differentiation.
However, the above biological and chemical factors should be
optimized for further study considering the injectable tissue
engineering application of the current system.

5. CONCLUSIONS

We investigated PEG-L-PA thermogelling system that under-
goes sol-to-gel transition in response to temperature changes.
The 3D matrix can be formed by simply increasing the
temperature of a cell-suspended polymer aqueous solution to
37 °C without chemical reaction or using organic solvents.
Therefore, a 3D cell growing matrix can be formed in vivo by
syringe injection to a target site of warm-blood animals or
human without surgical procedure. In particular, the GGF
protocol holds the potential for an injectable tissue engineering
application by injecting the aqueous polymer solution
containing growth factors and TMSCs to a target site of the
liver for tissue regeneration. However, the combination of
growth factors, cytokines, or chemicals should be carefully
selected to maximize the hepatogenic differentiation of the
stem cells. Therefore, further studies are needed to optimize the
current thermogel as a 3D culture system of TMSCs. In
addition, in vivo studies are also needed to confirm efficiency of
cell therapy and biocompatibility of the TMSC/PEG-L-PA
thermogel.

The current study is significant in that a TMSCs/PEG-L-PA/
growth factor system is a promising 3D system for the
differentiation of TMSCs into functional hepatocytes.
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