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Abstract: Based on the thermosensitivity of Pluronic® F127 and the cytointeractability of Arg-Gly-Asp (RGD)
sequences, RGD-modified F127 dimethacrylate (FM-RGD) hydrogel was investigated as a 3-dimensional culture
matrix for chondrocytes. Chondrocytes were encapsulated in the hydrogel by radical copolymerization of FM-RGD
and FM in the presence of cells. The FM-RGD hydrogel modulus could be modulated by temperature variation from
15 °C (1,300 Pa) to the culture temperature of 37 °C (8,900 Pa), at which the hydrogel provided a condrocyte-com-
patible microenvironment. Compared with the hydrogel prepared from F127 dimethacrylate (FM) without RGD, the
RGD-modified hydrogel produced significant (p<0.01) improvements in cell proliferation, DNA production, and
viability while allowing the chondrocytes to maintain their original spherical phenotypes.
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Introduction

Tissue engineering has been considered as an inevitable
approach for treatment of damaged tissues or organs due to
the shortage of donors and demands for advanced medical
care."” A knowledge of cells, signaling molecules, and extra-
cellular matrix (ECM) is a prerequisite for this approach,
where the design of the biomimetic extracellular matrix
plays a critical role.** Hydrogels have been considered as
one of the most promising materials as a synthetic ECM due
to their high water content and controllable physicochemi-
cal properties.’ Initially, bioinert hydrogels based on poly
(ethylene glycol), poly(vinyl alcohol), hyaluronic acid, algi-
nate, and collagen were used as a 3-dimensional (3D) culture
matrix for cells.® By adding cyto-interactive moieties such
as RGD to the synthetic ECM, the design principles changed
from using bioinert ECM to using bioactive ECM.” RGD is
an active sequences of adhesive proteins in the extracellular
matrix, and acts as a ligand for cell adhesion receptors,
thereby increasing cell attachment and spreading on sur-
faces in a dose-dependent manner.'*"!

Recently, details of the physicochemical control of hydro-
gels for cell culture have been reported. For example, stem
cells can be induced to differentiate into adipocytes or
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osteocytes by changing the nature of the hydrogel surface to
t-butyl group or phosphate groups, respectively.'? In addi-
tion, depending on the hydrogel modulus, stem cells undergo
neurogenesis (low modulus), myogenesis (intermediate
modulus), or osteogenesis (high modulus).'*"* The modulus
of the hydrogel can be controlled by varying the cross-link-
ing density of the hydrogel, adding inorganic silica into the
3D matrix, or varying the initial concentration of the hydro-
gel.*'® A controllable modulus during the cell culture also
was realized through photodegradation of the hydrogel dur-
ing the cell culture."’

Here, we report that the modulus of a hydrogel can be
controlled by varying the temperature by using temperature-
sensitive Pluronic® F127. F127 itself could not be used as a
3D cell culture matrix due to its short gel duration of <1 day,
poor tissue adhesion, and its cellular toxicity at high con-
centrations.'™'” In this study, the hydrogel was chemically
crosslinked by radical polymerization of the temperature-
sensitive polymer,”” and RGD was introduced to give bioac-
tive properties to the hydrogel. First, we confirmed the tem-
perature-sensitive modulus control of the hydrogel, and
optimized the modulus of hydrogel for chondrocyte culture
to 1,000-30,000 Pa at the cell-culture temperature of 37 °C.
Second, the proliferation and viability of chondrocytes dur-
ing the 3-dimensional cell culture were compared by vary-
ing the RGD content in the hydrogel to confirm the
significance of cell-material interactions.
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Experimental

Materials. Pluronic® F127 ((ethylene glycol)y-(propy-
lene glycol)ss-(ethylene glycol)y; M., =12,500 Da), stannous
octoate, N-hydroxysuccinimide (NHS), dicyclohexyl carbo-
diimide (DCC), 4-(dimethyl amino)-pyridine (DMAP), triethyl
amine, ammonium persulfate (APS), N,N,N’ ,N’-tetramethyl
ethylene diamine (TEMED), anhydrous toluene, anhydrous
tetrahydrofuran (THF), dimethylformamide, and ethyl ether
were used as received from Sigma-Aldrich. 4-Methacryl
oxyethyl trimellitic anhydride (4-META; SMC Co., Korea)
was used as received. RGD was purchased from Anigen
Inc., Korea. Fetal bovine serum (FBS), Dulbeco’s Modified
Eagle’s Medium (DMEM), penicillin/streptomycin, trypsin,
and phosphate buffered saline were purchased from GIBCO,
Inc. USA. Papain was used as received from Sigma. The
Live/Dead kit and the Picogreen assay kit were used as
received from Invitrogen, USA.

Synthesis. The synthetic procedure for the FM-RGD
hydrogel is presented in Figure 1.*'** Pluronic® F127 (9.0 g,
0.72 mmol) was dissolved in anhydrous toluene (100 mL),
and the solvent was distilled-off to a final volume of 30 mL.
To the solution were added 4-META (0.52 g, 1.71 mmol),
DMAP (0.087 g, 0.71 mmol), and triethylamine (87 uL,
0.72 mmol). After 15 h of stirring at room temperature, the
product (FM) was isolated by precipitation in diethyl ether
and residual solvent was removed under vacuum. Then, the
product was purified by dialysis using membrane (cut-off
molecular weight: 8,000 Da), followed by freeze-dried
under vacuum. The final yield was ~80%.

Oligopeptide-grafted FM (FM-OligoP) copolymer was
synthesized using two steps: (1) NHS-activation of carboxyl
groups of FM and (2) addition of oligopeptides. FM (3.0 g,
0.23 mmol) and NHS (0.80 g, 6.96 mmol) were dissolved in
anhydrous THF (20 mL). To the solution were added DCC
(1.42 g, 6.88 mmol) and DMAP (5.7 mg, 0.046 mmol). The
mixture was stirred at room temperature for 15 h. By-prod-
ucts of dicyclohexylurea were removed by filtration and the
remaining solution was poured into diethyl ether to precipi-
tate the product. The polymer was redissolved in THF, and
then precipitated by slow addition of diethyl ether. The
product was filtered, dried under vacuum, and the final
yield was ~70%. The NHS-activated FM (1.5 g, 0.11 mmol)
and RGD (273 mg, 0.67 mmol) were dissolved in N,N-di-
methylformamide (10 mL) and stirred at room temperature
for 24 h. The final product (FM-RGD) was precipitated by
adding chilled methanol (100 mL). Then, the product was
purified by dialysis using a membrane (cut-off molecular
weight: 8,000 Da), and freeze-dried under vacuum. The
final yield was ~60%.

"H NMR Spectroscopy. 'H NMR spectra in CDCI; (500
MHz NMR spectrometer; Varian) were used to determine
the composition of the polymer.

FTIR Spectroscopy. The FTIR measurements were per-
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formed using a JASCO615 FTIR spectrometer in the fre-
quency range 400-4000 cm™ with a resolution of 4 cm™.

Dynamic Light Scattering. The apparent sizes of F127,
FM, and FM-RGD in water (0.05 wt%) were studied by a
dynamic light scattering instrument (Malvern Nano ZS) as a
function of temperature. A He-Ne laser operated at 633 nm
was used as a light source. The results of dynamic light scat-
tering were analyzed by the Automeasure Software. The
instrument was calibrated by an aqueous dispersion of poly-
styrene particles with a size of 60 nm.

Dynamic Mechanical Analysis. Changes in modulus of
the F127 aqueous solution (7.5 wt%), and hydrogels of
FM and FM-RGD prepared from their aqueous solution
(7.5 wt%) were investigated by dynamic rheometry
(Thermo Haake, Rheometer RS 1). The sample was placed
between parallel plates of 25 mm diameter and a gap of
0.5 mm. The data were collected under a controlled stress
(4.0 dyne/cm?) and a frequency of 1.0 rad/s. The heating
rate was 0.5 °C/min.

Human Chondrocyte 3D Culture. The human chon-
drocytes were cultured as monolayers in DMEM contain-
ing 10.0% FBS and 1.0% penicillin/streptomycin under
5.0% CO, atmosphere at 37 °C, and then harvested by
trypsinization. The harvested cells (5x10° cells) were sus-
pended in polymer aqueous solutions of FM/FM-RGD
mixtures (0.50 mL DMEM; 7.5 wt%) with 100/0, 90/10,
and 50/50 by mole and crosslinked by the redox system
using APS/TEMED (4.0 mM of each) in 24-well culture
plates at 37 °C for 10 min. DMEM (0.5 mL) containing
10.0% fetal bovine serum and 1.0% penicillin/streptomy-
cin was added to the cell-encapsulated hydrogel under
5.0% CO, atmosphere at 37 °C and then the medium was
replaced every 3 days.

Cell Proliferation and Viability. The proliferation of
human chondrocytes in hydrogels was assessed by biochemi-
cal assay. After samples were homogenized in a papain
solution, each sample was digested for 15 h at 60 °C; then,
DNA contents were measured using a Picogreen assay in 96
well plates. The Picogreen solution (1x, 0.1 mL) was added
to each well and incubated for 2 to 5 min at room tempera-
ture while protecting the sample from the light. The fluores-
cence of the samples was measured using a fluorescence
microplate reader using the wavelengths of 480 nm (excita-
tion) and 520 nm (emission).

Viability of chondrocytes in hydrogels was evaluated by
the Live/Dead kit after 1 day, 7 days, and 14 days of incu-
bation. Chondrocyte encapsulating hydrogels were incu-
bated at room temperature for 30 min in a solution of
4.0 uM ethidium homodimer-1 (EthD-1) and 2.0 uM cal-
cein AM in phosphate buffered saline. Viable cells were
stained with calcein AM (green), while dead cells were
stained with EthD-1 (red). All images were captured using
a confocal laser scanning microscope (FV1000/1X81,
Olympus, Japan).
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Results and Discussion

A synthetic scheme for the polymer is presented in Figure
1. F127 with hydroxyl end groups was reacted with the
anhydride functional groups of 4-META to give FM which
has polymerizable methacrylate and carboxylic acid func-
tional groups. Carboxylic acid groups of FM were activated
with NHS, followed by reaction with the amino group of
GRGD to give FM-RGD. FM-RGD copolymerized with FM
to control the RGD content of the final hydrogel. Methyl
protons of F127 (1.0-1.3 ppm) and vinyl protons of 4-META
(5.5-6.5 ppm) in the 'H NMR spectra suggest the progress
of the reaction (Figure 2(a)).”' In addition, carbonyl bands
of ester (1700-1760 cm™) and amide (1600-1700 cm™)
functional groups indicate the progress of the reaction from
F127 to FM and to FM-RGD (Figure 2(b)). Elemental anal-
ysis of the FM-RGD was conducted to obtain quantitative
structural information. The ratios of observed/theoretical
composition (by wt%) of the FM-RGD were C (55.8/56.1),
H (9.2/9.1), N (1.3/1.4), and O (33.7/33.5), indicating 92.4%
conversion to FM-RGD.

To confirm the temperature-sensitivities of the F127, FM,
and FM-RGD, dynamic light scattering of the polymer
aqueous solutions was investigated as a function of temper-
ature. Based on hydrophobic dye (1,6-diphenyl-1,3,5-
hexatriene) solubilization method, the critical micelle con-
centration of FM-RGD is about 0.1 wt% (Supporting Infor-
mation, Figure S1). Therefore, the size and size distribution
of the unimers and micelles were studied by dynamic light
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Figure 1. Synthetic scheme of the FM-RGD hydrogel.

108

FM

F127

~
o))
)]
'S
w
N
-
o

100

FM-RGD
80

60

40

Transmittance (%)

20

0
1800

1500 1200 900 600
Wavenumber (cm"]

Figure 2. '"H NMR (CDCl;) (a) and FTIR (b) spectra of F127,
FM, and FM-RGD.

scattering at 0.05 wt%, where the unimer-to-micelle transi-
tion could be observed. The peak-average size (d,) of F127
unimers slightly decreased from 7.5 to 6.5 nm as the temper-
ature increased from 5 to 30 °C. On the other hand, as the
temperature increased from 30 to 35 °C, significant changes
ind, of F127 from 6.5 to 24.4 nm and a significant broaden-
ing of the size distribution were observed, which can be
assigned to a unimers-to-micelle transition of the F127.%
Due to the difference in the end groups and thus the hydro-
philicity of the polymers, F127, FM, and FM-RGD under-
went unimer-to-micelle transitions at 30—35 °C, 35—40 °C,
and 30—35 °C, respectively (Figure 3). As the hydroxyl end
groups of F127 were modified into methacrylate end groups
with ionizable carboxylates of FM, the polymer became
more hydrophilic and the transition temperature increased
from 30 to 35 °C. By conjugating the zwitterionic RGD to
FM, the aggregation tendency of FM-RGD increased and
lowered the transition temperature from 35 °C (FM) to 30 °C
(FM-RGD).”

Polymerization of the FM-RGD was carried at a 4.0 mM
concentration of APS and TEMED to lower the cell damage
during polymerization. A preliminary study showed that the
cells were healthy at this concentration of the initiator and

Macromol. Res., Vol. 20, No. 1, 2012
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Figure 3. Dynamic light scattering study for size and size distri-
bution of F127 (a), FM (b), and FM-RGD (c) aqueous solutions
(0.05 wt%) as a function of temperature.

was verified in the Live/Dead assay. FM was copolymer-
ized with FM-RGD to control the density of RGD in the
hydrogel. The gel times of FM and FM-RGD, measured by
flow (sol)-no flow (gel) criterion when the vial was tilted,
were 5-6 and 14-18 min, respectively. The gel times for
both polymers decreased as the initial concentration of the
polymer increased from 5.0 to 10.0 wt% (Figure 4(a)). The
modulus of the hydrogel prepared from the initial polymer
concentration of 7.5 wt% was monitored as a function of
temperature. As the temperature increased from 15 °C to the
cell culture temperature of 37 °C, the modulus of the hydro-
gel increased from 5,400 to 28,400 Pa for FM and from
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Figure 4. (a) Gelation kinetics of FM and FM-RGD aqueous
solutions as a function of polymer concentration. n=3. The con-
centrations of both APS and TEMED were fixed at 4.0 mM. The
reaction temperature was fixed at 15 °C under air. Gel time was
determined by the test-tube tilting method, where sol (flow)-gel
(no flow) was defined. (b) Storage modulus (G’) of chemically
crosslinked thermosensitive hydrogels (FM and FM-RGD) pre-
pared from aqueous polymer solutions (7.5 wt%) as a function of
temperature. The modulus of F127 aqueous solution (7.5 wt%)
was less than 0.01 Pa (Supporting Information, Figure S2).

1,300 to 8,900 Pa for FM-RGD, respectively (Figure 4(b)).
Because the polymer concentration of 7.5 wt% was lower
than the critical gel concentration of F127, a significant
change in modulus (< 0.01 Pa) was not observed for the
F127 aqueous solution over the current experimental tem-
perature range (Supporting Information, Figure S2).*

DNA content in the encapsulated cells was compared as a
function of RGD content. As RGD content increased from
0% (FM) to 10% and to 50% by mole, the DNA content per
well significantly ( p<0.01) increased from 480 to 790 ng,
and to1100 ng after 14 days of incubation (Figure 5(a)). The
proliferation of the chondrocytes in the hydrogel assayed by
the Live (green)/Dead (red) kit pronouncedly increased as
the RGD content increased, indicating the significance of
RGD in the 3D matrix of the hydrogel (Figure 5(b)). Also,
the chondrocytes maintained their original spherical pheno-
types in the 3D culture system, which was in contrast with
the change of the chondrocytes morphology into a fibro-
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Figure 5. (a) Comparison of DNA contents in the encapsulated
cells as a function of RGD content of the hydrogel. n=3. The
fraction (%) in the legend is the mole percent of FM-RGD used
in copolymerization of FM and FM-RGD to prepare the hydro-
gel. The amount of the DNA per well was calculated by the
Picogreen assay. The * and ** indicate p< 0.01 and p>0.01 by the
Student #-test. (b) Confocal microscopy images of hydrogel
encapsulating chondrocytes analyzed using the Live/Dead kit.
D1, D7, and D14 indicate the images of cells at 1, 7, and 14 days
after the incubation of the cells in the hydrogel, respectively.
Green and red images indicate live and dead cells, respectively.
The scale bar is 20 pm.

blastic shape in 2-dimensional culture system or in the
Matrigel™. >

Conclusions

The control of gel modulus in the cell culture matrix has
been an important issue. By using the temperature-sensitive
property of the F127, the hydrogel was modulated from a
flexible soft gel (15 °C, G~1,300 Pa) to a rigid matrix (37 °C,
G~8,900 Pa) which provides a cyto-compatible microenvi-

110

ronment for chondrocytes.'®*” In addition, the incorporation
of RGD provides the hydrogel favorable interactions with
chondrocytes. Therefore, the cells maintained their original
spherical phenotypes in the current hydrogel and showed
significant DNA production as the RGD content increased.

This paper emphasizes that physicochemical control of
hydrogel is very important in designing an artificial ECM,
and suggests that a biomimetic ECM with a variable modu-
lus can be a promising platform for the 3D cell culture.
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